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ABSTRACT (249 words)

Iron formations (IFs) are chemical sedimentary rocks that were widely deposited before the Great
Oxidation Event (GOE) at 2.4-2.2 Ga. It is generally thought that IFs precipitated as hydrated Fe**
oxides (HFOs) such as ferrihydrite following surface oxidation of Fe**-rich, anoxic deep waters.
This model often implicates biological oxidation and underpins reconstructions of marine nutrient
concentrations. However, nanoscale petrography indicates that an Fe?" silicate, greenalite, is a
common primary mineral in well-preserved IFs, motivating an alternative depositional model of
anoxic ferrous silicate precipitation. It is unclear however if Fe**-rich silicates can produce the Fe
isotopic variations in IFs that are well explained by Fe?* oxidation. To address this question, we
constrain the equilibrium Fe isotopic (°*®Fe/**Fe) fractionation of greenalite and ferrihydrite, by
determining the iron phonon densities of states for those minerals. We use ab initio Density
Functional Theory (DFT + U) calculations and Nuclear Resonant Inelastic X-Ray Scattering
(NRIXS) spectroscopy, to show that ferrous greenalite should be isotopically lighter than
ferrihydrite by ~1-1.2 %o at equilibrium, and fractionation should scale linearly with increasing
Fe** content in greenalite. By anchoring ferrihydrite-greenalite mineral pair fractionations to
published experimental Fe isotopic fractionations between HFOs and aqueous Fe?', we show that
ferrous greenalite may produce all but the heaviest pre-GOE Fe isotopic compositions and mixed
valence greenalites can produce the entire record. Our results suggest that heavy Fe isotope
enrichments are not diagnostic of primary IF mineralogies, and ferrihydrite, partially oxidized or

even purely ferrous greenalite are all viable primary mineralogies IFs.
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MAIN TEXT (9312 words)
1. INTRODUCTION

Until ~2.43 billion years ago (Ga), Earth’s atmosphere was practically devoid of free oxygen (02)!~
3, Prior to the Great Oxidation Event (GOE) beginning around 2.43 Ga, and for substantial periods
of time after it, the oceans were largely anoxic?, and had high concentrations of dissolved Fe** and
silica (SiO2gq)). The large marine Fe?" pool was likely sourced predominantly from seafloor
hydrothermal vents®®, with contributions from anoxic continental weathering®!%!!. Widespread
iron formations (IFs), distinctive chemical sedimentary rocks rich in Fe and Si, are a hallmark of
pre-GOE sedimentary rocks (Fig. 1)%!2-14. Most IFs preceding the GOE are banded iron formations
(BIFs), characterized by compositional layering at scales ranging from sub-mm rhythmic
microbands of alternating Fe-rich and silica-rich minerals, to meter-scale macrobands defining
facies transitions during major accumulations over millions of years (Fig. 1)'°. The mineralogy of
IFs is diverse, and can be broadly categorized into oxides dominated by magnetite [Fe3O4] and
hematite [Fe>Os], Fe-rich carbonates, and the Fe silicates greenalite [(Fe?", Fe**),3Si,0s(OH)4],
minnesotaite [Fe3SiaO10(OH):] and stilpnomelane [K(Fe?*, Mg, Fe*)s(Si, Al)12(0, OH),7-n(H20)],
all accompanied by ubiquitous chert (SiO2). The precursors to these minerals were precipitated
from ancient oceans, but it is widely recognized that the present-day mineralogy of IFs is almost
entirely secondary in nature—a result of prolonged early and late diagenesis, metamorphism, and
interactions with fluids over their several-billion year histories!'*!#16, The canonical interpretation
is that the primary precipitates were amorphous silica and hydrous ferric oxides (HFOs), with the
latter formed through the oxidation of Fe?*' and rapid precipitation of insoluble Fe’* as
oxyhydroxide phases!”. Possible oxidants for Fe*" include O, (produced by early-evolved

cyanobacteria)!’, UV photons!®2°, and direct Fe** oxidation by anoxygenic photosynthesis?!~23,
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all of which would most likely have operated in the photic zone and thus restrict Fe precipitation

to shallower waters supplied with Fe** upwelled from depth.

banding in the Joffre Member of the 2.46 Ga Brockman IF, in the Hamersley basin, Australia
B. Micro- and mesobanding, with chert, hematite, and riebeckite, microbanded layers and
thicker chert and magnetite layers in the Joffre Member. C. Photomicrograph showing thin
chert-hematite microbands, and coarser magnetite microbands (thick black layers) in the Joffre
Member. D. Photomicrograph of greenalite-rich hexagonal chert pod surrounded by Fe-poor
chert, from the 2.48 Ga Klein Naute Formation, Griqualand West Basin South Africa. E.
Backscattered electron image from the 2.56 Ga Bee Gorge Member, Witenoom Formation,
Hamersley basin, Australia. F. Bright-field transmission electron microscope (TEM) image
from the Bee Gorge Member. G. High-resolution TEM image of greenalite nano particles, from
the 2.56 Ga Bee Gorge Member. Images A-C from Konhauser et al. Iron Formations: A Global
Record of Neoarchaean to Palaeoproterozoic Environmental History. Earth-Science Reviews.
2017, 172, 140-177. Copyright (2017) Elsevier. Images D-G from Rasmussen et al. Greenalite
and Its Role in the Genesis of Early Precambrian Iron Formations — A Review. Earth-Science.
Reviews. 2021, 103613. Copyright (2021) Elsevier.

While IFs contain appreciable Fe**, they have an average Fe valence state of ~2.4+ (60% Fe?* and
40% Fe3*)!®. This is evident both at the bulk scale, where IFs contain a variety of ferric and ferrous
minerals, and in mixed-valence Fe minerals like magnetite [Fe3"2Fe?*O4]. In the HFO model, much
of the Fe?* content in IFs is attributed to early or late diagenetic reduction of Fe’* during the

oxidation of organic matter, such as through microbial dissimilatory Fe** reduction (DIR) or
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metasomatic reactions during burial heating?*-2%. The Fe?" produced by these reactions may have
reacted with the remaining HFOs to form magnetite, or precipitated directly as Fe carbonate
(siderite) or Fe** silicates as early diagenetic phases!'#?°-3!. Organic carbon is present in very low

abundance in IFs*2, possibly because it was respired away by reduction of excess Fe**.

Assumptions related to the Fe** oxidation model for IFs underpin most interpretations of the
chemistry of the oceans prior to the GOE. The model prescribes an oceanic redox structure
characterized by reducing deep marine basins enriched in Fe** sourced from hydrothermal vents,
and near-surface waters that were sufficiently oxidizing to precipitate HFOs. This primary
precipitation of HFOs is also a key assumption of approaches used to quantitatively estimate
concentrations of key nutrient elements in the Precambrian oceans from the geochemical archive
of IFs*3-38, These studies used experimentally calibrated nutrient element partitioning on HFOs to
estimate seawater concentrations from geochemical analyses of IFs, most notably for phosphorous
(P)33-**37, the main limiting macronutrient over geological timescales, and nickel (Ni)*>3, a critical

co-factor for methanogenesis.

Recently, the HFO model for IFs has been challenged by an alternative hypothesis in which the
precursor mineralogy for Archean IFs and Fe-oxide-rich cherts was entirely composed of
nominally Fe?*-dominated hydrous silicates, such greenalite Fe**3Si,0s5(OH)s, with other Fe**
phases such as oxides and mixed-valence silicates reflecting late oxidative metamorphic
overprints®*~*3. This new model for IF precursors is founded on a growing number of nanoscale
observations of chert bands and nodules in IFs from 3.5-2.4 Ga and predominantly in the

Hamersley Basin of Western Australia and the Transvaal Basin of South Africa that suggest Fe
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silicates, not Fe-oxides, are the earliest-formed surviving minerals in IFs**~#7, Nanoscale imaging
techniques and elemental mapping in those studies specifically targeted chert bands and nodules
where early diagenetic silicification preserved delicate microstructures shortly after deposition
(Fig. 1D-G). These inclusions were identified as abundant nanoscale (10 nm X 200-1000 nm)
particles of greenalite?”*8, The endmember interpretation of this primary greenalite mineralogy
requires that the oceans were fully anoxic during IF deposition, with Fe?" greenalite being the
dominant mode of primary Fe precipitation in an ocean without the formation of insoluble Fe**

phases*®®,

While greenalite has the nominal chemical formula Fe?>*3Si,0Os(OH)4 it can contain appreciable
structural Fe*', as a result of natural syn- and post-depositional processes’®. A more nuanced
picture comes from analysis of the redox state of Fe in greenalite in IFs. Using synchrotron-based
Fe L-edge X-ray absorption spectroscopy (XAS) to determine the Fe3*/Feor (Fewt = total Fe) ratio
in individual greenalite grains in well-preserved 2.5 Ga IFs, greenalite nanoparticles were found
to have Fe** content of 10-20 % of their total Fe*. If the Fe3" in these minerals reflects primary
incorporation of Fe** formed in the ancient water column, this would relax the endmember ‘zero
oxidation’ greenalite interpretation that the pre-GOE oceans were devoid of Fe?* oxidants, and
allow for the partial oxidation of Fe?" during IF deposition®’. Regardless of whether the silicates
were entirely ferrous or a ferrous-ferric mix, if the precursor material for IFs prior to the GOE was
dominated by silicates, then reconstructions of marine nutrient concentrations based on HFO
adsorption experiments may be incorrect, and revision of these estimates would require similar

adsorption experiments to be conducted with relevant authigenic silicates.
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Given the major implications of primary IF precipitates for our understanding of early marine
chemistry, a diagnostic tool that can distinguish between different precursor phases for IFs would
be valuable for confirming or ruling out endmember models. Iron isotope geochemistry potentially
has this elucidative capability. Iron isotopes are strongly fractionated at low temperature by redox
processes and they are resistant to resetting by metamorphism, thus preserving primary
sedimentary signals in ancient rocks with complex histories (specifically demonstrated for IFs by
Frost et al.*%). Furthermore, an extensive archive of Fe isotopic measurements of IFs and Fe-oxide-
rich cherts spanning >3 Ga of Earth history is readily available to test different IF precursor
hypotheses (Fig. 2)°%3!. IFs show large variations in the isotopic composition of Fe at bulk rock
and mineral scales. The most striking Fe isotopic feature of IFs pre-dating the Great Oxidation
Event (GOE) is the prevalence of highly positive 8°°Fe values. These positive values have long
been taken as evidence for partial Fe** oxidation in the Archean oceans, because oxidation induces
a strong fractionation in Fe isotopes that partitions isotopically heavy Fe into Fe** relative to Fe?*.
Even the most ancient IF occurrences from Isua (SW Greenland) and Nuvvuagittuq (Québec,

2754 while

Canada) (~3.7-3.8 Ga) are characterized by clear heavy Fe isotopic enrichments
younger IFs spanning the Archean and early Paleoproterozoic up to the GOE exhibit a wide range

of heavy and light Fe isotopic enrichments>!.

The partial oxidation interpretation of the IF Fe isotope record is supported by numerous examples
in experiments, and nature, of heavy Fe isotopic enrichment during the oxidation of Fe?" to HFOs.
The &°Fe of the solid HFO phase can be shifted heavier by 1-3 %o relative to the Fe?" in

20,55-59

solution Meanwhile, experimental precipitation of Fe?'/ Fe’" green rusts and the Fe

carbonate siderite found a small Fe isotopic fractionation between dissolved and precipitated Fe**
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that enriched most solids in the lighter Fe isotopes®. The green rust and siderite experiments thus

revealed that these phases cannot account for isotopically heavy Fe in IFs. The most parsimonious

interpretation for the heavy Fe isotope enrichments measured in Archean IFs and Fe-oxide-rich

cherts (up to +2.6 %o0)°!%! is therefore that they formed by partial Fe oxidation®®>!. The entire Fe

isotopic record of IFs can then be explained through partial oxidation, and progressive distillation

of an Fe?* reservoir during upwelling.
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Figure 2. The Fe isotopic record of Archean and Paleoproterozoic iron formations (IFs) and
Fe-oxide-rich cherts (modified from Heard and Dauphas, 2020). 8°°Fe is the per mil %o
deviation in the Fe/>*Fe ratio of samples relative to a standard material, IRMM-014 that is
isotopically similar to the bulk Earth. Orange circles show individual datapoints. Grey shaded
fields (violin plots) show the kernel density of 8°°Fe values in 200-million-year time bins
centered on the major IFs throughout the Archean and Paleoproterozoic, where the relative
width of violin plots is not to scale.

The extent of equilibrium isotopic fractionations between precipitated minerals put forward as IF

precursors and dissolved Fe?" remain uncertain. While prior experiments have informed a general
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expectation for the Fe isotopic behaviors of authigenic ferrous phases, the lack of data for
Fe?*-bearing minerals such as greenalite stems in part from the difficulty of running equilibration
experiments for minerals that are readily oxidized under modern atmospheric conditions. Another
limitation of bulk precipitation experiments is that they can be affected by both equilibrium and
kinetic processes. It is therefore important and timely to constrain the equilibrium Fe isotopic
fractionation behavior of greenalite relative to ferrihydrite, and dissolved Fe**. To do this, we
employed a combined experimental and computational approach that has proven to be powerful in
determining the equilibrium Fe isotopic behavior of other Fe-bearing minerals with relevance to

low temperature geochemistry®>%3,

2. MATERIALS AND METHODS

2.1 General approach

Our principal objective is to determine the reduced partition function ratios (also called f factors)
for the materials of interest. The B factors for two phases a and b can be used to determine the
equilibrium isotopic fractionation factor 1000 In o, (in %o) between them,

1000 In 0,,., =1000 In B, -1000 In B, . (1)

We use a two-pronged approach that combines ab initio computations of mineral structures, and
nuclear resonant inelastic X-ray scattering (NRIXS), a synchrotron spectroscopic technique, to
determine [ factors. The use of two independent techniques provides a consistency check and this

approach has been applied effectively in earlier works®>%4,

It is nontrivial to calculate the equilibrium fractionation between solid and dissolved species. Iron

isotopic fractionations between aqueous and minerals directly calculated using Fe B factors from

10
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a combination of ab initio simulations (fluids, minerals) and NRIXS measurements (minerals)
have the potential to introduce biases associated with their respective computational methods

(Dauphas et al.™

and references therein). Early computational methods used to calculate
theoretical Fe B factors for aqueous species®® have indicated equilibrium fractionations between
Fe(IT) and Fe(Ill) that are up to ~2 times those directly observed in Fe isotope equilibration
experiments®®®’; although more recent computations do find better agreement with empirical
experiments®®~72, However, when ab initio data for aqueous species are combined with ab initio
data for mineral species or NRIXS data for mineral species, the calculated B factors fail to
reproduce the measured fractionation from fluid-mineral equilibration experiments®-*3-73, This

disagreement appears to derive predominantly from study-to-study variations in the absolute f

factor for Fe(Ill)aq™.

The approach recommended by Dauphas et al.’° to mitigate these potential biases is to calculate
the fractionation factors between different minerals and Fe(Il).q by using mineral-pair equilibrium
isotopic fractionations, which are derived from NRXIS or ab initio approaches, wherein one
mineral in the pair is a reference mineral for which fluid-mineral isotopic equilibration has been
directly measured. Here, we take ferrihydrite as the reference mineral in order to calculate the
equilibrium Fe(II)aq-greenalite fractionation factor that is of interest to understanding the origin of
Archean IFs. The fractionation during ferrihydrite (or similar HFO) equilibration with, or
precipitation from, Fe(II) solutions has been constrained in numerous studies??->3-3%-66:67.7475 " thyg

making it a suitable reference phase in calculating the equilibrium Fe isotopic fractionation

associated with greenalite precipitation.

11
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Establishing an understanding of the equilibrium isotopic behavior of a mineral phase is the first
step in interpreting isotopic fractionation in natural systems because only a few data are needed
(nature of the minerals/aqueous species and temperature) to predict equilibrium fractionations
between phases. Deviations from the null equilibrium hypothesis can then be attributed to kinetic
and/or reservoir effects, which require additional data (mineral zoning, thermal history) to

constrain.

2.2. Sample materials for NRIXS

2.2.1. Natural greenalite

A sample of a natural greenalite standard from the San Valentin Ore Body, Murcia, Spain’® was
used for NRIXS analysis. This is, to our knowledge, the naturally occurring greenalite sample with
the lowest level of contaminant minerals. After crushing of the rock standard, a greenalite separate
was obtained by hand-picking and its identification was confirmed with X-ray diffraction (XRD)*.
Aliquots of this material have previously been employed as a greenalite standard for XAS
investigation of Fe redox states in IF-hosted greenalite’®. All sample preparation took place on

benchtop as the standard was known to be stable in air.

2.2.2. Ferrihydrite

Ferrihydrite samples doped in >’Fe were synthesized in a modified protocol following
Schwertmann and Cornell”’, with some departures necessary due to the use of °’Fe metal rather
than Fe(NOs3); as starting material. Both 2-line (1-3 nm crystallite size) and 6-line (5-6 nm
crystallite size) ferrihydrite were synthesized. All aqueous solutions were prepared with MilliQ

water (MQ; 18 MQ). For 2-line ferrihydrite, 85.6 mg of *’Fe (95%, Cambridge Isotope

12
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Laboratories) was dissolved in 3 mL 15.4 M HNOj at 100° C for 3 days. The solution was allowed
to cool to 25° C, then rapidly titrated with ~30 mL of a 1.5 M NaOH solution to pH 7.0, all while
vigorously stirring. The precipitate was collected by centrifuging 10 times at 10-fold dilutions in
MQ (10'° theoretical dilution overall), followed by drying under a fume hood at 25° C. For 6-line
ferrihydrite, 56.5 mg of >’Fe was dissolved in 1.5 mL 11 M HCIO4 at 100°C for 2 days. The
solution was partially evaporated at 110° C and refilled with 11 M HClO4. This process was
repeated 5 times. The solution was evaporated completely at 110°C. The resultant salt was
dissolved in 40 mL MQ at 75° C for 10 minutes, then cooled to 25° C in an ice bath. The solution

was continuously dialyzed with MQ for 10 days, then freeze dried to isolate the solid.

Characterization of the powders to ensure that 2-line and 6-line ferrihydrite were produced by the
syntheses described above was done by XRD and TEM analysis (Fig. 4). X-ray powder diffraction
measurements were carried out at the XRD platform of the IMPMC (Paris, France) in transmission
geometry, on a Rigaku MMOO7HF diffractometer equipped with a Mo rotating anode source
(AKoal =0.709319 A, AKa2 =0.713609 A), Varimax focusing optics and a RAXIS4++ image plate
detector. LaB6 standard sample was measured in the same experimental conditions to calibrate the
FIT2D program’®, the image processing software used to integrate the intensities around the
Debye—Scherrer rings. We performed additional characterization by HR-TEM and selected area
electron diffraction (SAED) (Figs. 4C-D). Images were obtained using a FEI Tecnai F30 at 300
kV with a point-to-point resolution of 0.2 nm. TEM samples were prepared using the methods of

Janney et al.”” and placed on porous carbon grids.

2.3. NRIXS analysis of greenalite and ferrihydrite

13
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NRIXS analyses were conducted at Sector 3-ID of the Advanced Photon Source (APS)
synchrotron beamline at Argonne National Laboratory in Lemont, IL, USA. NRIXS is a relatively
new spectroscopic technique 808! that can be used to probe the vibrational properties of select
Maossbauer elements in solids. In the case of Fe, NRIXS is effective because *’Fe is a Mdssbauer
isotope that has a low-lying nuclear excited state at 14.4125 keV. The lifetime of the excited
nuclear state is 141 ns for 3’Fe, which is long relative to both the duration of electronic scattering
of most X-rays (< 1 ps), and the duration of pulsed X-ray flashes provided by the synchrotron
source (70 ps pulses, separated by 153 ns). As such, nuclear resonance enables time discrimination

to isolate the energy scattering spectrum caused by nuclear transitions.

The vibrational properties of Fe in solids can be probed with the nuclear scattering spectrum.
Recoilless elastic scattering produces part of the signal. The remaining inelastic portion of the
scattering signal is influenced by the material lattice holding Fe atoms in place. The inelastic
scattering spectrum spans a far broader energy range (on the order of +/- 100 meV) than the
linewidth of the nuclear transition. When an incident photon has a higher energy than the low-
lying excited state of the 3'Fe nucleus, excess energy can be dispersed to the solid material lattice
by excitation of quantized modes of vibration called phonons (phonon creation). Conversely,
X-rays with an energy slightly below that required for the nuclear transition can excite nuclei as
well, with vibration in the mineral lattice providing the extra energy (phonon annihilation). After
removing the central elastic peak associated with absorption by X-rays at the resonant energy,
NRIXS enables probing of the full vibrational spectrum of 3’Fe in solids as a function of energy,
called the partial phonon density of states (pDOS), or g(E), being ‘partial’ because only the

vibrational properties of Fe in the lattice are determined®'. We can determine B factors either by

14



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

taking the moments of g(E), or the energy scattering spectrum S(E)®*%2, In the case of S(E), the

formula to determine B factors is,

2
S S S SpS SpS
1| RS RE10RSRS | RE+210(R3) R$-3SRIRI-2IRSRS
Eg | 8K3T2  480Kk*T? 20160k°T® ’

1000 In B=1000 (Mﬁl) )

where M and M" are the masses of two isotopes of interest (e.g. 56 and 54), Er is the free recoil

energy (1.956 meV for 3'Fe), T is the temperature, k is the Boltzmann constant, and R}g is the i
centered moment of the scattering spectrum S(E) where R{= [ ;OO S(E)(E-ER)'dE. The equation

relating 1000InB to S(E) was derived by Dauphas et al.®® and Hu et al.®2. One can use a

mathematically equivalent expression for g(E) to determine 1000Inf%3-3283,

g g g
1 [ m; my mg

~ M\ L -
1000 In B=1000 (M* I)ER 8K>T2 480k*T*  20160k°TC |’

3)

Where m; is the j* moment of the pDOS g(E) where m;'= f;w E'g(E)dE. As discussed by Dauphas

et al.%3, the two formulas are mathematically equivalent but g is calculated by taking a Fourier-Log
transform of S3!. Error assessment is therefore more complicated®. Equations 2 and 3 for 1000Inf

fit the general expected functional form for f factors of,

1000In p=t+22+22, (4)

where A1, Az, and A3z can be calculated from Equation 2, above.
Alternatively, 1000Inf can be expressed as a more compact function of the force constant (F):

B{(F) . By(F)2
}I«Z + 2T4 ’ (5)

10001n B =

where Bi is 2904, B is a constant that depends on the pDOS g, and the mean force constant (F)

of bonds that hold Fe in position is given by

M
Egh?

(Fy=—5Rj, (6)
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where 7 is the reduced Planck’s constant. The equation for 1000Inf can be reduced to just the first
term at high temperature. Additionally, Dauphas et al.®* showed that using a fixed value of 52000
for B; introduces less than 0.2 %o error at 22 °C, which is smaller than the overall uncertainty of
the NRIXS method. While we use the full polynomial expansion (Egs. 2, 4) to calculate the
temperature-dependence of the B-factors, we will initially describe our results in terms of the force
constant (F) as it is more straightforward to compare a single parameter and this still captures most

of the systematics of interest.

NRIXS data were collected by scanning in 0.25 meV steps around the nominal resonance energy
using a set of high-resolution monochromators. Scattered X-rays were measured with avalanche
photo-diodes (APDs). Natural greenalite and synthesized ferrihydrite were analyzed in different
sessions. The natural greenalite sample was scanned over -164 to +164 meV relative to the elastic
peak. The 2-line and 6-line ferrihydrite sample powders were scanned over the range -160 to +160
meV relative to the elastic peak. Broad energy scans are used to monitor count rates in the tails of
the distribution used for background corrections®*. Because the synthesis protocol enabled
ferrihydrite samples to be prepared with 3’Fe-enriched material, they provided stronger signals,
and 5 and 7 scans were made for 2-line and 6-line ferrihydrite, respectively. The greenalite
contained Fe with natural isotopic abundances, so the concentration of 3’Fe was much smaller, and
more scans were needed. For the natural greenalite, 14 scans were made. Additionally, Fe**/Feotal
in the natural greenalite standard was determined prior to NRIXS analysis using nuclear forward

scattering 886

, wherein the synchrotron signal was used in place of a traditional Mossbauer source
to determine the Mssbauer spectrum of the material in the time domain (Synchrotron Mdssbauer

Spectroscopy - SMS?’; Fig. 5).
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All NRIXS data were reduced in Mathematica using the SciPhon®* program designed for this
purpose. The SciPhon software outputs many other parameters from the phonon excitation
probability density function S(E) and the PDOS g(E), such as the Lamb-Mdssbauer factor,
Helmholtz free energy, and vibrational entropy. The values of these parameters are made available

in Supplementary Table S1 for future use.

Fe?* sites
Fe3* sites

Si4* sites

Fig. 3: Crystal structures optimized by DFT+U, for A: Fe?" greenalite (Gruner, 1936). B: Fe?4*
greenalite, constructed assuming a vacancy substitution in 1/6 of octahedral sites
(6Fe*" <> 3Fe?"2Fe**m). C: Fe?’* greenalite, constructed assuming a ferri-Tschermak’s
substitution (Fe?*Si**«<>2Fe*"). D: Fe** greenalite, constructed assuming a vacancy substitution
in 1/3 of octahedral sites (3Fe** <> 2Fe*'n). E: Ferrihydrite from the structural model of Michel
et al. (2007).
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2.4. Ab initio calculation of reduced partition function ratios for iron in greenalite and ferrihydrite
We conducted ab initio density functional theory (DFT) calculations to determine the force
constant and reduced partition function ratios for ferrihydrite, and greenalite and related minerals
with a range of Fe valence states. For greenalite, we modeled the Fe* endmember with the
monoclinic cell corresponding to the composition Fe3Si,Os(OH)s (Fig. 3A). Following the
observation that Fe*" is predominantly accommodated in octahedral sites in greenalite by vacancy
substitution®®, we modeled a mixed valence greenalite (Fe**/Few: = 0.4) with a monoclinic cell
with one third of octahedral sites occupied by Fe** (in adjacent sites), compensated by every sixth
site being occupied by a vacancy (adjacent to the Fe3* sites) (Fe?"sFe3",0Si4010(OH)s) (Fig. 3B).
We also explored a mixed-valence (Fe**/Fewt = 0.5) cronstedtite-like model wherein octahedral
Fe’* was compensated by Fe** substituting for Si*" in tetrahedra (Fig. 3C). This ferri-Tschermak’s
[Fe?*Si**«2 Fe*'] substitution is observed to be the dominant form of Fe** incorporation into
naturally occurring Mg-rich serpentines®. This model is less relevant to the origin of IFs but
provides an interesting test of how different modes of Fe*" incorporation impact the Fe force
constant and equilibrium isotopic behavior of Fe in serpentines. We modeled an Fe** endmember
for greenalite with a monoclinic structure corresponding to the composition Fe>Si,Os(OH)4 (Fig.
3D). This Fe** endmember formula for greenalite does not occur naturally, however a very similar
mineral, hisingerite (Fe>Si205(OH)4-nH20) does occur in nature, associated with low-temperature
alteration of ferroan olivine®®. In hisingerite, charge balance is also maintained by the substitution
of octahedral site vacancies, with the end point of this compositional vector being
oFe**,Si,05(OH)4nH20 *°. We modeled the Fe’* endmember by applying the vacancy

substitution to every third Fe site (Fig. 3D). The principal difference between this modeled
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structure and hisingerite is that hisingerite is hydrated, however the structures are similar, and we

might expect that the force constant determined here may be similar to that for hisingerite.

The ferrihydrite (FesOsH) model was built from the akdalaite hexagonal structure proposed by
Michel et al.”! where Fe atoms are both tetrahedrally and octahedrally coordinated (Fig. 3E). We
did not attempt to model the multi-component ferrihydrite model of Drits et al.”* due to its greater
complexity. Most DFT calculations have used the Michel et al.”! model for the same reason. Sassi
et al.” recently investigated the two structural models by DFT and concluded that ferrihydrite may
be a nanocomposite of the two endmember models proposed by Michel et al.”! and Drits et al.”?,
with the proportions of each structure depending on particle size, temperature, pH, and water

1'93

partial pressure. Sassi et al.”” also showed that the Michel and Drits models are thermodynamically

equivalent across a wide range of conditions.

Structural relaxations used the PWscf code®* (http://www.quantum-espresso.org) using the DFT
plus Hubbard U method (DFT + U) and the generalized gradient approximation (GGA) to the
exchange-correlation functional with the PBE parameterization®. The ionic cores were described
by ultrasoft pseudopotentials from the Garrity-Bennett-Rabe-Vanderbilt (GBRV) library®®. After
energy convergence tests, the wave-functions and the charge density were expanded in plane-
waves with 40 and 400 Ry cutoffs, respectively. For the electronic integration, the Brillouin zone
was sampled according to the Monkhorst-Pack scheme®’, using shifted 2 x 2 x 2 k-point grids.
Calculations were spin-polarized and magnetic moments were free to relax. The ferrihydrite
magnetic ordering was set to be ferrimagnetic, with the Fe-site spins ordering with alternating

alignment in layers stacked along the c-direction in the crystallographic unit cell, following the
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theoretical investigation of Pinney et al.”8. Greenalite displays antiferromagnetically ordered
layers®”. However, since we used a one-layer unit cell, our model imposed a ferromagnetic
structure by periodic repetition of layers with parallel magnetic alignments. The value of the
Hubbard U for Fe sites was determined using a linear response approach in an internally consistent

manner!'%%!1%, Details of the practical procedure can be found in Blanchard et al.”>.

Following the method reviewed in detail by Blanchard et al.!%?, Fe B-factors were calculated from

their harmonic vibrational frequencies using

* 1/(NgN
© g il QKT) | hvg i/ (KT) /(NgN)

3N, Va.i
BlaY)= TN Ty -

Vail-e

o) I (Eq. 6)

where v;,; are the frequencies of the phonon with wavevector g and branch index i = 1, 3N, and
where Ny is the number of atoms in the unit cell. v, and v, ; are the vibrational frequencies in two

isotopologues. N is the number of sites for the Y atom in the unit cell, T is the temperature, 4 is

the Planck constant and £ is the Boltzmann constant.

Table 1: Cell parameters optimized by DFT + U for modeled greenalite and ferrihydrite
compared to experimental data.
Grexp* Fe**Gr  Fe** Gr Fe’** Gr  Fe* Gr Fhexp* Fh
(octahedral (Ferri-
vacancy Tschermak

substitution) substitution)
a (A) 5.54 5.50 5.45 5.67 5.34 5.95 6.05
b (A) 9.55 9.53 9.37 9.82 9.28 5.95 6.05
c(A) 7.44 7.74 7.73 7.43 7.60 9.06 9.40
a(®) 90.0 89.7 90.0 90.7 90.4 90.0 90.0
B(® 104.2 103.5 103.4 105.4 104.3 90.0 90.0
v(©) 90.0 90.1 90.0 90.0 89.8 120.0 120.0
*Experimental data for greenalite and ferrihydrite were taken from Gruner (1936) and
Michel et al. (2007) respectively.
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I

Fig. 4: Structural analysis of synthesized ferrihydrite. A: XRD analysis of 2-line ferrihydrite.
B: XRD analysis of 6-line ferrihydrite. C: HR-TEM SAED analysis of 2-line ferrihydrite. D:
HR-TEM SAED analysis of 6-line ferrihydrite. All patterns agree with published values
(Janney et al., 2000; Lee and Xu, 2019).
Phonon frequencies were calculated within the harmonic approximation using the linear response
theory!'® as implemented in the PHonon code’ (http://www.quantum-espresso.org). Phonon

frequencies were computed on a centered 2 x 2 x 2 g-point grid for ferrihydrite and using one g-

point shifted with respect to the center of the Brillouin zone for greenalite. Tests using the
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computationally less demanding DFT method (without Hubbard U) showed that considering only
one shifted ¢g-point led to a relative uncertainty smaller than 3% on both the B and (F). The same
linear response calculations provided the average force constant (F) of each Fe crystallographic
site. This quantity corresponds to the harmonic restoring force constants, along the three
orthogonal directions, that tend to pull back the studied atom in its equilibrium position. and can
be calculated from the linear response method. This method was also used for instance in Aarons

1.1% and Dauphas et al.!®. All cell parameters from models are detailed in Table 1, and the

cta
experimental data used to validate the model results for greenalite and ferrihydrite were taken from

Gruner (1936)'% and Michel et al. (2007)"" respectively

L [Ty

e e
Natural greenalite

Fe?*/Fey, =

Counts

) 0.94 £ 0.11
K3 .
Sy v ) iy By o | Sy ey gy
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Figure 5. Left: Time domain synchrotron Mdssbauer spectra (SMS) of natural greenalite
standard left column. Right: Corresponding simulated energy domain spectra presented in the
more familiar Doppler velocity shift units. The isomer shifts are relative to the Fe** component
which is set to zero. The CONUSS program’ was used for data evaluation and simulations.
Estimated Fe redox states and associated errors are shown on the right-hand panels. The sample

was determined to have Fe?"/Few = 0.94 + 0.11.

3. RESULTS
3.1. Mineral characterization results
The XRD spectra obtained on the synthesized ferrihydrite samples (Figs. 4A-B) were consistent

with those expected for 2-line and 6-line ferrihydrite, respectively!?’. From HR-TEM analysis, the
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lattice planes in SAED patterns agreed well with published data for 2-line and 6-line ferrihydrite
(Figs. 4C-D)”. Images of 2-line ferrihydrite suggested crystallite sizes of ~2.5 nm, though the
domain divisions were mostly indistinct. Images of 6-line ferrihydrite showed clearer domains of
~5 nm diameter. Fits to the forward-scattering spectrum for the natural greenalite standard using
the CONUSS software® indicated ~94 % Fe*" and ~6 % Fe*" (Fe*"/Fewr = 0.94 £ 0.11; Table 2,
Fig. 5). The statistically insignificant quantity of Fe** in this sample allows us to treat it as a ferrous

endmember for NRIXS interpretations.

3.2. NRIXS and DFT + U results

The measured and calculated pDOS are provided in a spreadsheet as supplementary online
materials, including the calculated pDOS for Fe in each of the three crystallographic sites in the
modeled ferrihydrite. The polynomial expressions for B are given in Table 2, where we display the
first three terms. The force constants for each mineral are also compiled in Table 2. NRIXS
measurements and ab initio calculations yield the Fe pDOS (Fig. 6, Supplementary Material), (F)
values (Figs. 7-8, Table 2), and f factors (using Eq. 2; Fig. 9, Table 2) in 2L-, 6L-ferrihydrite and
greenalite. In the simulations, the DFT + U approach resulted in a relaxed structure that better fits
experimental constraints on the crystallographic dimensions for Fe** greenalite (Fe3Si2Os(OH)4)
than DFT alone, whilst for other minerals DFT + U and simpler DFT approaches gave similar
levels of agreement with experiments (Table 1, Fig. 3). We thus report and focus our discussion
of simulations on the DFT + U results. DFT based force constants (not reported) were shifted to
lower force constant values by about 40 N/m compared to DFT + U. Because interpretations of

natural isotopic variations rely on differences between B-factors between minerals and we do not
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435  mix results obtained from different methods, a constant shift in force constant does not affect the

436  conclusions.

250

Nat Gr
Fh 2L

pDOS [1/eV]

-100

300

Fe?* GrDFT+U | |
Fe?** Gr DFT+U
Fe?5" Gr DFT+U | 4

Fe®* Gr DFT+U
Fh DFT+U

250

pDOS [1/eV]

0 2‘0 4‘0 6‘0 o 80 100
Energy [meV]

Figure 6. A: Average measured partial phonon density of states (pDOS) of iron in natural
greenalite (Nat Gr) and laboratory synthesized ferrihydrite (Fh), determined by NRIXS
analysis. B: Partial phonon density of states (pDOS) of iron in Fe?*, Fe?#" (vacancy substituted)
Fe?>" (Ferri-Tschermak substituted) and Fe’* (vacancy substituted) greenalite (Gr), and
ferrihydrite (Fh), determined by DFT+U simulations. Raw pDOS and pDOS smoothed for
clarity of broad features are shown in lighter and heavier lines, respectively. All data are
provided in a spreadsheet as supplementary online materials. pDOS curves are arbitrarily
shifted on the vertical axis to improve readability in A and B, with increasingly oxidized
materials shown lower in the vertical order.
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Table 2. Polynomial fits for 1000Inp = A1 X + A>X? + A3 X3, with X = 10° /T? (T in K), and
force constants, (F), for Fe in greenalite and ferrihydrite. Error bars show the 95 %
confidence interval on NRIXS determinations, and 3% estimated relative uncertainty on (F)
values determined via DFT + U based on uncertainties in vibrational frequencies.
[As A As [ (F) Nm™)
DFT+U
Fe?* Greenalite 6.12x10°' £ | -2.75x107 £ 2.13%x107 £ 214+ 6
1.84x102 8.25x107 6.39x107
FeX4* Greenalite 7.04x101 £ | -3.97x10° + 3.70x107 + 243 +7
(octahedral 2.11x10? 1.19x10* 1.11x10¢
vacancy)
Fe>S* Greenalite 6.79x10" + | -4.02x103 + 437x107° + 238 +7
(ferri-Tschermak) 2.04x102 1.21x10* 1.31x10°
Fe** Greenalite 8.42x10°' £ | -5.73x103 + 5.94x107 + 295+9
2.53x102 1.72x10* 1.78%x10¢
Ferrihydrite 7.08x101 £ | -3.84x107 + 3.48x107 £ 235+7
2.12x102 1.15%x10* 1.04x10¢
NRIXS
Natural 6.32x101+ |  -4.80x1073+ 1.06x104+ 222 + 29
Greenalite 8.2x107 1.79%x10°3 6.52x107°
Ferrihydrite 2L 7.31x101+ | -4.71x103+ 6.96x10°+ 256 £ 13
3.7x107 6.9x10* 2.47x10°
Ferrihydrite 6L 7.52x101+ | -5.56x1073+ 1.19x10°+ 263 £ 13
3.7x107 8.5x10* 3.81x10°
Ferrihydrite 7.41x101+ | -5.04x1073+ 8.44%x107+ 260 £ 9
average 2.6x107 5.4x10* 2.07x107

The pDOSs calculated from NRIXS data (Fig. 6A) lack sharp features seen in DFT + U
calculations. This is not likely due to the finite energy resolution of the monochromator because
SciPhon implements an iterative procedure to deconvolve the energy resolution function from the
measured spectrum®. A more plausible explanation is that it is due to the fine-grained or

amorphous nature of the targeted powder samples.

3.2.1. Greenalite (F) values and pDOS
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The DFT+U calculations produced (F) values of 214 + 6, 243 + 7, and 295 += 9 N m! for Fe?*,
Fe?4*, and Fe** greenalite, and 238 + 7, for Fe?>* cronstedtite, respectively (Figs. 7-8, Table 2).
There is a very strong (R? = 0.9977) negative correlation between Fe?'/Fe and (F) in the
simulated greenalites suggesting that Fe valence state is the sole control on (F) in this mineral
(Fig. 7). Meanwhile, the Fe>>" cronstedtite falls off of this trendline, likely reflecting the different
average bonding environment for Fe in this structure with Fe in both octahedral and tetrahedral
sites (Fig. 3C). For the natural (ferrous) greenalite standard, we calculated () = 222 + 29 N m’!

using S(E) from NRIXS (Figs. 7-8, Table 2).

3.2.2. Ferrihydrite (F) values and pDOS

The DFT + U for ferrihydrite (FesOsH) gave a (F) value of 235 = 7 Nm™!. For the NRIXS analysis
of experimentally synthesized ferrihydrite, we present a weighted average (F) value of 260 + 9 N
m™!, as the values for 2-line and 6-line ferrihydrite were identical within error (Figs. 7-8, Table 2).
The pDOS determined for both ferrihydrite structures via NRIXS compared favorably, both in
terms of shape and position of the energy peak, with the pDOS determined from the DFT + U

ferrihydrite model.

3.2.3. Comparison of (F) values in greenalite and ferrihydrite

Both DFT + U and NRIXS results showed that Fe?*-greenalite has a lower Fe force constant than
ferrihydrite and should thus impart a lighter Fe isotopic composition than ferrihydrite at
equilibrium. DFT + U results indicate that mixed-valence forms of greenalite and cronstedtite have
Fe force constants similar to ferrihydrite and consequently may have similar Fe isotopic

compositions to ferrihydrite at equilibrium. From DFT + U, the (F) value of ferrihydrite is 21 N
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468 m! higher than that of Fe?*-greenalite, and identical within error to that of Fe?#" greenalite and

469  Fe*>* cronstedtite (Fig. 7).

320.00
QO Greenalite, NRIXS
300.00 F @ Ferrihydrite, NRIXS
Lo Greenalite, DFT+ U
1= Cronstedtite, DFT+U
2 280.00 F ] .
(T) |:| Ferrihydrite, DFT+ U
x
Y 260.00 F
4
£
2 24000
V' 22000
200.OO|—J""-----------....
1 0.8 0.6 04 0.2 0

Fe?*/Fe,

Figure 7. Force constant ((F)) of greenalite and ferrihydrite, vs. Fe** content as a proportion
of total Fe (Feiwr). Filled circles show (F) for the natural greenalite standard (green) and the
error weighted average of 2-line and 6-line ferrihydrite (red) from NRIXS analyses. Open
squares show (F) for greenalite (green) and ferrihydrite (red) from DFT + U calculations (right-
hand axis). Open green diamond shows (F) for cronstedtite with a ferri-Tschermak substitution.
The green dashed line shows the linear correlation between Fe valence state and (F) in modeled
greenalites (not including cronstedtite). Error bars show the 95 % confidence interval on NRIXS
determinations, and 3% relative uncertainty on (F) values determined via DFT + U.

470

471  3.2.4. Discrepancy between DFT + U and NRIXS determinations of (F)

472 The (F) of F&*" in ferrihydrite determined from DFT + U simulations is ~25 N m™! lower than the
473  average value determined from NRIXS. This offset is similar to that observed between DFT + U
474  calculations and NRIXS determinations of (F) for goethite®® and larger than the one previously

475  observed for hematite®® (Fig. 8). It should also be noted here that the DFT + U results for

476  ferrihydrite (using Michel®! model) and goethite®® have similar Fe force constants that overlap
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within error, and it is thus expected that the Drits?? model ferrihydrite, which is more similar to
the Michel model ferrihydrite than it is to goethite, would fall within this range as well. For natural
Fe?" greenalite, the (F) determined via NRIXS agreed within the 95% confidence interval with the
calculated based on DFT + U. All data from this study, along with previous goethite and hematite
data®>%3, are consistent within error with an average 16 N m™! offset to higher values in NRIXS vs.
DFT + U determinations of (F) (Fig. 8). Due to the offset between ab initio and NRIXS
determinations of (F), below we only consider Fe isotopic fractionations between ferrihydrite and
greenalite determined via a single method (NRIXS or DFT + U) rather than mixing outputs from

different approaches.

3.2.5. Equilibrium iron isotopic fractionations between ferrihydrite and greenalite

We describe Fe isotopic fractionations in terms of 10001no. values (where we consider the °Fe/>*Fe
ratio), using P factors calculated from the three-term polynomial expansion at 22 °C (Table 2), to
enable comparison to previous experimental work, and present fractionations on the familiar 5°°Fe
scale. We define the following abbreviations for the phases used in calculating a values: Fh —
ferrihydrite; Gr2+ — reduced or ferrous greenalite, represented by the modeled Fe?* endmember
and the natural ferrous greenalite standard, in DFT + U and NRIXS determinations, respectively;
Gr2.4+ — mixed valence greenalite, represented by the modeled Fe*#* structure in DFT + U; and
Gr3+ — oxidized greenalite, represented by the modeled Fe** endmember in DFT + U. We focus
our discussion and interpretations on the greenalites with all Fe in octahedral sites and Fe**
accompanied by vacancy substitution, because Mossbauer studies indicate that this is the site

where Fe¥* substitution takes place in naturally occurring greenalite®®. Results for the cronstedtite-
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499  type model are displayed in figures but are not discussed at length below in reference to the Fe

500 isotopic record of IFs.
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Figure 8. Intercomparison of force constants (F) data from NRIXS and ab initio DET+U
simulations for natural greenalite (Gr), ferrihydrite (Fh), goethite (Go), and hematite (Hm),
from this study and literature. Greenalite is displayed as a green diamond, and ferric
(oxyhydr)oxides are displayed as red squares. The black dotted line is a slope 1:1 line where
data would fall if there was perfect agreement between the two techniques. The grey dashed
line shows a slope 1 line that minimizes error-weighted deviations of the datapoints and
indicates a ~16 N m’! offset to higher values in NRIXS determinations versus DFT + U
determinations of (F) that is similar to that observed in previous studies of ferric
(oxyhydr)oxide minerals (Blanchard et al., 2015; Dauphas et al., 2012). Error bars show the 95
% confidence interval on NRIXS determinations, and 3% relative uncertainty on (F) values
determined via DFT + U. Superscripts: * NRIXS and DFT+U data from this study; ¢ NRIXS
and DFT+U data from Blanchard et al. (2015); ¥ NRIXS data from Dauphas et al. (2012);
B*DFT+U data from Blanchard et al. (2009); ®*P DFT data from Rustad and Dixon (2009).

501
502  From DFT + U, 1000Inorn-Gr2+ = +0.98 £0.31 %o and from NRIXS, 1000Inorh-cr2+ = 1.19+ 1.34 %o
503 (Fig. 9). Most of the uncertainty in this case results from the less precise NRIXS-derived force

504  constant for natural greenalite. These results agree very well in indicating a ~1 %o equilibrium Fe
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isotopic fractionation between ferrihydrite and ferrous greenalite, favoring higher *°Fe/>*Fe in
ferrihydrite. From DFT + U, 1000Inofh-Gr2.4+ = +0.06 £ 0.32 %o (Fig. 9). These data suggest that
the equilibrium fractionation between mixed valence greenalite compositions and ferrihydrite
could be small compared to many low temperature fractionations typically observed between
species with different Fe redox states. Last, from DFT+U, 1000Inogn-Gi3+ = -1.32 £ 0.36 %o (Fig.
9). This result indicates that an Fe** endmember of greenalite should be significantly isotopically
heavier than coexisting ferrihydrite and other HFOs, which might also predict that naturally
occurring hisingerite, which is structurally similar to our modeled endmember, may take on a very

heavy Fe isotopic composition during its formation during serpentinization of ferroan peridotites®.

4. DISCUSSION

4.1. Predicting equilibrium iron isotopic fractionations during greenalite precipitation
Fluid-mineral equilibration experiments have consistently resulted in 1000In0Ferinydrite-Fe(inags
1000In0Hematite-Fe(ihag, and 1000In0ore(im)-Fe(itaq) values on the order of +3.0 — 3.2 %o for §°°Fe8-59:66
at around 22 °C (Fig 10). These results indicate that i) the fractionation during ferric oxide
equilibration with an Fe?* solution is dominated by the equilibrium fractionation between Fe(IT)qq
and Fe(Ill)aq*®, and ii) the equilibrium fractionation between ferric oxides and aqueous Fe(III) is
small®8. An outlier among this class of experiments is the finding of a ~1 %o fractionation between
Fe(II) and goethite>. However, similar force constants were found for ferrihydrite and goethite in
this study and that of Blanchard et al.®?, with goethite having a slightly (~10 Nm™) higher value of
(F) in both DFT+U and NRIXS datasets, which draws the small 1000IndGocthite-Fe(iag

determinations into question. Surface exchange effects were a complicating factor in interpreting
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527  the equilibration experiments of Beard et al.>> and these might have impacted the net fractionation
528  during goethite formation while obscuring the equilibrium value of 1000In0Goethite-Fe(in)ag-

529
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Figure 9. Equilibrium Fe isotopic fractionations between ferrihydrite and greenalite materials
determined in this study, expressed as 1000 Inorn-G: for the °Fe/>*Fe ratio, where a positive
value indicates relative enrichment of heavy Fe isotopes in ferrihydrite. Different symbols show
1000 Inarn.gr at 22 °C for different greenalite materials and analytical techniques as follows:
natural greenalite standard (NRIXS) —filled green diamond; ferrous greenalite via DFT + U —
open pale green circle; Fe>#* greenalite via DFT + U — open dark blue circle; Fe*>* cronstedtite
via DFT + U — open pale blue circle; Fe*" greenalite via DFT + U — open black circle. The grey
dashed line shows the linear correlation between Fe valence state and 1000 Inogn-Gr in modeled
greenalites (not including the Fe?>* cronstedtite). Error bars show the 95 % confidence interval
on NRIXS determinations, and 3% relative uncertainty on (F) values determined via DFT + U.

530 We take 1000Inorn-Fenag = +3.0 %o as a representative value for the equilibrium fractionation
531  between ferrihydrite and aqueous Fe(Il) for anchoring to ferrihydrite-mineral pairs. Equilibrium
532  Fe isotopic fractionations between greenalite and aqueous Fe(Il) can then be calculated as
533  1000In0Fh-re(nag — 1000IN0Fh-Greenalie. For ferrous greenalite, we find 1000In0Gro+-Fe(inag = +2.02 £
534  0.31 %o (DFT + U) and +1.81 + 1.34 %o (NRIXYS) (Fig. 10). For mixed valence greenalite, we find
535  1000In0Gr.4+-Fe(ag = +2.94 + 0.32 %o (DFT+U; Fe?'/Fewr = 0.40) (Fig. 10). For ferric
536  greenalite/hisingerite we find 1000In0Gr3+-Fenaq = +4.3 £ 0.36 %o (DFT + U) (Fig. 10).

537
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Experimental studies to constrain the Fe isotopic fractionation during unidirectional Fe(Il)aq
oxidation and HFO precipitation via various oxidation mechanisms produce much smaller Fe
isotopic fractionations between ferrous iron solutions and ferric precipitates, resulting in values of
10001In0mro-Fe(nag = 1.5 %o (anoxygenic photosynthesis)®’, 1.2 %o (UV photooxidation)?’, and 1.0 %o
(air/O2)*® (Fig. 10). The reason for these smaller fractionations compared to fluid-mineral
equilibration experiments is likely that during unidirectional Fe?* oxidation and HFO precipitation,
full equilibrium between the precipitate and fluid pools is not reached; even though the results of
at least some of these experiments follow the high-temperature limit equilibrium mass
fractionation law?°. Anchoring greenalite-ferrihydrite mineral pairs to these smaller 1000Inosro-
Fe(Iag Values for unidirectional oxidation and precipitation would result in considerably smaller
fractionations for greenalite precipitation. For example we would find 10001n0G2+-Fe(iyag ~ -0.2 to
+0.5 %0, 1000In0G12.4+-Fe(i)ag ~ +0.9 to +1.4 %o and 1000In0Gr3+-Fe(inag ~ +2.3 to +2.8 %o (Fig. 10),

depending on the specific experiment used for anchoring.

4.2. Implications for the origins of Archean iron formations

The fractionations calculated from DFT + U and NRIXS measurements can be used to address the
Fe isotopic imprint of potential primary greenalite precipitates. We find that equilibrium Fe
isotopic fractionation between a representative HFO precursor for IFs and ferrous greenalite is on
the order of 1-1.2 %o for °Fe/>*Fe at 22°C, with ferrihydrite being relatively enriched in *Fe. This

result is consistent between DFT+U and NRIXS determinations.

Depending on whether ferrihydrite-greenalite fractionation is anchored to ‘exchange/equilibration’

or ‘unidirectional/precipitation’-style experiments, we can infer fractionations accompanying the
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561  precipitation of ferrous greenalite that range from a~2 %o enrichment in 5°Fe relative to the marine

562  reservoir to a slightly negative or no fractionation, respectively (Fig. 10). The latter result would

35
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Figure 10. Left: Range of possible initial Fe isotopic fractionations during greenalite
precipitation determined by anchoring greenalite-ferrihydrite mineral pairs to published
fractionations between aqueous Fe(II) at 6Fe = 0 %o and hydrous ferric oxide (HFO)
determined in different experimental studies (red squares). Symbols showing the fractionation
in the greenalite-ferrihydrite mineral pair at 22 °C are the same as those in Fig. 9. Error bars
show the 95 % confidence interval on NRIXS determinations, and 3% relative uncertainty on
(F) values determined via DFT + U. Green shaded boxes show the range of fractionations for
Fe?" greenalite allowed within the error range of both techniques. Superscripts: 'Heard and
Dauphas (2020); *Wu et al. (2011); *Beard et al. (2010); “Bullen et al. (2001); >Croal et al.
(2004); SNie et al. (2017). Right: Range of °°Fe observed in pre-GOE IFs for comparison to
greenalite fractionations, compiled by Heard and Dauphas (2020). Compilations are shown
with (orange, left) and without (red, right) the Marble Bar Chert, which contains the highest
8°°Fe values in this record but which may not record primary depositional signatures due to
extensive alteration (Rasmussen et al., 2014; Rasmussen and Muhling 2022).

563  immediately rule out a pure ferrous greenalite precursor for IFs (Fig. 10). However, it is not clear
564 that anchoring to unidirectional ferrihydrite precipitation experiments is an appropriate assumption
565  when calculating the pure equilibrium fractionation involved in greenalite precipitation. Therefore,
566 below we expand upon the discussion of fractionations anchored to the +3.0 %o
567  exchange/equilibrium class of experiments and the implications of the largest possible equilibrium

568 fractionations that may be associated with Fe?* greenalite.
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Our results show that the maximum possible value for 1000In0G2+-Fe(inaq is +2.02 £ 0.31 %o (DFT
+ U) or +1.81 £ 1.34 %o (NRIXS) (Fig. 10), with the largest value allowable within the error bar
of both techniques being +2.3 %o (Fig. 10). If a hydrothermal Fe?* source to the Archean oceans
had 8°°Fe = 0, towards the higher end of values for Fe*" inputs to the modern oceans 9519 TFs
with 8°°Fe values as high as 2.3 %o could therefore be explainable by low degrees of partial Fe**
greenalite precipitation at equilibrium. Kinetic isotope effects associated with oversaturation of a
greenalite precursor mineral in solution would potentially decrease this positive fractionation, and

further experiments will need to address this, as discussed in Section 5.

We compare these inferred fractionations to the pre-GOE bulk rock 8°°Fe record of IFs, which
should ideally be unaffected by closed-system inter-mineral fractionation and may represent
primary Fe depositional fluxes. As shown in Figure 10, the inferred value for 1000In0G2+-Fe(iryag
can account for the Fe isotopic composition of all pre-GOE bulk IF material except the 3.4 Ga
Marble Bar Chert, which has 6°°Fe values as high as 2.6 %o. At face value, the inability of Fe?*
greenalite to reproduce the §°°Fe of such an ancient example of IF material is significant, because
a larger fractionation would require an Fe**-bearing precipitate and necessitate the occurrence of

marine Fe?" oxidation since at least 3.4 Ga.

The Marble Bar Chert does, however, reach considerably higher §°°Fe values than other pre-GOE
bulk IFs, which, outside of a single outlying value, are < 1.7 %o (Fig. 10). We cannot definitively
determine if the high 6%Fe values of the Marble Bar Chert reflect atypical depositional processes

(for the Archean) or secondary alteration processes that enriched the bulk rock in heavy Fe isotopes
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relative to the initial precipitate. Microscale petrographic studies of these rocks have revealed that
fine grained hematite originally thought to be primary®!:!!%, may instead be an alteration product
of primary greenalite*!**. Oxidative alteration would not be expected to reset bulk Fe isotopic
compositions in an IF, given the decreased fluid mobility of Fe* relative to Fe?*. A previous study
showed indeed that primary signatures should be retained in bulk §°°Fe values through high grade
metamorphism even without net oxidation*’. One possible reason why the Marble Bar Chert has
uniquely high 8°°Fe relative to other Archean IFs may be its low Fe content ([Fe203] < 10 wt %)
that strictly characterizes it as a jaspilite. With lower Fe contents, they may have been less strongly
rock-buffered during fluid flow and more susceptible to isotopic overprinting. This low Fe content
alone suggests the Marble Bar Chert is unrepresentative of the general pre-GOE IF record we aim
to compare to isotopic systematics of greenalite. We cannot conclusively rule out the elevated
8°¢Fe of the Marble Bar Chert as evidence for non-zero levels of Fe?* oxidation as early as 3.4 Ga,
but context suggests that this single formation should not be given too much weight in

understanding the early marine Fe cycle.

It is apparent from the results of this study that Fe isotope systematics alone cannot provide a
constraint on the primary mineralogy of IFs; however, reconciling our data with the rock record
suggests that partial Fe?* oxidation is more consistent with the Fe isotopic record and
measurements of early-preserved IF greenalite than pure ferrous greenalite. The DFT + U
simulations indicate that greenalite with an average Fe valence state of 2.4+ should impart
essentially identical equilibrium Fe isotopic systematics to ferrihydrite. This valence state is
intriguing because IFs themselves have an average Fe valence state of 2.4+'°. However,

synchrotron-based analyses of well-preserved pre-GOE IFs suggest that greenalite typically has
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lower Fe** contents (Fe**/Few = 0.1-0.2)*°. Using the relationship between Fe valence state and
1000Inofn-Gr from our DFT + U simulations (Fig. 9), we can predict that greenalites with the
recorded range of Fe** contents would form 0.6-0.8 %o per mil lighter than ferrihydrite, allowing
1000In0Gr-Fe(maq Values up to 2.2-2.4 %o that account for the entire pre-GOE IF record save for a
few values in the anomalous Marble Bar Chert’!. Therefore, it is possible that a relatively low-Fe**
greenalite precursor for pre-GOE IFs may be reconciled with the 8°°Fe record even if the most

extreme outlier values are indeed primary depositional signatures.

5. FUTURE DIRECTIONS

The uncertainty in predicted greenalite-Fe(Il)aq) Fe isotopic fractionations, stemming
predominantly from uncertainty in which HFO-Fe(Il)@.q) fractionation factors to anchor to,
underlines the importance of future experimental works to determine the Fe isotopic fractionation
during unidirectional greenalite precipitation from ferrous solutions. Unidirectional greenalite (or
greenalite precursor mineral) precipitation experiments should provide a more refined picture of
Fe isotopic fractionation associated with natural greenalite formation. In particular, experiments
should be conducted with solutions containing both Fe?* and Mn?*'. By coupling °°Fe
measurements with measurements of Mn/Fe in co-sampled solutions and greenalite precursor
precipitates, the chemical evolution of solutions and precipitates could be compared to the well-
established negative correlation seen in In(Mn/Fe) vs. 8°°Fe plots of IFs of all ages'!!"!!>. This
negative correlation is well-explained by preferential incorporation of Fe into IF precipitates
relative to Mn, because the latter requires higher redox potentials to be oxidized to insoluble Mn**
hydroxides'!'®. Meanwhile, Fe*" and Mn?* have very similar geochemical behaviors, so the degree

of incorporation of Mn in Fe?*-greenalite and mixed valence greenalite precursor material will
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offer a useful second variable to disentangle the surprisingly similar 8°°Fe systematics of HFOs

and Fe**-bearing greenalite.

Lastly, our finding that the Fe isotope record could be consistent with a role for greenalite rather
than HFOs as a dominant IF precursor has implications for understanding nutrient availability in
the oceans in deep time, particularly prior to the GOE3*=8, If a dominant HFO precursor for IF is
not a necessity for ancient ocean chemistry models, it may not be appropriate to quantitatively
reconstruct seawater nutrient concentrations using calibrations to HFO adsorption experiments. It
is thus vital that future experimental studies into the precipitation of greenalite precursor material
should include an exploration of the adsorption and coprecipitation of P, Ni, and other nutrient
elements of interest onto these phases in seawater solutions. Having a more complete
understanding of the range of dissolved [P] levels in the Archean oceans, in particular, may be
vital for assessing the role that nutrient limitation and global rates of photosynthetic primary

productivity played in the eventual rise of atmospheric O537-116-118,

6. CONCLUSIONS

Assumptions about the primary mineralogy of IFs and iron-rich cherts deposited before the GOE
underpin many aspects of early ocean chemical models. The canonical assumption that HFOs like
ferrihydrite were the dominant precursor minerals in marine chemical sediments informs a view
of the Archean defined by shallow oceans supporting the oxidation of dissolved Fe**, possibly as
a direct or indirect effect of bacterial photosynthesis. The HFO model is also the foundation for
several nutrient reconstructions for the early oceans, which are then interpreted in the context of

biological drivers of changes in ocean and atmospheric oxygenation. An alternative model for pre-
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GOE IFs and related sediments, informed by detailed petrography, posits that dominantly ferrous
authigenic silicates like greenalite were the primary IF precursor mineral. This model was not
testable with widely available Fe isotopic data for IFs because of a lack of constraints on the Fe

isotopic systematics of greenalite.

Here, we determined the Fe force constant ((F)) and Fe isotope B factors (which determine
equilibrium Fe isotopic fractionation between phases) for greenalite and ferrihydrite, using
DFT+U ab initio calculations and NRIXS analysis of natural and laboratory synthesized minerals.
Our results indicate that 1000Inorn-Gro+ = +0.98 £0.31 %o (DFT + U) and 1.19 £ 1.34 %o (NRIXS),
1000In0oFn-Gr2.4+ = +0.06+ 0.32 %o (DFT + U), and 1000InoFh-Grox =-1.32 + 0.36 %o (DFT + U),
where the modeled oxidized greenalite endmember may provide an estimate of the Fe isotopic

systematics for the naturally-occurring mineral hisingerite.

By anchoring these results for fractionations in the greenalite-ferrihydrite mineral pair to published
experimental data on the fractionation of 3°°Fe between HFOs and dissolved Fe?*, we find that
ferrous greenalite should, at equilibrium, precipitate with 3°°Fe fractionated either ~+2 %o, or
between -0.2 and +0.5 %o, relative to dissolved Fe?*, depending on if calculated fractionations
were tied to HFO-Fe(Il)aq equilibration experiments or unidirectional Fe(Il)aq oxidation and HFO

precipitation experiments, respectively.

This dataset shows that a pathway to reconcile a greenalite-dominated IF depositional flux with
the pre-GOE &°°Fe IF record does exist, provided that either the most uniquely isotopically

enriched pre-GOE IF material does not retain a representative primary depositional signal; or if

38



684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

precipitated greenalite had at least a few tens of % Fe** content due to Fe?* oxidation process in
the early oceans. The second of these results ties to the finding of this study that mixed-valence
greenalite should form with similar Fe isotopic compositions to ferrihydrite and is also consistent
with synchrotron-based determinations of low tens of % Fe** in IF greenalite. Because some form
of the greenalite hypothesis appears to be a viable alternative to the HFO model to explain the Fe
isotopic record of IFs, quantitative reconstructions of nutrient elements concentrations like [P] and
[Ni] in the pre-GOE oceans based on HFO adsorption experiments should be viewed with caution.
Comparable experiments featuring authigenic silicate phases like greenalite should be carried out,
along with a variety of further experimental studies on the geochemical and isotopic systematics

of these phases.
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Supplementary Information

Details of laboratory synthesis, characterization, and NRIXS analysis of a hydrous silicate
material intended to be a greenalite precursor phase.

Tables containing: full NRIXS analysis results in the form of SciPhon outputs (Table S1);
(F) values and polynomial fits to 1000In = A1 X + A>X? + A3;X3 for experimentally
synthesized material analyzed via NRIXS (Table S2) ; and atomic positions for all mineral

structures modeled in DFT + U simulations (Table S3).
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