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Simulated diagenesis of the iron-silica precipitates in banded iron formations ¢

Isaac L. HInz!, LEANNE Rosst!, Ca1 MA>t, AND JENA E. JOHNSON'*

"Department of Earth and Environmental Sciences, University of Michigan, Ann Arbor, Michigan 48109, U.S.A.

“Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125, U.S.A.

ABSTRACT

Banded iron formations (BIF) are chemically precipitated sediments that can record Archean ocean
geochemistry. BIFs are laminated silica- and iron-rich deposits that host a range of iron(Il, III) miner-
als, including hematite, magnetite, siderite, greenalite, minnesotaite, and stilpnomelane. This diverse
mineralogical assemblage reflects secondary mineralization reactions due to diagenesis and/or post-
depositional alteration. While petrographic observations of BIFs sparingly contain the iron silicate
greenalite, recent evidence of greenalite nanoparticles preserved in early-mineralizing BIF chert suggest
this mineral was a primary phase in BIF progenitor sediments. Therefore, it is critical to investigate the
formation and alteration of greenalite to constrain the Archean ocean environment and help unravel
post-depositional processes. To examine how iron silicates precipitate and then crystallize and/or trans-
form during diagenesis, we simulated these two processes under Archean ocean conditions. We first
precipitated a poorly ordered Fe-rich serpentine with subsidiary ferrihydrite at neutral pH by performing
in situ Fe(II) oxidation experiments at 25 °C in the presence of silica. Subjected to simulated diagenesis
at 80 °C, the rudimentary Fe-phyllosilicate transformed into a crystalline phyllosilicate characterized
as 30% cronstedtite and 70% greenalite accompanied by magnetite and persistent ferrihydrite. At tem-
peratures <150 °C, we continued to observe ferrihydrite, increased magnetite formation, and elevated
incorporation of Mg into the phyllosilicate as it further recrystallized into Mg-greenalite. Our findings
demonstrate a possible formation mechanism of early silicates through partial Fe(II) oxidation and
support petrographic observations that magnetite likely mineralizes during diagenesis. Additionally,
we suggest that Mg contents in BIF iron phyllosilicates could serve as a tracer for diagenesis, with Mg
signaling phyllosilicate-fluid interactions at elevated temperatures. Ultimately, our experiments help
reveal how initial iron-silica coprecipitates are altered during diagenesis, providing novel insights into

the interpretation of greenalite and magnetite in ancient BIF assemblages.
Keywords: Greenalite, crystallization, magnesium substitution, magnetite, serpentine

INTRODUCTION

Chemical sediments provide an archive of (bio)geochemical
processes. The oceans on Archean (4.0-2.5 billion years ago,
Ga) Earth were actively precipitating and depositing authigenic
chemical sediments, which can therefore serve as a proxy for
the ancient marine (bio)geochemistry and signals of the evolu-
tion of life (Derry and Jacobsen 1990). A prominent example of
such sediments are the banded iron formation (BIF) deposits,
laminated sedimentary deposits that contain at least 15% iron
and commonly also host a high silica content (James 1954).
BIFs provide the best record of ancient marine conditions in
the Archean ocean, with their chemistry interpreted as reflecting
an iron and silica rich system (Klein 2005; Bekker et al. 2014).

The presence of BIF deposits in ancient oceans requires a
mechanism to initially induce chemical precipitation (Holland
1984). Minerals recorded in BIFs contain Fe(II) and Fe(I1I) with
an average oxidation state of Fe>*" (Klein and Beukes 1992),
indicative of a partially oxidative environment resulting from
biotic and/or abiotic processes in Archean oceans and sediments.
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Extensive BIF deposition occurred in the Archean ocean, which
had little to no molecular oxygen until the Great Oxygenation
Event at ~2.3 Ga (Gumsley et al. 2017; Farquhar et al. 2011;
Poulton et al. 2021; Johnson and Molnar 2019). Estimates
place atmospheric O, prior to this rise in oxygen as <l ppm
or less than ~10757 atm (Pavlov and Kasting 2002; Farquhar et
al. 2011). A popular hypothesis for the deposition of precursor
BIF sediments invoked low levels of dissolved O, in the ocean
reacting with dissolved Fe?* to consume marine oxygen and
form insoluble Fe** precipitates such as ferric (oxyhydr)oxides
(Cloud 1973; Bekker et al. 2014; Konhauser et al. 2017). Others
have attributed the generation of BIF progenitor precipitates to
anoxygenic Fe*"-oxidizing photosynthesis (Hartman 1984; Kap-
pler et al. 2005; Konhauser et al. 2002) or reactions between Fe**
and ultraviolet light (Cairns-Smith 1978; Braterman et al. 1983;
Bekker et al. 2010).

To identify the potential processes responsible for their forma-
tion, the iron-rich muds and cherts in BIFs have been intensely
investigated. However, the primary BIF sediments experienced
physical and chemical alteration as they transformed into sedi-
mentary rock through the process of diagenesis, and most of these
rocks were then subject to subsequent post-depositional altera-
tion, fluid flow, and metamorphism (Beukes 1984; Fischer and
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Knoll 2009; Trendall 2002). Consequently, none of the minerals
in BIFs are considered the initial precipitates and BIF deposits
are composed of a mineral mixture of chert, hematite, magnetite,
iron-rich carbonates, and iron silicates at disequilibrium (Klein
2005; Bekker et al. 2014; Konhauser et al. 2017). This complex-
ity has led to an ongoing debate to determine the most primary
mineral(s) associated with BIFs, as only the original precipitates
would accurately reflect Archean marine geochemistry and
potentially biology.

The effects of diagenesis and later alteration complicates
the detection of the initial amorphous and/or metastable phases
precipitated in Archean oceans, and competing hypotheses
suggest two different original BIF precipitates. Earlier models,
supplemented by numerous observations of BIFs, pointed to
ferric oxides or hydroxides being the primary iron precipitate
(James 1954; Cloud 1973; Klein and Beukes 1989; Beukes and
Gutzmer 2008; Sun et al. 2015). However, recent studies exam-
ined early-mineralizing chert within BIFs that can serve as a bar-
rier to diagenesis, preserving the early assemblage of minerals.
These investigations discovered inclusions of iron-rich silicate
nanoparticles and suggested these iron silicates were primary
minerals from the Archean ocean (Muhling and Rasmussen
2020; Rasmussen et al. 2015; Rasmussen et al. 2019). Further
characterization of the iron silicate nanoparticles concluded they
contained undetectable to <0.5 atomic% (at%) quantities of mag-
nesium and ~10-25% Fe(I1I) (Johnson et al. 2018; Muhling and
Rasmussen 2020). The primary silicates are thus within the solid
solution space between greenalite [(Fe?*,Mg),Si,0s(OH),] and
cronstedtite [(Fe*",Fe*",Mg);(Si,Fe*"),05(OH),], two serpentine
group iron silicates with 7 A lattice spacing.

These recent observations call for an understanding of the
geochemical conditions and mechanism(s) required to form iron
silicates under plausible Archean ocean conditions. Previous
anoxic experiments conducted at low temperatures of 20-25 °C
reported the formation of amorphous to poorly crystalline iron(II)-
silica precipitates, proposed to be precursor silicates, when pH
was >7.5 (Farmer et al. 1991; Tosca et al. 2016). The analyses
performed on these iron-silica precipitates could not definitely
conclude whether these precipitates were a heterogeneous mix
of Fe(Il)- and Si-rich phases or homogenous Fe(II)-silicates
(Francisco et al. 2020). However, similar experiments in another
study demonstrated that the initial Fe(II)-Si coprecipitates at pH
7.5 could be hydrothermally aged into greenalite-like phases with
~7 A lattice spacing (Hinz et al. 2021). One concern relates to the
relevance of these experiments since the pH of >7.5 used in these
experiments was higher than the hypothesized pH of the Archean
ocean, which was constrained to pH ~6.5-7.0 by two independent
marine and atmospheric geochemical models (Halevy and Bachan
2017; Krissansen-Totton et al. 2018) and considerations of authi-
genic clay formation (Isson and Planavsky 2018). An additional
issue with Fe(Il)-silicate precipitation generating the initial BIF
sediments is that this Fe(I)-silica saturation mechanism would
not account for the low levels of Fe(III) detected in the BIF iron
silicate inclusions.

To address whether ferric iron can in fact induce precipitation
of iron silicates at a more plausible Archean ocean pH of 6.5-7.0,
we previously examined the precipitate products resulting from
the addition of low amounts of aqueous (aq) Fe(Ill) to ferrous

iron- and silica-rich conditions (Hinz et al. 2021). We found that
Fe(Ill) (aq) triggered the low-temperature precipitation of an
amorphous iron- and silica-rich phase accompanied by rare layered
silicate-like structures at these more relevant pH values. Earlier
studies have simulated diagenesis by hydrothermally aging iron
and/or magnesium and silica suspensions at >60 °C to promote
the crystallization of silicates (Baldermann et al. 2014; Mizutani
etal. 1991; Tosca et al. 2011). When we hydrothermally aged our
Fe(ILIIT)-silica precipitates at 150 °C, we identified the crystalline
products as ~7 A iron phyllosilicates, similar to BIF greenalite but
more magnesium-rich, along with additional carbonate green rust,
magnetite, hematite, and magnesite (Hinz et al. 2021).

The highly oxidized and heterogeneous assemblage that we ob-
served after Fe(Il) (aq) additions and 150 °C aging motivated us to
explore an alternative precipitation mechanism and hydrothermal
aging scheme at several temperatures. In this study, we induced
in situ partial Fe(II) oxidation at pH 7 in the presence of silica by
bubbling low concentrations of oxygen gas into simulated Archean
ocean conditions. The partially oxidized iron-silica precipitates that
formed at room temperature (25 °C) aimed to recreate phases that
formed in the Archean water column. To promote crystallization
and simulate chemical reactions, we hydrothermally aged these
precipitates over the typical diagenetic temperature interval of
surface temperatures to 200 °C (Brenner et al. 1991; Siever 1986).
Similar to previous experimental studies of silicate systems, we
aged our initial iron-silica precipitates within anoxic, sealed ves-
sels in sequential steps at 80 °C (Pignatelli et al. 2013; Vacher et
al. 2019), 150 °C (Baldermann et al. 2014; Mizutani et al. 1991),
and 220 °C (Janecky and Seyfried 1986) and compared these
precipitates to low-temperature (25 °C) products. We measured
solution chemistry over the course of the simulated diagenesis
and characterized the resultant precipitates as they crystallized
and transformed.

METHODS
Experimental solution setup

All experiments originated from bulk uniform solutions prepared in 4 L wide
mouth jugs at room temperature with 18.2 MQ cm ultrapure water. The ultrapure
water was boiled before being covered with aluminum foil and purged with pure N,
gas to deoxygenate the water. Next, the water was brought into a MBraun glovebox
consisting of an N, atmosphere (<0.1 ppm O,) where it was stirred uncapped for at
least 72 h to release any residual oxygen in solution. All solid chemical reagents
were weighed outside the glovebox before being transported into the glovebox to
be dissolved in deoxygenated water used in experimentation.

We prepared a 3.6 L solution in duplicate where first sodium orthosilicate
(Na,SiO,) was dissolved in the anoxic ultrapure water to a final concentration of
1.1 mM Si. Estimated dissolved silica in Archean seawater was expected to be
between ~0.67 mM to an upper limit at amorphous SiO, saturation of ~1.9 mM
(Siever 1992; Maliva et al. 2005; Stefurak et al. 2015; Gunnarsson and Arnorsson
2000); we therefore chose an intermediate level between these constraints and below
amorphous silica precipitation. The solution was stirred, and the pH was measured
with a ThermoFisher Orion Star A221 pH meter outfitted with a Fisherbrand
accuCap spear tipped capillary junction pH probe while being adjusted to pH 7 by
dropwise additions of 1 M hydrochloric acid (HCI). The solution was continuously
stirred in the glovebox for 24 h to allow for the depolymerization of the dissolved
silica in solution (Dietzel 2000) before we added other Archean seawater salts.

Assuming similar salinity over time, our Archean solution (Table 1) had
400 mM sodium chloride and 7 mM potassium chloride, comparable to the modern
ocean (Riley and Chester 1971). Archean ocean models have estimated ammonium
to be 0.03—10 mM (Stiieken et al. 2016); therefore, we added 10 mM ammonium
chloride at the upper end of this range as this reductant may help maintain reduc-
ing conditions. The magnesium content in Archean oceans has been estimated to
be 10-30 mM (Jones et al. 2015), with processes associated with hydrothermal
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seawater-oceanic crust interactions decreasing dissolved magnesium in ocean water
from today’s concentration of ~50 mM (Spencer and Hardie 1990; Halevy and
Bachan 2017; Izawa et al. 2010). We used the lower estimate and added 10 mM
magnesium chloride. A maximum concentration of ~2 mM Fe(II) in Archean oceans
has been suggested to be constrained by the supersaturation of ferrous silicates
(Jiang and Tosca 2019); we thus set Fe(II) to 1.1 mM.

Archean oceans have been estimated to contain 5-30 mM of dissolved inor-
ganic carbon (DIC) (Blattler et al. 2017), and we assume initial pore fluids would
have similar concentrations. Additionally, the presence of common organic buffers
(HEPES and MOPS) has been shown to impact iron oxidation (Buchholz et al.
2011). Therefore, we added the highest estimate for bicarbonate, 30 mM (Table 1),
to both maximize inorganic buffering and account for potential increases in DIC
due to organic carbon respiration in the sediments (e.g., Heimann et al. 2010). See
Online Materials' for more details.

We then mixed the solutions to homogenize any slight chemical differences
before apportioning the solution into twelve 610 mL borosilicate glass bottles,
wrapped in aluminum foil to prevent any possible ultraviolet (UV) photooxida-
tion of Fe(II). Six of the newly sealed experiments remained in the glovebox to
act as ferrous controls. The remaining six identical bottles were removed from the
glovebox to be bubbled with low O,.

To partially oxidize the Fe(I) (aq) in situ under simulated Archean ocean
conditions, six sealed experimental bottles were equilibrated with N, mixed with
49.1 £ 0.9 ppm O,. Each solution was continuously bubbled with this gas mixture
at 3 psi at 25 °C for 90 min while outgassing through a separate needle (expanded
description in Online Materials'). The bottles were transported back into the glove-
box and remained resting on their side wrapped in aluminum foil.

Initial Fe(II) oxidation and pH

The bubbled and control experiments were allowed to react and equilibrate
horizontally in the glovebox at 25 °C. Each bottle was shaken horizontally three
times a week to homogenize the solution. After 19 days, we observed that increases
in precipitate quantity had stopped for >4 days and deemed that the Fe(ll) (aq)
had fully reacted with O,. We then measured the pH of each control and bubbled
experiment (Table 2).

To measure the extent of Fe(II) oxidation [reported as Fe(IIT)/FeT], one of each
ofthe bubbled and control experimental bottles were unsealed and completely acidi-
fied with anoxic 4 M HCl to a pH of 3 for >12 h, after which all visible precipitate
was dissolved. Subsequently, the dissolved experimental solutions were analyzed
by the ferrozine assay (Stookey 1970; Viollier et al. 2000) to determine the bulk
Fe(1lI)/FeT (Table 3) after equilibration for 19 days at 25 °C. In addition, two
precipitate subsamples from the bubbled experiments after 19 days at 25 °C (Fig.
1) were removed and washed three times between centrifuging. One subsample was
acidified following the same protocol as described above to complete dissolution
before being analyzed by the ferrozine assay (Table 4) while the other subsample
was stored and later dissolved and analyzed for its Fe(II) content by the Wilson
vanadate method (Online Materials' Tables S1 and S2); more details on these as-
says are below and in the Online Materials.

Hydrothermal aging and subsampling

The remaining four control and four bubbled experiments were mixed to
homogenize each condition’s solution. The solution, along with any precipitate
present, was equally distributed in 15 mL increments into eight separate 22 mL
stainless steel gas-tight Parr vessels fit with a PTFE gasket and anoxically sealed.
Each bubbled vessel contained ~1-2 g of precipitate while the control solution had
no apparent solids. One of the control and bubbled experiments remained sealed in
a Parr vessel within the glovebox at 25 °C for the duration of simulated diagenesis
(total of 40 days). Three control and three bubbled experiments in Parr vessels were
taken out of the glovebox and placed into a Thermo Scientific Heratherm oven set
at 80 °C to undergo hydrothermal aging.

After 7 additional days of hydrothermal aging at 80 °C, one of the control and
bubbled Parr vessels were removed from the oven and transferred to the glovebox
(Fig. 1). The hydrothermally aged 80 °C vessels were allowed to cool to 25 °C
before a pH measurement of the solution was taken (Table 2). If a precipitate
was present, the precipitate slurry was centrifuged three times and rinsed with
anoxic water with a pH + 0.1 of the measured solution value (Table 2) to limit
pH-driven reactions after simulated diagenesis while removing excess salts prior
to analysis. The precipitate was then subsampled for future analysis and stored
in anoxically sealed biaxially-oriented polyethylene terephthalate (BoPET) bags
within the glovebox at 25 °C. The oven temperature was increased to 150 °C for
the remaining Parr vessels.
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TaBLE 1. Composition of recreated Archean seawater

Chemical component, chemical formula Concentration (mM)

Sodium chloride, NaCl 400

Sodium bicarbonate, NaHCO, 30

Magnesium chloride hexahydrate, MgCl,-6H,0 10

Ammonium chloride, NH,Cl 10

Potassium chloride, KCl 7

Sodium orthosilicate, Na,SiO, 1.1 £0.08*%

Ferrous chloride tetrahydrate, FeCl,-4H,0 1.1 +£0.09*
Total cation equivalents from salts (est. from acid/base) 473.6 (500)

Total anion equivalents from salts (est. from acid/base)  473.6 (480-490)

Notes:Iron and silica concentrations shown as measured concentrations derived
from colorimetric (ferrozine and silicomolybdate) assays where * denotes the
standard deviation of the measurement.

TABLE2. pHmeasurements of Parr vessel precipitates and overlaying
solution for control and bubbled experiments for tempera-
tures that ranged from 25-220 °C

T(°C) Time (days) Bubbled (pH) Control (pH)

25 19 7.33 7.14

25 40 7.06 7.7

80 7 (26) 6.74 6.92

150 7(33) 6.41 6.43

220 7 (40) 5.85 7.65

Notes: Time column indicates days at listed temperature and total days in pa-
rentheses. Note pH measurements were taken after the solution was cooled to
25 °C to minimize temperature effects and the error for each pH measurement
was +0.02 pH units.

TABLE 3. Summary of experimental results of Fe(ll) and silica in initial
solutions

Condition Measurement +
standard
deviation

Silica in initial solution (mM) 1.1+£0.08

Fe(ll) in initial solution (mM) 1.1+0.03

Fe(lll)/FeT (bulk) of acidified control after 19 days 25 °C 0.07 +0.02

Fe(ll)/FeT (bulk) in acidified bubbled exp after 19 days 25 °C 0.75 = 0.05

Notes: The measured Fe(lll)/FeT content for the acidified control and bubbled
experiments (solution plus precipitate) after aging in a borosilicate bottle at
25 °C for 19 days.
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FIGURE 1. Time-temperature scheme for hydrothermal aging of control
and bubbled experiments. The reaction with O, and equilibrium period
took place in borosilicate bottles denoted by the light gray region. Control
and bubbled experiments were subsampled for pH and Fe(IIl)/FeT after
19 days at room temperature (star symbol). The remainder of material was
portioned and transferred into anoxic Parr vessels for aging at 25, 80, 150,
and 220 °C before being sampled and analyzed (filled circles).
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TABLE4. The measured Fe(lll)/FeT content by ferrozine and mea-
sured Fe(ll)/g by vanadate assay of the acidified control
and bubbled solid precipitate from conditions ranging
25-220 °C over 19-40 total days

Condition Fe(lll)/FeT % Fe(ll)/g

(ferrozine) (vanadate)

Control solids after 7 days 150 °C (33 days total) 0.27+0.9

Control solids after 7 days 220 °C (40 days total) 0.32+2

Bubbled solids after 19-21 days 25 °C 0.48 +0.06 48.14

Bubbled solids after 40 days 25 °C 045+1.8

Bubbled solids after 7 days 80 °C (26 days total) 045+25 55.85

Bubbled solids after 7 days 150 °C (33 days total) 0.51+0.06 3222

Bubbled solids after 7 days 220 °C (40 days total) 0.46 + 2.4 27.92

After 7 additional days at 150 °C, another control and bubbled Parr vessel were
withdrawn from the oven and taken to the glovebox (Fig. 1). The experimental
solutions were again cooled to 25 °C in the glovebox before the pH was measured
(Table 2), and any precipitate was rinsed as described above and apportioned for
future analysis. After this higher temperature, the control experiment appeared to
contain ~0.1 g of precipitated material while the bubbled experiment had a very
similar amount of material as the initial 25 °C starting amount. Finally, the oven
temperature for the remaining two Parr vessels was increased to 220 °C.

After 7 additional days at 220 °C, the last remaining control and bubbled Parr
vessels were transferred to the glovebox (Fig. 1). The solution pH was measured
(Table 2), and the precipitate was rinsed and allocated for future analysis. The
control and bubbled Parr vessels that remained in the glovebox for the entire 40
days at 25 °C were measured for pH (Table 2), and any precipitate was rinsed and
subsampled for future analysis.

Using the Act2 program in Geochemist’s Workbench (Bethke 2007), we ad-
ditionally created stability diagrams for Fe and Mg phases across pH (0-14) and
redox space (redox potential, or Eh) to consider the thermodynamically predicted
phases and the potential redox environments that our experimental precipitates
experienced during hydrothermal aging.

ANALYTICAL SAMPLE PREPARATION AND
INSTRUMENT PARAMETERS

Iron(II/I1I) content of solids

Control and bubbled experiments that produced precipitates
were acidified in the glovebox with anoxic 4 M HCl, vigorously
shaken, and allowed to dissolve for >12 h, following suggestions
by Porsch and Kappler (2011) and Braunschweig et al. (2012) to
dissolve samples under anoxic conditions at low temperatures to
prevent Fe(Il) oxidation. However, we used 4 M HCI (instead
of 1 M or 6 M HCI) to maintain consistency with the ferrozine
assay (Viollier et al. 2000) and subsequently observed complete
dissolution of our experimental solids. Dissolved precipitates
were analyzed by the ferrozine assay from three subsamples from
each experiment to determine the Fe(Ill)/FeT content (Stookey
1970; Viollier et al. 2000).

We additionally evaluated the Fe(II) content of our bubbled
experiments following a modified version of the Wilson vanadate
method to determine the percent Fe(Il) in the samples using a
titration-based method (Andrade et al. 2002). See the Online
Materials' for more details.

X-ray diffraction (XRD)

A precipitate slurry was pipetted as 20 pL subsamples into
Cole-Parmer Kapton tubes with an inner diameter of 1.46 mm and
a0.05 mm wall thickness. Kapton tubes filled with experimental
precipitate were allowed to partially dry for 12 h in the glovebox
before both ends of the Kapton tubes were heat sealed shut. The
sealed Kapton tubes were protectively placed in 15 mL falcon
tubes and heat sealed in BoPET bags prior to shipping. Samples

were sent to McMaster Analytical X-ray Diffraction Facility
(MAX) for XRD analysis using a Bruker D8 DISCOVER cobalt
source tube (Co-XRD) with a DAVINCIL.DESIGN diffractometer.
The diffractometer was set at 35 kV and 45 mA, with a 1 mm
slitand 1 mm collimator, with data collected on a VANTEC-500
area detector with a 20 cm working distance. Each sample scan
included 4 frames (900 s per frame) at 3 separate sample areas
over a 20 range of 10-88°. The 2D frames were collected with
DIFFRAC.MEASUREMENT Centre Version 6.5 software and
patterns were integrated to 1D using DIFFRAC.EVA Version 4.2.

Transmission electron microscopy (TEM)

Freshly subsampled precipitates were diluted in anoxic water
with a pH +0.1 of the measured condition before pipetting 15
pL of diluted slurry onto lacey carbon coated 300-mesh Cu
TEM grids. We allowed residual solution to evaporate prior to
analysis, drying in the glovebox under anoxic conditions (<0.1
ppm O,), before storing the grids in TEM grid holders and anoxi-
cally heat sealing them in a BoPET bag. The BoPET bags were
removed from the glovebox and shipped to Colorado School of
Mines, Golden, Colorado, U.S.A. for analysis. Samples were
examined on a Talos F200X at 200 keV for high-resolution
imaging (HR-TEM) up to 0.12 nm, scanning transmission elec-
tron microscopy (STEM) imaging up to 0.16 nm, and Super-X
window-less electron dispersive X-ray spectroscopy (EDS)
analysis. Samples were imaged in high-angle annular dark-field
(HAADF) to discern different phases. HR-TEM imaging was
used to capture the crystal lattice spacing where the images were
analyzed by fast Fourier transformation (FFT) and Inverse FFT
(IFFT) using Gatan DigitalMicrograph software. Additional
structural data of individual phases was recorded by selected area
electron diffraction (SAED). Elemental data was captured by the
Talos F200X Super-X EDS detector for a minimum of 10 min at
each location. Bruker ESPRIT software Version 1.9 was used to
analyze and quantify the EDS data by the Cliff-Lorimer method
with a 1 x 2 binning. This method converts X-ray counts into
raw elemental weight or atomic percent, yielding an accuracy
of +£1-10% of the collected values. We analyzed representative
areas of silicates and oxides to obtain their atomic ratios of cat-
ions by first averaging the data from the most isolated particles,
then recalculating the oxygen atomic % using cation valence
(ignoring any salt-related cations), and finally re-normalizing
the data to 100%. We then took the atomic ratios of (Fe+Mg)/Si
and Fe/(Fe+Mg) to gain insights into the silicate character. Image
contrast and brightness were adjusted to optimize image clarity.

RESuLTS
Solution and precipitate chemical analysis

Over the course of this experimental set-up, we measured
the pH and extent of iron oxidation in the control and bubbled
experiments. The ferrous control experiment after 19 days at
25 °C had a measured pH of 7.14 (Table 2). This experiment
had no observable precipitate but after fully acidifying the ex-
perimental solution to dissolve any minor solids or colloids, we
determined it contained 0.07 Fe(III)/FeT in bulk (Table 3). After
a total of 40 days, the 25 °C control had a measured pH of 7.17
(Fig. 2a; Table 2). This room temperature control had no visible
color change and yielded no precipitate from which to obtain a
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Fe(IIT)/FeT precipitate measurement.

Increased hydrothermal temperatures can mimic diagenesis
by either inducing higher-temperature reactions such as those
that take place during sediment burial and/or simulating the
effects of lower diagenetic temperatures over longer geologic
time periods (Siever 1986). The control experiment that aged
for an additional 7 days at 80 °C had a measured pH of 6.92
(Fig. 2a; Table 2). The 80 °C control continued not to display
any color change in solution and did not produce a precipitate
for Fe(IlT)/FeT measurement. The control experiment subject
to an additional 7 days at 150 °C had a pH of 6.43 (Fig. 2a;
Table 2). This 150 °C control did produce a minuscule amount
of dark tan-green material that had 0.27 Fe(III)/FeT (Fig. 2b;
Table 4). The control experiment aged for an additional 7
days at 220 °C was measured to have a pH of 7.65 (Fig. 2a;
Table 2). This 220 °C control experiment precipitated a small
amount of dark tan-green solid material with 0.32 Fe(IIl)/FeT
(Fig. 2b; Table 4).

We induced partial in situ iron(II) oxidation by bubbling
trace levels of O, gas into Archean ocean solutions for a limited
amount of time, and then simulated progressive diagenesis of
the partially oxidized precipitates. After 19 days at 25 °C, the
acidified and fully dissolved replicate bubbled experiment
contained 0.75 Fe(Ill)/FeT in bulk (dissolved precipitate plus
solution) (Table 3). This bubbled experimental solution had
a pH of 7.33 and produced a green precipitate, suggesting
a Fe(II-III) phase or phases (Velde 2003) (Table 2). Indeed,
our ferrozine assay determined that this green precipitate
contained 0.48 Fe(Ill)/FeT and the vanadate assay indicated
it was composed of 48% Fe(Il) per gram (Tables 4; Online
Materials' Table S2). After an additional 21 days, and 40 days
total, the bubbled experiment aged at 25 °C had a solution pH
of 7.06 (Fig. 2a; Table 2) and still contained a green precipitate.
When we harvested this low-temperature bubbled precipitate,
it contained 0.45 Fe(Ill)/FeT (Fig. 2b; Table 4).
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The bubbled experiment subject to aging at 80 °C for 7 ad-
ditional days had a pH of 6.74 (Fig. 2a; Table 2) and continued
to yield a green precipitate. This 80 °C solid was measured to
similarly have 0.45 Fe(IIl)/FeT and 55.85% Fe(II) by mass
(Fig. 2b; Table 4; Online Materials' Table S2). The bubbled
experiment that was further aged at 150 °C had a measured
pH of 6.41 (Fig. 2a; Table 2). This 150 °C experiment con-
tinued to display a green precipitate and the acidified solid
subsample had 0.51 Fe(IlI)/FeT (Fig. 2b; Table 4). While the
ratio of Fe(I1l)/FeT was similar, the % Fe(II) per gram dropped
to 32.2% (Online Materials' Table S2). The bubbled experi-
ment that was aged at 220 °C for an additional 7 days had a
measured pH of 5.85 (Fig. 2a; Table 2). This bubbled 220 °C
experiment produced a slightly darker green-black precipitate
with 0.46 Fe(IlT)/FeT and 27.92% Fe(1l)/g (Fig. 2b; Tables 4;
Online Materials' Table S2).

Thermodynamically predicted mineral phases

The stability diagrams that we constructed, paired with the
measured pH values at each step of the hydrothermal aging
experiment (Table 2), generated a suite of predicted minerals
depending on the redox environment (Eh), which was not directly
measured. In the case of magnesium (Online Materials' Fig. S1),
the thermodynamically stable phase at pH ~7 and 25 °C or 80 °C
was dissolved Mg. The solution pH after continued reaction was
within the expanded magnesite stability field at 150 °C, but the
higher pH after 220 °C reactions (pH 7.65) shifted the predicted
Mg mineral product to a Mg serpentine phase like chrysotile or
antigorite. For iron (Online Materials' Fig. S2), siderite or a ferric
oxide like goethite should be stable in the 25 °C experiment at pH
~7.At 80 °C, there is a small region of magnetite stability as well as
the siderite and large goethite stability fields at the experimental pH
of ~6.75. With increasing experimental temperature and dropping
pH, the magnetite stability field grows while siderite’s stable redox
and pH space decreases. See Online Materials' for more details.

Temperature (°C)

FIGURE 2. (a) Plot of pH measurements from Parr vessel with precipitate and overlaying solution for control and bubbled experiments for
temperatures that ranged from 25-220 °C. Note the uncertainty of the pH measurements and oven temperatures was +0.02 pH units and +0.4 °C,
respectively. (b) The measured Fe(IlI)/FeT content of the acidified control precipitates and bubbled precipitates along with the calculated standard

deviation from replicate measurements.
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Bulk mineralogy: XRD and magnetic response

Control experiments at 150 and 220 °C did not produce enough
precipitate for analysis by XRD. XRD measurements of bubbled
precipitates yielded patterns consistent with several phases (Fig. 3).
The bubbled experiment aged for 40 days at 25 °C produced a large
and diffuse diffraction peak corresponding to the Kapton tube it
was measured in but no other sharp diffraction peaks, suggesting
an amorphous to minimally crystalline product (Fig. 3). One broad
peak that occurred in the 25 °C precipitate and persisted through
the higher-temperature aging treatments may be consistent with
ferrihydrite. After 80 °C aging, the bubbled experiment contained
weak diffraction peaks consistent with a serpentine group silicate
such as greenalite or cronstedtite and a spinel group oxide like
magnetite (Fig. 3). After the 150 °C treatment, bubbled experiments
displayed a heightening of the peaks observed at 80 °C along with
the formation of additional peaks corresponding to a serpentine
group silicate and spinel group oxide (Fig. 3). The bubbled experi-
ment subject to 220 °C aging showed a continued narrowing of the
diffraction peaks for a spinel group oxide, reflecting an increase
in crystal size and/or crystallinity (Fig. 3). However, the 220 °C
experiment showed smaller and less sharp serpentine group peaks
and only contained one putative ferrihydrite peak.

Control and bubbled experimental precipitates across the range
of temperature displayed different degrees of magnetic attraction.
The control 150 and 220 °C dark tan-green precipitates were both
weakly to moderately attracted to the magnet (Figs. 4a and 4b). The
bubbled green precipitate at 25 °C after a total of 40 days was not
attracted to the magnet (Fig. 4c). However, after 7 days at 80 °C,
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FIGURE 3. Cobalt sourced XRD patterns from replicate bubbled
experimental precipitates subject to simulated diagenesis at 25 °C
(blue), 80 °C (green), 150 °C (black), and 220 °C (red). Plotted for
comparison: blank kapton tube (K); 1:1 iron-silicates greenalite (G),
[Fe?'Si,05(OH),] (from Guggenheim et al. 1982) and cronstedtite (C),
[(Fe* ,Fe*");(Si,Fe*),05(OH),] (Lab Standard, Caltech Mineralogical
Collection); a spinel group iron-oxide, magnetite (M), [Fe*'Fei'O,]
(from Haavik et al. 2000); and 6-line ferrihydrite (F) [Fe3;0,4(OH),
(from Michel et al. 2007). Both the copper and cobalt two theta axes
are plotted for comparison. The experimental and standard diffraction
patterns were vertically offset for clarity.

the green precipitate was weakly attracted to the magnet (Fig. 4d).
After an additional 7 days at 150 °C, the bubbled green precipitate
was strongly attracted to the magnet (Fig. 4e). Seven days of ag-
ing at 220 °C produced the darkest green precipitate, which was
the most attracted to a magnet compared to all our experimental
samples (Fig. 4f).

Electron microscopy characterization

High-temperature control experiments. Unlike the 25 and
80 °C control experiments that did not produce a precipitate for
analysis, after 7 days at 150 °C, the control contained a minis-
cule amount of tan precipitate (Fig. Sa). TEM imaging of the
150 °C control revealed abundant ~500 nm clusters composed
of'a multi-phase mixture: poorly formed tubular spindles, a faint,
more amorphous globular phase, and well ordered crystals with
arod or lath morphology (Figs. 5b—51). The tubular spindles were
<10 nm wide and <50 nm long (Figs. 5¢—5f). They were mainly
composed of Mg (17 at%), Fe (variable but averaging 8.6 at%), Si
(15.5 at%), and O (58 at%) (Fig. 5e), with an average (Fe+Mg)/Si
= 1.7, reflecting a composition and morphology consistent with a
Mg-Fe serpentine group (Table 5) (Falini et al. 2004). At higher
resolution, we observed poorly layered particles with 3—5 layers
that were <5 nm wide and <50 nm long and highly susceptible
to beam damage (Fig. 5f). We measured the lattice spacing for
one of these structures to be 6.9 A while another structure had
7.2 A layering (Fig. 5f). Together with the lattice spacing, we
tentatively identified the tubular form as an iron-rich Mg-silicate
in the serpentine group.

In other regions of the 150 °C control, we identified two types
of'iron oxides. We observed a faint globular phase in lower magni-
fication images (Fig. 5d, arrows) and identified lattice spacings of
1.5 A (Fig. 5f adjacent to layered phase) as well as 2.3 and 2.5 A
(Figs. 5f and 5g). This poorly crystalline phase was often in an
intimate mixture with a rod-like phase (Fig. S5h), but elemental
chemistry mapping indicated this phase was primarily iron (31%)
and oxygen (54.5%) (Figs. 5i and 5j; Table 5). These lattice spac-
ings and elemental chemistry are similar to ferrihydrite, a poorly
crystalline iron oxide that often forms early after iron is oxidized
in neutral waters. Additionally, we imaged more crystalline blunt-
edged rods, <20 nm wide and 100-150 nm long, in this sample
(Figs. Sh and 5k). These rods had a lattice spacing of 6.2 A (Figs.
5k—51) and elemental analysis indicated that they were primarily
composed of Fe (28.5 at%) and O (54.3 at%) (Figs. 6i—6j; Table 5),
suggesting an iron oxide mineral. This iron oxide phase also ex-
hibited a lath morphology ~20 nm wide and ~100 nm long (Fig.
61) with a lattice spacing of 3.2 and 6.1 A (Figs. 51-I and 5I-II).
Neither the blunt edged rods or laths were observed to be degraded
by the electron beam during analysis. SAED on a region containing
these blunted rods and laths produced a polynanocrystalline pattern
(Fig. 5Sm) consistent with the iron oxide lepidocrocite.

The control experiment further aged at 220 °C for 7 additional
days also contained a small amount of tan precipitate (Fig. 6a).
TEM images of the 220 °C control experiment showed abundant
~100-200 nm long hollow tubes with 0.6—-0.8 nm inner diameters
and 2-2.8 nm outer diameters (Figs. 6b—6d and 6f—6g). The
elemental chemistry of these tubular structures was primarily Mg
(29 at%), Fe (5 at%)), Si (10 at%), and O (55 at%), suggesting they
were a magnesium silicate with possibly some Fe(III) substituted
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1738 HINZ ET AL.: SIMULATED DIAGENESIS OF IRON-SILICA PRECIPITATES IN BIFS

for Si (Fig. 6e; Table 5). Along the tube axis, we were able to
capture two separate instances of 7.2 A lattice spacing and higher
order lattice planes of 3.6 A (004) and 2.4 A (006) (Figs. 6f and
6g-I). Another tube at a different orientation captured the 4.3 A
(111) lattice plane of this phase (Fig. 6g-11). SAED of the control
220 °C experiment on a broad region composed mostly of tubes
produced diffraction halos, suggesting a poorly crystalline phase
(Fig. 6j). This tubular phase had an elemental chemistry, lattice
spacings, and SAED pattern consistent with a precursor form of
the fibrous magnesium serpentine, chrysotile.

TEM analyses of the 220 °C control experiment also captured
a ~100 nm wide globular phase (Fig. 6h). The elemental data of
this phase indicated that it primarily contained Fe (28 at%) and
O (54 at%) (Fig. 6h—6i; Table 5), suggesting an iron oxide. Ad-
ditionally, the broad SAED of the 220 °C control experiment had
distinct diffraction planes (manifesting as dots) that corresponded
to the lattice spacings of 2.9 A (220), 1.4 A (440), and 1.0 A (553)
(Fig. 6j). These lattice planes captured by SAED in tandem with an
elemental chemistry rich in iron and oxygen lead us to tentatively
identify the globular phase as a spinel group iron oxide; notably,
these lattice spacings align well with maghemite. With its globular
morphology rather than the platelet morphology of the magnetite

Control, 150 °C
F :

Bubbled, 25 °C

IC.

in the bubbled experiments (see below), it is possible that this
phase was not magnetite but instead was a different spinel group
oxide like maghemite.

Bubbled experiments: Iron oxide phases. We imaged the
bubbled precipitates at temperatures 25-220 °C using TEM. All
our bubbled experiments appeared to produce both a phyllosili-
cate phase (see below) and a poorly crystalline iron oxide phase,
while experiments aged at >80 °C additionally contained a more
crystalline iron oxide.

The subtle oxide phase observed in all the bubbled experi-
ments appeared as a faint globular phase in the background ma-
trix (Fig. 7). SAED on the 25 °C assemblage produced a diffuse
halo pattern corresponding to 1.3, 1.5, and 2.6 A lattice spacings
(Fig. 8g). These diffuse SAED halos reflect the formation of a
poorly crystalline phase, consistent with the lack of peaks by
XRD (Fig. 3), but the spacings are typical of ferrihydrite. Using
HR-TEM, we observed that the globular phase had a recurring
lattice spacing of ~2.5-2.6 A (Figs. 7c, 7e, 7g, and 7i). We also
observed a ~1.6 A spacing (Fig. 7g). EDS spectra that included
this phase suggested it was rich in Fe, O, and Si (Table 5; Online
Materials' Table S3). Together, we suggest our data points to
Si-rich ferrihydrite, which has major spacings at 1.5, 1.6, 2.5,

Control, 220 °C

. Magnet

FI1GURE 4. The precipitate from the 150 °C control experiment had a tan color (a-left) and was moderately attracted to the magnet (a-right).
The precipitate from the 220 °C control experiment continued to have a tan color (b-left) but only some particles appeared to be attracted to the
magnet (b-right). The precipitate from the bubbled experiment after aging at 25 °C had a green color (c-top) and was not attracted to the magnet
(c-bottom). The bubbled experiment harvested after aging at 80 °C was green (d-top) and was moderately attracted to the magnet (d-bottom).
The bubbled 150 °C precipitate was dark green (e-top) and continued to be moderately attracted to the magnet (e-bottom). The bubbled 220 °C
precipitate was darker green (f-top) and was highly attracted to the magnet (f-bottom)
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» Mg-rich Regions
Atomic % §
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0:53

Al: 2.6

FIGURE 5. Tan precipitate harvested from control experiment after 7 days at 150 °C (a). Clumps of heterogeneous particles (b—c¢) included
poorly formed tubular spindles (¢—d) and faint poorly crystalline globular masses (d-arrows). Some of these particles were primarily composed
of Mg-Si-Fe (e) (Table 5 and Online Materials' Table S3) and appeared to be layered structures with frayed edges with two particles showing 6.9
and 7.2 A lattice spacings (f). Other globular particles did not show layering but had lattice spacings including 1.5 A (f), 2.3 A (g), and 2.5 A (g-I).
In other regions, we observed blunt-edged rods intermixed with masses of minute globules (h) with both containing Fe- and O-rich measured
elemental chemistry (i-j; Table 5). Basal spacing of the blunt-edge rods was measured to be 6.2 A (k), similar to another phase with a lathe-like
morphology (1) with 3.2 and 6.1 A lattice spacing (I-I and I-II). The polynanocrystalline SAED pattern from a region containing blunt-edged rods
and lathes was most consistent with lepidocrocite (m).
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TABLE5. Summary of the average elemental composition of the phases (in at% or as a ratio) at each experimental condition

Average at%

Elemental ratios

Experimental condition Fe Mg

Si

Al

(e} avg avg range

Fe/(Fe+Mg) (Fe+Mg)/Si (Fe+Mg)/Si
Bubbled 25C Poorly layered 19.94 2.00 17.91 0.96 59.19 0.91 1.23 1.06-1.34
Bubbled 25C Mixed poorly crystalline oxides, layered, salts 18.96 1.83 18.04 1.73 59.45 0.91 n.a. n.a.
Bubbled 80C Well-ordered layered 27.70 1.61 12.94 1.03 56.73 0.95 227 2.11-2.43
Bubbled 150C Well-ordered layered 22.13 4.54 14.91 0.77 57.65 0.83 1.79 1.59-2.14
Bubbled 220C Well-ordered layered 16.22 10.02 15.23 0.87 58.01 0.62 1.72 1.6-1.85
Bubbled 220C Spinel Group Oxide 22.44 9.17 10.68 1.59 56.13 0.71 na. n.a.
Control 150C Poorly layered 8.58 17.35 15.50 0.65 57.91 033 1.67 1.45-1.67
Control 150C Iron Oxide Mass 31.08 417 7.89 2.33 54.53 0.88 na. na.
Control 150C Iron Oxide Rods 28.54 7.3 7.39 2.59 54.34 0.80 na. n.a.
Control 220C Well-ordered layered 4.78 28.84 10.21 0.85 55.32 0.14 3.29 3.29
Control 220C Spinel Group Oxide 27.81 9.24 7.40 1.48 54.07 0.75 n.a. n.a.

Note: Also see the raw EDS data for each experiment in Online Materials' Table S3.

Atomic %
Mg: 29
Fe:5

Si: 10

Al:1

0O:55

s

FIGURE 6. Tan precipitate harvested from control experiment after aging for 7 days at 220 °C (a). Homogenous clumps composed of hollow
tubes (b—d) and measured elemental chemistry (e). Viewing down the tube axis and along the profile of the tube we measured the lattice spacing
to be 7.2 A in both instances (f and g-T) and measured 4.3 A at a different orientation (g-IT). A globular phase was observed (h) with elemental
chemistry rich in Fe and O (i). SAED of a region containing both the tubular and globular phase, respectively, produced a polynanocrystalline

pattern consistent with a magnesium-silicate and planes for a spinel group phase (j).
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and 2.6 A in its 2-line and 6-line forms (Michel et al. 2007).
Starting at 80 °C and increasingly at higher temperatures, we
also observed a more crystalline triangular or polygonal platelet
phase in the bubbled experiments that we ultimately identified as
magnetite (Fig. 8). TEM and HR-TEM analysis of the bubbled
precipitates aged at 80, 150, and 220 °C captured ~50-100 nm
wide platelets with a characteristic 4.7 A basal spacing (Figs.
8c, 8f, and 8h) along with additional lattice planes by FFT (Figs.
8c-1, 8f-I, and 8h-I) corresponding to a spinel group phase such
as magnetite. For example, after 150 °C aging, FFT on an area
with platelets revealed lattice spacing planes of 4.8 A (111),2.4 A
(222), 1.6 A (333), and 2.5 A (311) (Fig. 8f-1), very similar to
the spacings expected for spinel group phases. FFT analysis on
aplatelet-rich region after 220 °C aging (Fig. 8h-I) showed these
same lattice spacings and additionally a spacing at 1.7 A (422),
which is also observed in spinels. We were able to obtaina SAED
pattern of a platelet-rich region in this 220 °C aged sample as
well (Fig. 81), which was again consistent with a spinel group
mineral like magnetite. We captured elemental data from a region
containing the platelet phase and observed that it was mainly
composed of Fe (22 at%), O (56 at%), and Si (11 at%) (Fig. 8g;
Table 5). We attribute the higher-than-expected measurement
of Si in this spinel group phase to be the result of adsorbed Si
(Philippini et al. 2006). The lattice spacing of the platelet paired
with the elemental chemistry rich in Fe and O, in addition to the
strong magnetic reaction of the bubbled and hydrothermally aged
precipitates (Figs. 4d—4f), was most consistent with identifying

Bubbled, 25 °C

Bubbled, 80 °C

200 hm
——

this platelet phase as magnetite.

Bubbled experiments: Silicate phase. Analysis of the 40 day
old 25 °C precipitate revealed abundant poorly layered spindly
particles that were ~2—4 nm wide and ~20 nm long (Fig. 9).
EDS of the layered precipitates from three separate locations
yielded a compositional range of 17.5-21 at% Fe, 17-19 at%
Si, 1-3 at% Mg, 59—60 at% O (Figs. 9e—9g; Table 5). From this
data, we calculated an average (Fet+Mg)/Si ratio of 1.2 for these
poorly layered particles (Table 5). These structures were highly
susceptible to beam damage, but we were able to capture four
representative particles, each with a maximum of 3—4 layers that
had an approximate lattice spacing of ~7.2-7.7 A (Figs. 9h-1,
9h-I1, 9i-1, and 9i-II) measured by IFFT. The observed morpho-
logical, structural, and elemental data suggested this phase was
a Fe-rich incipient serpentine.

In the bubbled experimental precipitate aged at 80 °C for
seven additional days, TEM imaging revealed layered crystals
with a variable degree of ordering (Fig. 10). We observed
~100 nm wide and ~300-700 nm long bladed structures and
measured their lattice fringe at 7.2 A (Figs. 10b—10e and 10h).
TEM also revealed multiple instances of a triangular-trapezoidal
form [Fig. 10b (arrows) and 10f-10g] where the well ordered
regions had a 7.0 A lattice fringe (Fig. 10j-I). The bladed and
triangular-trapezoidal structures together exhibited an average
elemental chemistry with low Mg (1.6 at%) and a range of
(FetMg)/Si of 2.11-2.43, consistent with an iron silicate within
the cronstedtite-greenalite solid solution (Figs. 10d—10e and 10g;

Bubbled, 150 °C Bubbled, 220 °C

F1GURE 7. Subtle globular phase observed in all bubbled experiments and tentatively identified as ferrihydrite. At 25 °C, TEM imaging captured
a faint background, webbing-like phase (a-arrows) and SAED of the region showed diffuse halos corresponding to 1.3, 1.5, and 2.6 A lattice spacings
(b). HR-TEM and IFFT analysis of this phase identified a lattice spacing of 2.6 A (¢, ¢-I, ¢-II). Similarly, we observed a globular phase at 80 °C
(d—e) with a major spacing at 2.5 and 2.6 A (e-I, e-II). An image of the bubbled precipitate at 150 °C showed an aggregate of small globules (e—f)
and analysis of this “background” phase showed 1.6 and 2.6 A spacing (g-1, g-II). After 220 °C aging, TEM imaging continued to show faint round

morphologies (h—i) with 2.6 A lattice spacing (i-II).

American Mineralogist, vol. 108, 2023

Downloaded from http://pubs.geoscienceworld.org/msa/ammin/article-pdf/108/9/1732/5943916/am-2022-8758.pdf

by guest

on 11 September 2023



1742 HINZ ET AL.: SIMULATED DIAGENESIS OF IRON-SILICA PRECIPITATES IN BIFS

Bubbled, 80 °C Bubbled, 150 °C Bubbled, 220
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FiGurE 8. After hydrothermal aging, we observed a plate-like phase that often had a triangular or polygonal shape, ultimately identified as
magnetite. One TEM image of the 80 °C sample showed all three phases that we observed, including triangular platelets (a-arrows). This phase was
also identified intermixed with layered structures (b) where we measured a 4.7 A lattice fringe (¢) and multiple FFT lattice spacings corresponding
to a spinel group phase such as magnetite (c-I). We also observed a platelet phase after the 150 °C hydrothermal treatment (d-arrows, e) with
4.7 A lattice spacing (f) where FFT confirmed the presence of lattice planes consistent with a spinel group mineral (f-I). Additionally, we obtained
iron- and oxygen-rich elemental chemistry on a platelet phase after 220 °C aging (g) and measured 4.7 A lattice spacing (h) and FFT lattice planes
consistent with a spinel group identification (h-I). SAED of an area containing the platelets displayed polynanocrystalline halos at the lattice planes

of a spinel group mineral (i).

Table 5). The large remaining portion of the structure exhibited
multiple crystal defects restricting the number of ordered layers
(Figs. 10i—10j); however, we did measure a 7.2 A lattice fringe
in this region as well (Fig. 10i-I). SAED on an area containing
the bladed and trapezoidal structures produced recurring diffrac-
tion planes congruous with a serpentine group silicate (Fig. 9k).

American Mineralogist, vol. 108, 2023

TEM analysis of the bubbled sample at 150 °C for an addition-
al 7 days displayed well ordered layered structures ~100-200 nm
long and ~10-50 nm wide (Fig. 11b—11d). Using elemental data
from three regions containing layered structures (Figs. 11e-11g),
we calculated an average (Fe+Mg)/Si = 1.8 with a Mg content
of 4.5 at% (Table 5). We measured 7.2-7.3 A basal spacing in
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FIGURE 9. TEM-based observations of poorly layered structures from green precipitate (a) harvested from the bubbled experiment held at 25 °C
for 40 days. We saw abundant particles with a spindly morphology in clusters (b—d) where we mapped and analyzed their elemental chemistry
(e—g), finding the major elements were Fe, Si, and O with minor Mg. Note that the average compositions shown in f and g are from hand-drawn
regions to pick out the layered particles, and the chemistry in g derives from the interior silicate-rich portion of the aggregate. The best captured
particles exhibited a maximum of 34 layers (h—i) with an approximate basal spacing of ~7.2-7.7 A determined by IFFT (h-1, h-I1, i-I, and i-II).

two separate particles from one image (Figs. 11h and 11h-I). In
another instance, a well-ordered layered particle was in the proper
orientation to capture both its basal lattice spacing of 7.1 A (Fig.
11i) and 24 A superlattice (Fig. 11i-I). Collectively, the TEM data
demonstrated that these structures were greenalite-like minerals.

TEM of the bubbled experiment after 7 days at 220 °C revealed
~400 nm clusters of well-ordered layered structures that were
~20-60 nm wide and ~100 nm long (Fig. 12). In general, we ob-
served fewer well-ordered layered structures at 220 °C compared to
lower temperatures, but the structures were highly crystalline. We
determined that the basal lattice spacing was 7.1 A in two separate
layered particles (Figs. 12¢ and 12f), with one of these particle
orientations also capturing a ~21 A superlattice (Fig. 12f-I). We

also measured the elemental composition of these layered struc-
tures in two regions (Figs. 12d and 12g), and observed that the
particles remained Fe- and Si-rich but the average Mg content had
increased to 10% (Table 5). This data enabled us to calculate the
average (Fe+tMg)/Si of 1.7 (Table 5). Collectively, the TEM data
demonstrated that these structures were greenalite-like minerals.

Synthesis of experimental results

Our ferrous control experiment set at pH 7 with 1:1 Fe:Si did
not produce an observable precipitate from solution either at low
temperature nor upon 80 °C hydrothermal aging. At 150 °C, we
observed temperature-induced precipitation of an abundant but
poorly ordered ~7 A Mg(Fe)-silicate along with ferrihydrite and
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Ficure 10. TEM analyses of green precipitate (a) harvested from the bubbled experiment after 7 days at 80 °C, focusing on the layered
structures. We observed a heterogeneous mixture of morphologies, including well ordered blades (b—e) with the elemental chemistry maps shown
for Fe, Si, Mg, and O (d) and average chemistry shown in e. There were also trapezoidal structures (b-arrows, f-g, i—j) with similar chemistry rich
in Fe, Si, and O (chemistry shown from “caps” of structures). The blades showed a 7.2 A lattice fringe (h), while the trapezoidal structure’s “body”
(i) had frequent crystal defects (i-arrows) but still contained 7.2 A lattice spacing (i-I). The well crystallized “caps™ of the trapezoidal structure (j)
had 7.0 and 2.1 A lattice spacing (j-I and j-II) while SAED of a heterogeneous area similar to panel b produced recurring lattice planes consistent
with a serpentine group phase (k).
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lepidocrocite (Fig. 5). There may also have been a magnetic mineral
like magnetite in this assemblage since this assemblage showed
a magnetic response (Fig. 4a). Additional aging at 220 °C of the
ferrous control mainly produced chrysotile nanotubes and a spinel
group iron-oxide that was potentially maghemite (Fig. 6). During
hydrothermal aging, the ferrous solution decreased in pH as tem-
perature increased and minerals precipitated. The 25 °C solution
had a pH of 7.17, which decreased to pH 6.74 at 80 °C, and further
decreased to pH 6.43 at 150 °C (Fig. 2a; Table 2). This decrease in
PH can be attributed to the formation of an Fe(I1I) (hydr)oxide, such
as the lepidocrocite and ferrihydrite that we observed. Additionally,
the precipitation of silicate phases will take up hydroxide ions and
release protons, also dropping the pH (Zolotov 2014).

Low-0O, bubbled experiments examined in situ Fe(Il) oxida-
tion at pH 7 in the presence of silica produced a partially oxidized
[~45% Fe(Ill)/FeT and ~48% Fe(Il)/g] precipitate (Fig. 2b).
After 40 days at 25 °C, we characterized this low-temperature
assemblage as abundant precursor Fe-rich serpentine and ancillary
ferrihydrite (Figs. 7a—7c and 9). Aging these precipitates at 80 °C
produced a well-layered iron silicate and magnetite alongside fer-
rihydrite (Figs. 7d, 7e, 8a—8c, and 10). Continued hydrothermal
aging at 150 and 220 °C crystallized well-ordered greenalite with
incorporated Mg, more magnetite, and some persistent ferrihydrite
(Figs. 7f-7i, 8d-1, 11, and 12; Table 5). These higher-temperature
assemblages also contained lower Fe(II), ~30% by mass compared
to ~50% at <80 °C, although their Fe(III)/FeT ratio remained about
the same (Table 4). With increasing temperature, the experimental
solution pH decreased from a pH of 7.33 at 25 °C down to pH
5.85 at 220 °C (Fig. 2a; Table 2). The continued decrease in pH
can be attributed to the formation and recrystallization of the iron
silicate and magnetite phases, similar to the control experiments.

DiscussION

Impacts of temperature on ferrous controls at
circumneutral pH

Our ferrous experiments under simulated silica-rich Archean
ocean conditions at pH 7 did not produce a precipitate at low
temperature. Other studies with Archean-relevant Fe(II) and
Si concentrations produced iron(Il) silicates at 25 °C, but only
when the pH was elevated to >7.5 (Tosca et al. 2016; Farmer et
al. 1991; Hinz et al. 2021). During the Fe(II) hydrolysis process,
silica inhibits Fe(I) polymerization, resulting in smaller clusters
of octahedral Fe(IT) and a kinetic barrier to precipitation (Doelsch
et al. 2002; Francisco et al. 2020). Our observations of a lack of
precipitation at <80 °C supports previous studies’ findings that a
higher pH is required to induce iron(Il) silicate formation under
ferrous conditions at low temperature.

However, our ferrous experiment at 25 °C did contain a trace
amount of Fe(IIT) [bulk Fe(III)/FeT = 0.07, Table 3], which would
be expected to precipitate at circumneutral pH. The presence of
any Fe(III) suggests there may have been slight O, contamina-
tion or a trace Fe(Ill) impurity in all of our experiments. Even
with this minor amount of Fe(Ill), the lack of precipitate in
this experiment is surprising since Fe(IIl) is highly insoluble
at circumneutral pH and readily precipitates as ferric oxides
or Fe(IL,IIT) phases from solution. Under these Fe, Si, and pH
conditions, we suspect that Fe(Ill) aqueous complexes, such
as Fe(Ill)-Si, Fe(OH);, Fe(OH)CO;, and FeCl** (Stefansson

2007; Persson 2018; Pokrovski et al. 2003), hosted the mea-
sured Fe(III). Kinsela et al. (2016) has shown the presence of
silica—even an order of magnitude below the 1.1 mM Si used
in this study—hinders Fe(II) oxidation at circumneutral pH.
Therefore, the absence of precipitate at low temperature and
80 °C in our ferrous control experiments was likely the result
of the presence of high dissolved silica and insufficient Fe(III)
to trigger precipitation of ferric oxides or Fe(ILIII) silicates as
observed by Hinz et al. (2021).

Increased temperatures can influence chemical processes and
induce mineral precipitation, and our results showed precipitation
in the control precipitates at 150 °C that preferentially incorpo-
rated the trace dissolved Fe(III). At this elevated temperature,
the control precipitate contained 0.27 Fe(IlI)/FeT (Fig. 2b;
Table 4). Indeed, we observed that Fe(Ill) oxides, ferrihydrite
and lepidocrocite, formed at 150 °C under almost entirely ferrous
conditions (Figs. 5d and 5Sh—5m). Soluble Fe(Il) in the presence
of poorly crystalline Fe(IIT) oxides like ferrihydrite is capable of
catalyzing the reductive dissolution and secondary mineralization
of more crystalline ferric oxides such as lepidocrocite or goethite
(Burton et al. 2007; Cornell and Schwertmann 2003; Hansel et
al. 2005; Nitschmann 1938; Pedersen et al. 2005). Therefore, we
hypothesize that the higher 150 °C temperature promoted the
precipitation of ferric oxides from trace dissolved Fe(IlI), and,
in the presence of abundant Fe(II), these initial oxides partially
recrystallized into the lepidocrocite that we observed.

Our observations of the ferrous control experiment aged at
150 °C also revealed the precipitation of a magnesium-rich sili-
cate phase. While poorly ordered, the magnesium silicate with
~9 at% iron was notably the most abundant phase and manifested
in distinctive tube-like structures with rarely captured 6.9-7.2 A
basal spacing (Figs. 5¢c—5f; Table 5). This spacing suggests that
the control liquid precipitated a poorly formed serpentine group
magnesium silicate with substantial incorporation of iron. Ther-
modynamic modeling indicates that chrysotile and antigorite,
two types of serpentine group Mg silicates, are only stable at
pH ~7-7.5 and higher at 150 °C (Online Materials' Fig. S1c),
suggesting there may be local regions of higher pH to promote
precipitation of this observed phase despite the bulk solution pH
(6.4, Table 2) being unfavorable for this silicate group.

After 220 °C aging, our ferrous control experiment was
predominantly composed of chrysotile nanotubes and a globular
iron oxide (Fig. 6). The widespread fibrous chrysotile at 220 °C
suggests the transformation of the poorly formed 150 °C Mg-
silicate to the more crystalline chrysotile mineral. The elemental
analysis of the chrysotile nanotubes showed they included 5 at%
Fe (Fig. 6e; Table 5). Chrysotile has been reported to host 2-3
wt% Fe (Bowes and Farrow 1997), where Fe(II) or Fe(IIl) are
capable of being substituted into the octahedral site, but only
Fe(III) can be incorporated into the tetrahedral site (Walter et
al. 2019). The incorporation of Fe into the chrysotile structure
could have been aided by dissolution-reprecipitation reactions
during the crystallization of Mg silicates into chrysotile. These
reactions mineralizing chrysotile and releasing OH groups likely
also buffered the solution to sit within the chrysotile stability
field, including raising the pH to the 7.65 that we measured in
this experiment (Table 2; Fig. 2a; Online Materials' Fig. S1d)
(Trittschack et al. 2014). There may have been substantial in-
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Fi1GuRE 11. Layered phase observations from the dark green precipitate (a) harvested from the bubbled experiment after 7 days at 150 °C. TEM
revealed a heterogeneous mixture of phases (b) including well-ordered blades (c—f) where the elemental chemistry of the layered blades indicated
a phase rich in Fe and Si with around 5% Mg (e—g; Table 5). Lattice spacings of this layered phase were measured to be 7.2 A (h) and 7.3 A (h-I),
with some particles showing not only the basal lattice spacing (001) 7.1 A (i) but also a 24 A superlattice modulation (i-T).

corporation of Fe(Ill) into the chrysotile structure upon 220 °C
aging, similar to what occurs during serpentinization (Evans
2008; Tutolo et al. 2019). Indeed, the Fe(III) content of the bulk
precipitate increased from 27% at 150 °C to 32% at 220 °C. Al-
ternatively, it is possible that most of the iron in chrysotile was
Fe(Il), and the majority of the measured 32% Fe(Ill) in solids
was associated with the iron oxide.

In situ Fe(II) oxidation at circumneutral pH and 25 °C

Broadly, our trace O, bubbling experiments highlight that
in situ Fe(II) oxidation in the presence of silica produces an Fe-rich
poorly ordered serpentine at pH 7 and 25 °C. The presence of a
small proportion of Fe(IlI) under silica-rich conditions has been
shown to induce precipitation of iron-rich solids, including silicate

American Mineralogist, vol. 108, 2023

phases (Hinz et al. 2021). This low-Fe(IIl) trigger provides an
alternative mechanism for the formation of precursor Fe-rich
serpentine at low temperatures and the predicted lower pH of the
Archean ocean. However, in our previous study, adding Fe(III)
(aq) in the presence of silica at pH 7 and 25 °C produced mainly an
amorphous phase with rare silicates, with a bulk iron redox state of
0.89 Fe(IIl)/FeT (Hinz et al. 2021). Yet here, in situ Fe(II) oxida-
tion at pH 7 induced the formation of a more ferrous assemblage
that was 48% Fe(II)/g and contained approximately equimolar
Fe(IT) and Fe(III), with more abundant Fe-rich precursor silicate
phases alongside ferrihydrite at 25 °C (Figs. 7a—7c and 9; Table 4).

Similar to the control experiments, our results from bubbled
experiments suggested that there was additional Fe(IlI) dissolved in
the solution. The acidified 25 °C bubbled solution-precipitate com-
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FIGURE 12. Layered structures in the bubbled experiment after 7 days at 220 °C, which yielded the darkest green-black precipitate (a). TEM
revealed the heterogeneous phases (b) within this experiment that included well-ordered blades with a 7.1 A lattice spacing (¢) along with elemental
chemistry rich in Fe, Si, and Mg (d). An additional example of this layered, bladed phase (e) showed a 7.1 A d-spacing (001) with superlattice

modulation of 21 A (f and f-I), and similar elemental chemistry (g).

bination contained much higher Fe(Ill), measuring 0.75 Fe(IlI)/FeT,
compared to the 0.48 Fe(IlI)/FeT in solids (Tables 3 and 4). This
higher bulk measurement possibly reflects that a portion of the
Fe(Ill) was in Fe(Ill) aqueous complexes, such as Fe(II)-Si,
Fe(OH);, Fe(OH)CO;, and FeC1*, similar to what we suspect oc-
curred with the minor amount of Fe(I1]) in the control experiment
solutions (Stefansson 2007; Persson 2018; Pokrovski et al 2003).
The additional Fe(IIT) measured in solution could also be attributed
to colloidal Fe(IL,III) phases such as silicates, green rusts, or Fe(III)
oxides (Doelsch et al. 2003). The Fe(III) discrepancy between the
precipitate compared to bulk redox state implies that we cannot
discount the impact that these dissolved or colloidal Fe(IlI) sources
may have on mineral formation. However, the precipitates from
bubbled experiments all exhibited a consistent proportion of Fe(III)
per total iron, ranging from 0.45-0.51 Fe(IlI)/FeT, regardless of
aging conditions or temperatures (Fig. 2b; Table 4). This Fe(III)
stability in bubbled experiments across all temperatures suggests
that there was not substantial incorporation of Fe(Ill) (aq) into the
solid with increasing temperature.

Products from simulated diagenesis of partially oxidized
iron-silica precipitates

In tandem, the bulk redox measurements of the solids
suggest that there was substantial dissolution-reprecipitation
during the hydrothermal aging incubations. Mineral crystal-
lization often involves a precursor metastable or amorphous

phase dissolving as a more crystalline phase precipitates (Ruiz-
Agudo et al. 2017; DeYoreo et al. 2015, 2022). The % Fe(I)/g
measurements, which show a ~20% drop between 80 and 150
°C (Table 4), indicate there was a dissolution of at least some of
the previously precipitated Fe(Il) between these temperatures.
However, the unchanging Fe(III)/FeT (Table 4) suggest that a
similar proportion of Fe(III) also dissolved during 80 to 150 °C
recrystallization and/or transformation. While our TEM data
shows that a portion of the Fe(II) recrystallized in more ordered
phyllosilicate and magnetite phases, some of the Fe(I1I) appears
to have remained in ferrihydrite since we observed ferrihydrite
at all temperatures (Fig. 7). At minimum, a fraction of the ini-
tial ferrihydrite was resistant to reactions with dissolved Fe(II)
and/or transformation to other iron oxides as is typically seen
(Huang et al. 2021) and as we observed in our control experi-
ments. Adsorbed silica may have protected some ferrihydrite
from further reactions even up to 220 °C, consistent with other
experiments that found Si-rich ferrihydrite does not transform
to secondary phases until >500 °C (Rzepa et al. 2016; Campbell
etal. 2002). Additionally, the presence of bicarbonate buffer can
impede the secondary transformation of ferrihydrite, potentially
through bicarbonate forming aqueous complexes with Fe(Il) or
by adsorbing to ferrihydrite (Hansel et al. 2005).

While iron-rich silicates were present under all hydrothermal
conditions (more on their transformations below), the appear-
ance of magnetite at 80 °C and higher temperatures (Fig. 8)
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FiGcure 13. Compilation of the layered phase observed in bubbled experiments at temperatures 25, 80, 150, and 220 °C. At 25 °C, we observed
spindly particles (a) with a maximum of 4 layers (a-I) measured as having an approximate lattice spacing of 7.7 A by IFFT (a-II) with FFT only
showing the basal d-spacing (001) (a-III). Cluster of poorly layered particles in HAADF (a-1V) shows Mg distribution and content on average
(a-V). At 80 °C, we observed well-ordered particles (b) with extensive layering (b-I) with a lattice fringe of 7.2 A as measured by IFFT (b-II)
and showing multiple lattice planes by FFT (b-III). Region with well-ordered layered blades in HAADF (b-IV) and Mg distribution and average
content (b-V). We observed similar well-ordered particles at 150 °C (¢) with extensive layering (¢-I) where the lattice fringe was 7.1 A by IFFT
(c-II) and displayed recurring lattice planes by FFT (c-III). Collection of well-ordered particles in HAADF (¢-IV) alongside Mg distribution and
content (¢-V). At 220 °C, we continued to observe a well-ordered layered phase (d and d-I) with a measured lattice fringe of 7.1 A by IFFT (d-II)
and recurring lattice planes by FFT (d-III). Collection of well-ordered particles in HAADF (d-IV) and Mg distribution and content (d-V).

revealed that this Fe(ILIII) oxide was a secondary phase that
mineralized during the simulated diagenetic conditions. The
increase in magnetite crystallization with higher temperatures
was denoted by sharpened peaks in the XRD patterns (Fig. 3),
TEM observations (Fig. 8), and strengthening magnetic attrac-
tion (Figs. 4d—4f). Magnetite most likely formed due to reactions
between Fe(II) and ferrihydrite, in a known process when there
is sufficient Fe(II) to adsorb to the ferrihydrite and induce trans-
formation into magnetite (Tronc et al. 1992; Hansel et al. 2003,
2005). Presumably a portion of the 25 °C ferrihydrite was not as
protected by adsorbed silica or bicarbonate and was able to ad-
sorb and react with dissolved Fe(II). However, an alternative (or
additional) mechanism to form magnetite could stem from initial
Fe(ILIII) phyllosilicates relinquishing ferric iron to form more
ferrous silicates and magnetite, similar to reactions described

American Mineralogist, vol. 108, 2023

by Zolotov (2014) and potentially explaining the deterioration
of greenalite-like XRD peaks between 150 and 220 °C (Fig. 3).

Effects of simulated diagenesis on Fe(ILIII) silicates

After in situ Fe(Il) oxidation at 25 °C, the initial precursor
iron silicates crystallized into a well ordered iron serpentine phase
upon hydrothermal aging (Fig. 13). To identify and understand
the identity and extent of crystallization of iron phyllosilicates,
we must examine their observed characteristics. The structural
measurements, including the 7 A basal spacing, of the silicate
products in bubbled experiments indicated they were serpentine
group silicates, which are composed of alternating silica tetrahe-
dral layers and metal-bound octahedral layers. The chemistry we
observed in bubbled silicate products at all temperatures indicated
that the principal metal ion was Fe, pointing to a serpentine group
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iron silicate, either Fe(II) greenalite or Fe(ILIIT) cronstedtite. One
way to differentiate cronstedtite from greenalite stems from the
fact that the Fe(Il) in greenalite has a misfit between the tetra-
hedral and octahedral layers, resulting in a modulated structure
(Guggenheim et al. 1982; Guggenheim and Eggleton 1998). This
superlattice structure of greenalite has a~23 A modulation (Gug-
genheim et al. 1982; Guggenheim and Bailey 1989; Guggenheim
and Eggleton 1998; Rasmussen et al. 2021; Johnson et al. 2018),
in contrast to the ~17 A superlattice periodicity of the Mn(1I)
serpentine end-member caryopilite and the 33-38 A modulation
of the Mg serpentine antigorite (Guggenheim et al. 1982; Capitani
and Mellini 2004). Conversely, the Fe(III) within the cronstedtite
structure has a smaller ionic radius than Fe(IT) or Mg. The Fe(III)
substitution for silica at the tetrahedral site stabilizes the layered
configuration and restricts structural modulation; therefore, the
~23 A superlattice is not observed in cronstedtite (Caruso and
Chernosky 1979; Wicks and O’Hanley 2018; Hybler et al. 2000).
Additionally, the Fe(IIT) substitution at the silica tetrahedra site
in cronstedtite increases its ideal (Fet+Mg)/Si ratio to 4 compared
to 1.5 for greenalite, providing an additional way to identify the
iron serpentine mineralogy.

We can thus place the experimental silicates at various tem-
peratures along the greenalite-cronstedtite solid solution, as well
as infer their Fe(III) content, by their measured (Fe+Mg)/Si ratio.
To characterize the composition of the silicates and where they
fall along the cronstedtite-greenalite solid solution, we used the
defined formulas for both end-members, greenalite with possible
Mg substitution [(Fe**,Mg);Si,05(OH),] and cronstedtite with
possible Mg substitution [(Fe*",Fe**,Mg);(Si,Fe**),05(OH),], and
compared the (Fe+Mg)/Si ratio of our experimental products
against the idealized ratios from mineral formulas. Mg-containing
greenalite (Fe?*,Mg);Si,0s(OH), would have a (Fe+Mg)/Si ratio
of 1.5, while Mg-containing cronstedtite (Fe*",Fe**,Mg);(Si,Fe*),
O;(OH), would have a ratio of 4. The silicate precipitated at 25 °C
had an (Fe+Mg)/Si of 1.2, below the theoretical (Fe+Mg)/Si ratio
for greenalite of 1.5 due to its elevated Si content (Table 5). This
higher Si content in the initial, poorly ordered form of iron sili-
cates was similarly observed in prior studies (Tosca et al. 2016;
Hinz et al. 2021).

At 80 °C, we observed the crystallization of a 7 A iron silicate
(Figs. 10c, 10e, and 10h; Table 5) with much lower relative Si,
averaging a (Fe+Mg)/Si of 2.3, which falls between cronstedtite
and greenalite. Additionally, the 80 °C phyllosilicate displayed
a pseudo-triangular morphology and lacked any indication of a
superlattice despite being well crystallized [Fig. 10b (arrows), 10f,
and 10j], consistent with observations from similar cronstedtite
formation studies (Pignatelli et al. 2013; Vacher et al. 2019). Based
on the defined end-member formulas, the bubbled 80 °C layered
precipitate with (Fe+Mg)/Si of ~2.3 was characterized as a 30%
cronstedtite and 70% greenalite solid solution (Table 5). Assuming
all the measured Fe+Mg was Fe(Il) or Fe(IlI), which is not too
inaccurate considering this sample only contained 1.6 at% Mg on
average, and assuming that this Fe was equally split between the
two redox states, our calculated proportion of cronstedtite would
suggest that this 80 °C crystallized phyllosilicate contained ap-
proximately 15% Fe(1III).

Therefore, there appears to be a transition from a high-Si iron
silicate at low temperatures to a crystalline phase within the solid

solution between Fe(II) greenalite and Fe(ILIII) cronstedtite at
80 °C. Intriguingly, the AG§ai0n fOr cronstedtite has been found
to be favorable at temperatures <120 °C, high Fe/Si ratios, and
circumneutral pH, similar to our experimental conditions (Zolo-
tov 2014; Pignatelli et al. 2013, 2014; Vacher et al. 2019). The
thermodynamic stability field for cronstedtite under our solution
conditions shrinks between 25 and 80 °C, with the redox and pH
space filled largely by magnetite (Online Materials' Figs. S2a and
S2b). These stability field predictions may support a transforma-
tion of initial poorly ordered Fe(ILIII) silicate, i.e., a precursor
cronstedtite-greenalite, into magnetite. Yet the pH of our experi-
mental solutions was lower than the pH range of the stability field
of cronstedtite, and our observations of ferrihydrite—a precursor
of goethite—would suggest that the redox environment was more
oxidizing than the highly reducing conditions required by cronst-
edtite or greenalite (Online Materials' Figs. S2a and S2b). These
contradictions suggest that our experimental precipitates formed
in heterogeneous microenvironments where pH and the redox
state (commonly measured as Eh) were variable. The differences
between the thermodynamic predictions and our observations also
suggest that the kinetics of these precipitation and crystallization
processes determine the solid assemblage, even after 7 days of 80
°C hydrothermal aging.

In contrast to lower-temperature silicates, additional recrystal-
lization and mineralization at higher temperatures (150-220 °C)
aging produced an iron phyllosilicate characteristic of the green-
alite end-member. In the abundant layered forms, we continued to
observe 7 A spacing typical of a serpentine group silicate (Figs.
11h—11i, 12¢, and 12f). Yet the layered phase at these tempera-
tures exhibited a 21-24 A superlattice (Figs. 11i-I and 12£-I) and
(Fe+Mg)/Si of 1.7-1.8 (Table 5), close to ideal greenalite and not
congruent with cronstedtite. Our results thus indicate that cron-
stedtite was not present in experiments >150 C°, supporting the
thermodynamic predictions (Online Materials' Fig. S2) and the
hypothesis that cronstedtite does not form at higher temperatures
(Vacher et al. 2019). Instead, we suggest the more Fe(Ill)-rich
cronstedtite-greenalite that initially crystallized at 80 °C dissolved
and partially reprecipitated into a more end-member Fe(II) green-
alite at >150 °C. With the narrowing stability field for greenalite,
we again speculate that local environments persisted—perhaps
buffered by the initial silicates—where higher pH and more reduc-
ing redox conditions enabled the continued presence of greenalite.
However, we note that the greenalite appeared less abundant in
both TEM imaging at 220 °C and in the sample’s XRD pattern,
perhaps suggesting that greenalite had indeed partially dissolved
or transformed.

Not only did the higher-temperature aging result in greenalite
mineralization, but we observed an increasing incorporation of Mg
in the layered silicate. While the phyllosilicate had minimal mag-
nesium at 25-80 °C (~1.5-2 at% Mg), Mg increased to 4.5 at% at
150 °C and 10 at% at 220 °C (Fig. 13; Table 5). As there was only
trace Mg in the lower temperature precipitates, this incorporated
magnesium almost certainly originated from the solution, which
contained 10 mM Mg to be analogous to Archean seawater. The
large extent of Mg incorporation into the silicate was comparable
to the 11-15 at% Mg in 150 °C aged experimental iron silicates
either formed under ferrous conditions at pH 7.5 or triggered by a
small amount of ferric iron at pH 6.5-7 (Hinz et al. 2021).
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Our simulated diagenesis experiments suggest that, similar to
today (Berg et al. 2019; Sun et al. 2016), a sink for magnesium in
Archean time may have been in the Mg enrichment of silicates
during sedimentary diagenesis and burial. For example, studies of
the Amazon delta sediments have shown that Mg is incorporated in
secondary silicate clays during simulated and observed diagenesis
(Michalopoulos and Aller 1995; Rude and Aller 1989). The process
of clay mineralization in the sediments, also known as “reverse
weathering” or clay authigenesis, is supported by the uptake of Mg
in much of today’s marine sediments and concomitant depletion of
Mg in pore waters (Sayles 1979; Gieskes 1975; Sun et al. 2016).

This precipitation and/or incorporation of Mg during high-tem-
perature recrystallization is also reminiscent of the behavior of Mg
in hydrothermal vent systems and the flanks of mid-ocean ridges,
where Mg is largely removed from heated circulating seawater to
form Mg-silicate phases (German and Seyfried 2014; Mottl and
Wheat 1994). Experiments simulating this seawater-basalt in-
teraction at 250-290 °C observed the precipitation of the Mg
aluminosilicate saponite (Voigt et al. 2020). In our experiments,
Mg likely remained dissolved until sufficiently high temperatures
because of the very stable Mg hydration complex (Hostetler and
Christ 1968; Sayles and Fyfe 1973) and then the Mg partitioned
into the iron silicate as its kinetic barriers to mineralization were
overcome by increased temperature. Notably, our observation of
increasing Mg with continued aqueous alteration also follows the
pattern of Mg enrichment during the aqueous alteration inferred in
carbonaceous CM chondrites (Suttle et al. 2021; McSween 1979;
Tomeoka et al. 1989; Howard et al. 2011) and increasing Mg in
serpentines during serpentinization alteration reactions (e.g., Evans
2008; Beard et al. 2009). Our experimental results therefore sup-
port the hypothesis that Mg will exchange for Fe with progressive
alteration, following the chondrite alteration model of McSween
(1979) and Tomeoka et al. (1989).

IMPLICATIONS

This study demonstrates that iron phyllosilicates will precipi-
tate under simulated Archean ocean conditions as a result of in
situ Fe(II) oxidation. We showed that in situ Fe(Il) oxidation in the
presence of silica at pH 7 can precipitate poorly ordered iron-rich
phyllosilicates with a very low Mg content at 25 °C. At 80 °C,
these precipitates crystallized into low-Mg iron phyllosilicates
in the solid solution between greenalite and cronstedtite. These
80 °C iron silicate nanoparticles appeared remarkably similar to
inclusions in early-forming BIF chert that are composed of low-
Fe(Ill) greenalite with negligible Mg (Rasmussen et al. 2019;
Johnson et al. 2018). With increasing temperature (to simulate
further diagenesis), our experimental phyllosilicates transformed
into a more greenalite-like mineral with less Fe(III) but consider-
ably more Mg. In contrast, the low (<0.5 at%) Mg content of iron
phyllosilicate inclusions in BIF cherts suggests that they were
likely formed under low temperatures, then preserved and isolated
in chert, restricting further reaction with Mg-containing seawater.

In the context of the BIF rock record, our observations could
also provide insights into how diagenesis in the presence of
Mg-rich fluids affects the crystallization and transformation of
other BIF iron silicates as well. Broader scale BIF studies of
iron silicates (greenalite, minnesotaite, and stilpnomelane) that
are not preserved in chert can have a large range of Mg content
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(0.6-6.7 wt% MgO) within the silicate phases (Klein 1974,
2005; Floran and Papike 1978). Our data would suggest the more
elevated (>~2 at%) levels of Mg in these silicates derived from
the continued higher-temperature alteration of the initial BIF sedi-
ments without the isolation provided by early-mineralizing chert.
Consistent with this idea, observations of the silicate-bearing facies
collected from separate localities with different degrees of BIF
diagenesis were measured to have different Fe:Mg ratios (Floran
and Papike 1978).

The formation of magnetite that we observed after the simu-
lated diagenesis of iron silicates at high temperatures of >150 °C
illuminates how BIF sediments may be expected to transform into
secondary minerals. Magnetite is ubiquitous in BIF facies, but its
origin is not well understood (Klein 2005). Previous petrographic
studies of BIFs have shown that most, if not all, of the magnetite
in these formations is a relatively late-formed mineral (Goodwin
1956; LaBerge 1964; French 1968, 1973; Han 1982; Kaufman et
al. 1990; Kaufman 1996; Beukes and Gutzmer 2008; Rasmussen
and Muhling 2018). Magnetite in BIF deposits thus most likely
represents diagenetic and/or post-depositional alteration, obscuring
the primary mineral(s) from which the magnetite derived. Intrigu-
ingly, petrographic observations support magnetite replacing
early iron silicate granules (French 1968; Klein 1974; Floran and
Papike 1978; Rasmussen and Muhling 2018). We demonstrated
that the simulated diagenesis of Fe(I1,III) silicates and ferrihydrite
at >80 °C produces magnetite (Fig. 8). These experiments thus
suggest that iron-rich silicate phases are a possible precursor to
diagenetic magnetite in BIFs, potentially providing experimental
evidence for petrographic observations of iron silicates altering
to magnetite.

Other experimental studies have also indicated that magnetite
is a secondary mineral that forms during diagenesis. Magnetite can
be formed as a product of microbial Fe(III) respiration (Lovley et
al. 1987), a process that is hypothesized to occur in BIF sediments
(e.g., Walker 1984; Konhauser et al. 2005; Fischer and Knoll
2009). While few studies have simulated burial diagenesis of BIFs,
Posth et al. (2013) subjected ferrihydrite and glucose to 14 days of
170 °C and 1200 bars to investigate the diagenetic transformation
of Fe(III) oxides and microbial biomass. These experiments also
produced magnetite, which they linked to organic carbon-induced
reduction of the ferric iron, except when the ferrihydrite was
silica-coated. Our results suggest alternative pathways exist to
form magnetite during diagenesis: hydrothermally aging mixed
Fe(IL,IIT) precipitates and/or Fe(Ill) phases in the presence of
aqueous Fe(II) additionally form magnetite in a process unrelated
to organic carbon. Moreover, silica was present in our solutions in
the same concentration as ferrous iron; therefore, it appears that
silica does not always prevent the formation of magnetite during
high-temperature mineralization.

Our simulated diagenesis experiments, therefore, demonstrate
the effects of diagenesis on iron silicates, with clear changes to
the Fe(I1l) and Mg content, and ultimately provide support for a
secondary origin of magnetite and guidance on how to interpret
the magnesium content in iron-rich silicates in the BIF record.
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