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ABSTRACT

Precambrian manganese-rich sedimentary rocks comprise prominent portions of the rock
record spanning periods of dramatic environmental change, but the imprint of early
diagenesis on these deposits partially obscures the processes that produced the primary Mn-
rich sediments. We constructed a numerical model simulating early diagenesis of mixed
Fe-Mn sediments to ascertain the environmental and geobiological parameters that are
important for the diagenetic stabilization of Mn-rich sedimentary rocks. We constrained
our model with a case study presented by the vast, classic Mn deposits of Kalahari
Manganese Field hosted by the Paleoproterozoic-age Hotazel Formation in the Transvaal
Supergroup, South Africa, the largest known Mn deposits in the geological record. We
benchmarked model results using synchrotron X-ray fluorescence spectroscopy imaging of
the composition and Mn redox states of a sample of iron- and manganese-rich strata of the

Hotazel Formation. We found that our model could produce a mineral assemblage
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comparable to that of the Hotazel Formation, defined by Mn®" : Mn®" and Fe : Mn

ratios. These results demonstrated that the Mn(I1I)-rich mineralogy of the Hotazel
Formation required a significant flux reducing potential, provided by organic carbon, to
produce concentrations of Mn*" () sufficient to overcome the thermodynamic threshold for
reaction with solid-phase Mn*"0, and resulting Mn>*OOH precipitation. When the rate
constant for metal reduction in our model was reduced by 5-6 orders of magnitude,
representing the delivery rate of abiotic reductants, Mn(III) phases were not observed,
indicating that for this system, biological catalysis was necessary to produce the abundant
Mn(III) phases observed in the Hotazel Formation. These modeling results led us to
speculate that the Mn- and Fe-rich strata in the Hotazel Formation reflect deposition of a
significant amount of organic carbon contemporaneously with metal oxides in a basin
where deposited MnO, : Fe’"OOH ratios were determined by changes in the transportation
of water masses through a basin in direct communication with high-potential oxidants like

those provided by photosystem II or atmospheric O,.



211
INTRODUCTION

The history recorded by Precambrian Mn-rich sedimentary rocks is challenging to
decipher due to a lack of analogous modern sediments. Although some modern
sedimentary environments have produced Mn nodules dispersed on the seafloor (Margolis
and Burns, 1976; Post, 1999; Glasby, 2006), modern basins lack thick deposits of Mn-rich
sediments such as those produced by some basins of Paleoproterozoic age that contain as
much as ~2.7 x 10" ¢ Mn (Gutzmer and Beukes, 1996; Cairncross and Beukes, 2013).
Explaining the petrogenesis of Mn-rich sedimentary rocks requires mechanisms that
concentrated Mn sufficiently in a water body to produce large volumes of Mn-rich
sediments. Mn is present in the crust is typically divalent, producing soluble Mn>* upon
dissolution of the original igneous or metamorphic mineral hosts of these metals (Calvert
and Pedersen, 1996; Post, 1999). Mn?* is highly soluble, and if not oxidized will be slowly
sequestered in carbonate phases at concentrations proportional to its dissolved
concentration (Holland, 1984; Mucci, 2004; Johnson et al., 2013; Fischer et al., 2016). Mn
concentrations in carbonates indicate seawater Mn concentrations have remained between
seven to two orders of magnitude lower than Ca®" (4, concentrations throughout Earth
history (Fischer et al., 2016), demonstrating that a mechanism to concentrate Mn is
necessary to produce the Mn-rich carbonates common in Mn-rich sedimentary rocks

(Holland, 1984; Veizer et al., 1989; Johnson et al., 2016b; Lingappa et al., 2019).

Prior studies have focused on oxidation and sedimentation of insoluble oxide
particles as the primary mechanism of Mn concentration for Mn-rich sediments. In modern

environments, Mn is concentrated by oxidation of dissolved Mn”" to insoluble Mn(III) or
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Mn(IV) phases, which settle from suspension as particles or accumulate as nodules at

the sediment-water interface (Margolis and Burns, 1976; Post, 1999; Glasby, 2006). As
oxidation of Mn2+(aq) is crucial for the precipitation and sedimentation of Mn-rich minerals
in modern environments, it has been inferred as the process by which Precambrian Mn-rich
sediments were emplaced (Johnson et al., 2013, 2016b). Importantly for paleobiological
interpretations of Mn-rich sediments, the high redox potential of Mn necessitates either the
presence of significant concentrations of O, or specialized biochemistry (Johnson et al.,
2013) to oxidize Mn’*(,q) and produce Mn-rich sedimentary rocks. The temporal
distribution of Mn-rich sedimentary rocks, reaching a maximum in the Paleoproterozoic,
has been explained by invoking the evolution of a Mn-oxidizing photosystem (Johnson et
al., 2013) as well as oxidation of Mn- and Fe-rich seawater by free O, to form large
deposits (Beukes, 1983, 1987; Kirschvink et al., 2000; Tsikos et al., 2003; Kopp et al.,

2005; Hoffman, 2013).

Although the precursor Mn phases to those observed in Precambrian Mn-rich
sedimentary rocks were oxides, these phases are often found in these rocks as Mn(II)-
and/or Mn(II)-bearing minerals (Johnson et al., 2016b), implying that primary Mn oxides
were subjected to syn- or post-depositional reduction. Examples of these deposits can be
found throughout the Precambrian rock record (Johnson et al., 2016b), including the
Hotazel Formation of northern South Africa, a massive Late Archaean-Early
Paleoproterozoic deposit containing abundant braunite [Mn>"Mn’*¢Si0,,] and kutnohorite
[CaMn®"(COs),] (Schneiderhan et al., 2006; Johnson et al., 2016b), as well as the

Neoproterozoic Santa Cruz Formation of southern Brazil, composed of braunite and
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rhodochrosite [Mn>"COs] in well-preserved sections (Johnson et al., 2016b). The

process responsible for the stabilization of Mn(I1I)-bearing minerals such as braunite in
Precambrian Mn-rich sedimentary rocks represents a particularly interesting gap in our
current understanding of the petrogenesis of these rocks. Braunite has been hypothesized to
form during late diagenesis from reaction of a Mn(Ill) oxyhydroxide/oxide precursors such

as bixbyite [a-Mn’ 03] with silica (Robie et al., 1995; Johnson et al., 2016b), but the

conditions leading to the initial stabilization of the Mn(III) oxyhydroxide or Mn(III) oxide

precursor are poorly understood.

To investigate the history recorded by Mn(IlI)-bearing minerals in Precambrian
Mn-rich sedimentary rocks, we must first identify whether their Mn(III) precursor phases
were the product of early diagenesis or later alteration. Study of the texture and redox states
of Mn and Fe minerals in Mn-rich deposits has indicated that these precursor phases to
these minerals were the products of early diagenetic processing: facies often contain well-
preserved early diagenetic textures, including fine-grained crystals of Mn carbonates and
braunite that delineate bedding (Johnson et al., 2016b). Other early diagenetic textures
include abundant mm-scale Mn-bearing carbonate nodules that reflect early preferential
cementation, where CO3” and Mn®(,) and Ca®*,q) were of sufficient concentrations to
precipitate Mn-rich carbonate minerals (Mucci, 2004; Johnson et al., 2016b). Some Mn-
rich sedimentary deposits contain crystals of Mn carbonates with Ca- and Mn-rich zones
that vary in composition from kutnohorite [CaMn®"(CO3),] to Ca-rich rhodochrosite
[Mn**COs], indicating dynamic geochemical conditions during syn- and/or post-

depositional precipitation of these phases from a fluid of time-varying composition
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(Schneiderhan et al., 2006; Johnson et al., 2016b). Mn carbonates are found intergrown

with Mn(III) minerals including braunite in textures that imply formation of the precursor
Mn(III) phase contemporaneous to Mn carbonate precipitation (Nel et al., 1986;
Schneiderhan et al., 2006; Johnson et al., 2016b). §"°C measurements of Mn carbonates
document light values (—8.3 to —12.5%o), reflecting the imprint of early diagenesis driven
by organic carbon oxidation on these phases (Okita et al., 1988; Tsikos et al., 2003;
Maynard, 2010). Organic carbon oxidation coupled to metal reduction by microorganisms
has been inferred as a reductive process primarily responsible for the production of Mn2+(aq)
available for precipitation as carbonate minerals (Schneiderhan et al., 2006; Johnson et al.,
2016b). Fe2+(aq) has also been implicated as a major electron donor for abiotic reduction of
sedimentary Mn oxides (Postma, 1985; Van Cappellen and Wang, 1996; Postma and
Appelo, 2000), and was likely important for the early diagenesis of Mn-rich sediments
given the abundance of hematite [Fe* 03] intergrown with Mn carbonate phases observed
in the Hotazel Formation (Schneiderhan et al., 2006). The pervasive imprint of early
diagenetic processes on Mn-rich sedimentary rocks thus enables interpretation of the
mineral assemblages observed in these formations as reflective of the biogeochemical

environment at or near to the time of deposition.

With the relative timing of the precipitation of Mn(III) oxyhydroxides/oxides in
Mn-rich sediments constrained to early diagenesis, the processes potentially responsible for
the stabilization of these phases can then be identified. Dissolved and solid-phase Mn®*
species can be generated as a transient intermediate during microbial reduction of Mn

oxides (Kostka et al., 1995; Lin et al., 2012; Madison et al., 2013) or microbial oxidation of
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Mn(II) (Webb et al., 2005), and in larger quantities by reaction of Mn2+(aq) with Mn(I'V)

oxides, a comproportionation reaction thermodynamically favorable at pH > 7 (Elzinga,

2011; Takashima et al., 2012; Lefkowitz et al., 2013; Johnson et al., 2016a):

4H" + Mn™" ) + MnO, => 2Mn’* +2H,0 (1)

Mn’* produced by either pathway may be stabilized by ligand complexes
(Duckworth and Sposito, 2005; Madison et al., 2013; Oldham et al., 2015) or by the
precipitation of Mn(III) oxyhydroxides/oxides (Elzinga, 2011), the latter being ultimately a
necessary requirement to generate Mn(III) minerals. Experimental precipitation of Mn(III)
oxyhydroxides/oxides carried out under conditions relevant to the early diagenesis of Mn-
rich sediments typically produces a metastable feitknechtite [/~-MnOOH], which quickly

stabilizes as manganite [y-MnOOH] (Hem and Lind, 1983; Elzinga, 2011; Lefkowitz et al.,

2013; Elzinga and Kustka, 2015) or hausmannite [Mn304] (Lefkowitz et al., 2013),
depending on solution pH and composition. The synthesis route for braunite from Mn(III)
precursor phases such as manganite or hausmannite remains uncertain, however. While

manganite can be readily dehydrated to y-Mn,O3 by heating to 200-250 °C under anoxic
conditions (Hernan et al., 1986), the synthesis of bixbyite [@-Mn,0O;] from manganite is

unclear but may require the presence of Fe’" during manganite dehydration, as Fe’" is

known to stabilize the bixbyite crystal structure (Waychunas, 1991).

In addition to the comproportionation reaction between Mn>* and Mn(IV) oxides,

we can identify three important processes involved in syn- and post-depositional



216
modification of Mn-rich sediments that determine the stability of Mn(III)

oxyhydroxide/oxide precipitates, including 1) reduction of metal oxides by oxidation of co-
sedimentary organic carbon, 2) precipitation of carbonates as cements and nodules, and 3)

reduction of Mn oxides by dissolved Fe*":

1. The microbial oxidation of organic carbon provides electrons to reduce primary
Mn- and Fe-oxides and consumes H', according to equations 2 through 4 below,
using formaldehyde to substitute for a complex set of organic carbon compounds

that could serve as electron donors for metal reduction:

2MnO; () + CH,0 + 4H" => 2Mn®" ) + CO, + 3H,0 ()
4MnOOH ;) + CH,0 + 8H" => 4Mn** ;) + CO, + 7H,0 (3)
4FeOOH+ CH,0 + 8H' => 4Fe” 5y + CO, + 7TH,0 (4)

Microbial communities present in sediments are known to play a fundamental
role in governing the rate, degree, and character of organic carbon oxidation; thus,
to understand the stabilization of Mn(III) oxyhydroxide/oxide precipitates, the
process and products of microbial metal reduction must be addressed (Froelich et
al., 1979; Van Cappellen and Wang, 1996). Eq. 2 assumes MnO; reduction via a
pathway that simultaneously transfers two e to MnQO, from organic carbon, which
has been documented by the model metal-reducing microorganism Shewanella
oneidensis MR-1 (Kotloski and Gralnick, 2013; Johnson et al., 2016a). One-
electron pathways of Mn(IV) oxide reduction have also been observed that
produce small concentrations of Mn®" intermediates relative to Mn”" (Kostka et

al., 1995; Lin et al., 2012), but the dominant products of microbial Mn- and Fe-
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oxide reduction are dissolved Mn”" and Fe*" (Froelich et al., 1979; Myers and

Nealson, 1988; Lovley, 1991; Van Cappellen and Wang, 1996). Mn2+(aq) produced
from microbial respiration of Mn oxides can then react with Mn(I'V) oxides to
produce Mn(III) oxyhydroxide/oxide phases (Eq. 1), facilitated by the pH increase

driven by Mn oxide reduction.

As shown in Eqgs. 2-4, microbial metal reduction consumes H' and produces
inorganic carbon. This in turn increases alkalinity and pH, and catalyzes the

precipitation of carbonate cements and nodules (Raiswell and Fisher, 2000):
CO327(aq) + M2+(aq) => MCO3 (s) (5)

where M** can be Ca*", Mg2+, Mn*", or Fe*, depending on solution composition.
In Mn-rich sedimentary rocks, observed carbonates include kutnohorite, Mn-rich
calcites, ankerite [Ca(Fe’",Mn”",Mg)(COs),] and rarely siderite [Fe*"CO3] (Nel et
al., 1986; Maynard, 2010; Johnson et al., 2016b). Precipitation of Mn carbonates
consumes Mn*' ) otherwise available for reaction with Mn(IV) oxides, and thus
is in direct competition for Mn®*(,q, with the Mn>* — Mn*" comproportionation
reaction (Eq. 1). However, the kinetics of these processes are significantly
different, as Mn carbonate precipitation occurs significantly more slowly than
Mn*" — Mn*" comproportionation (Johnson et al., 2016a), but requires
significantly lower Mn®" (,) concentrations to be thermodynamically favorable

(Jensen et al., 2002; Lefkowitz et al., 2013).

Reactions between Mn and Fe constitute a third process important in early

diagenetic processing of Mn-rich sediments (Postma, 1985; Van Cappellen and
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Wang, 1996; Postma and Appelo, 2000). Fez+(aq) can reduce Mn(IV) phases

forming a range surface-bound Fe oxide phases depending on solution

composition (Schaefer et al., 2017):
2H,0 + 2Fe”" (4 + MnO; => 2FeO0H ) + 2H' + Mn" ()  (6)

This reaction is known to be rapid (Siebecker et al., 2015; Johnson et al., 2016a)
but self-limiting, due to the accumulation of Fe oxides that occlude reactive sites
on the Mn oxide surface, preventing further reaction with Fe**(,q (Villinski et al.,
2001, 2003). This process is particularly interesting in the context of the early
diagenesis of Mn-rich sediments, as it couples anaerobic Fe oxidation to
production of Mn*" () and protons. While the production of Mn®*,,) from
anaerobic Fe oxidation will increase the favorability of Mn(III)
oxyhydroxide/oxide precipitation, concomitant acid production will decrease the

favorability of this reaction.

Understanding the impact of these intertwined processes on the stability of
Mn(III) oxyhydroxides/oxides requires an evaluation of the kinetics of these chemical
reaction, which often compete for reactants or couple redox cycling to alkalinity changes
in complex and sometimes self-limiting ways. To account for these interactions and to
interpret the geochemical conditions responsible for the stabilization of Mn(III) precursor
phases in the rock record, we constructed a numerical model simulating the products of
early diagenesis for a range of initial compositions of the primary sediments, varying

proportions of organic carbon, Mn oxides, and Fe oxides. We then compared the model
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outputs to a case study of the Hotazel Formation to constrain the initial sediment

composition that stabilized Mn(III) phases in primary sediments of this Mn-rich deposit.

GEOLOGICAL BACKGROUND OF HOTAZEL CASE STUDY

Stratigraphically, the Hotazel Formation is a part of the Late Archaean-Early
Paleoproterozoic Transvaal Supergroup (Fig. 1a), a thick package of predominantly well-
preserved (Gutzmer and Beukes, 1996; Tsikos et al., 2003, 2010) sedimentary and minor
volcanic rocks providing one of few windows into biogeochemistry across a unique
interval of Earth history (Beukes, 1987; Condie, 1993; Knoll and Beukes, 2009; Hoffman,
2013; Johnson et al., 2013). Within the Transvaal Supergroup, the Hotazel is a part of the
Postmasburg Group, a conformable sequence of glacial, volcanic, and Mn-rich deposits
outcropping in western outcrops of the Transvaal Supergroup known as the Griqualand
West Basin. The Hotazel Formation is conformably underlain by the volcanic Ongeluk
Formation (Schneiderhan et al., 2006), which is in turn conformably underlain by the
glaciogenic Makganyene Formation (Evans et al., 1997). In some interpretations, the
Makganyene Formation has been correlated to a disconformity within the Duitschland and
Rooihoogte formations in eastern outcrops of the Transvaal Supergroup known as the
Eastern Transvaal Basin (Guo et al., 2009; Hoffman, 2013; Luo et al., 2016). In other
interpretations, the Ongeluk Formation and therefore the underlying Makganyene
Formation are significantly older and roughly contemporaneous with carbonates of the
Chuniespoort Group in the Eastern Transvaal Basin (Gumsley et al., 2017). In all models,

the Hotazel Formation postdates evidence for the first accumulation of atmospheric O, in
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samples of the Transvaal Supergroup from the Eastern Transvaal Basin (Farquhar et al.

2000; Bekker et al., 2001; Guo et al., 2009; Hoffman, 2013; Luo et al., 2016; Gumsley et

al., 2017), and thus records an interval of profound change in the Earth system.

Given that the Hotazel Formation was deposited during one of the most dynamic
periods of Earth history, several researchers have sought to examine the petrogenesis of
these unique Mn-rich sedimentary rocks. That the Hotazel Formation conformably overlies
the glaciogenic Makganyene Formation has led to the interpretation that the Hotazel was
deposited from oxidation of a water column rich in Mn**(,q) and Fe**,q) that was isolated
from atmospheric O, by a global glaciation (Beukes, 1983; Kirschvink et al., 2000; Kopp et
al., 2005; Schneiderhan et al., 2006). Cornell and Schutte alternatively suggested an
alternative model in which the Hotazel Formation was a volcanogenic exhalative deposit
related to Ongeluk volcanism (Cornell and Schiitte, 1995). However, the presence of
multiple paleomagnetic poles recorded by hematite in the Hotazel Formation has
contradicted this hypothesis, supporting instead an origin from sedimentation of primary
metal oxides precipitated from seawater (Evans et al., 2001). In this study, we use the
petrogenetic framework for the deposition of the Hotazel wherein primary Fe and Mn
oxides sediments were generated from oxidation of seawater Mn*" ) and Fe*' o)
(Schneiderhan et al., 2006; Johnson et al., 2016b), and further consider the early diagenesis

and kinetic constraints on the deposition of the Hotazel Formation.

The Hotazel Formation itself comprises a ~100 m thick package of Fe- and Mn-rich
facies that record in their mineral assemblages a complex history. Outcrops of the Hotazel

Formation in the Griqualand West Basin feature several Mn- and Fe-rich facies (Fig. 1b)
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characterized in some outcrops by low-grade, minimally-metamorphosed ‘Mamatwan-

type’ deposits (Gutzmer and Beukes, 1996) that are the focus of this study. Fe-rich
lithologies, as classified by James, 1954 and arranged in order of increasing oxidation state
of Fe minerals, include silicate-, oxide-carbonate, and oxide-facies iron formation as well
as thin, microcystalline beds rich in hematite (Fig. 1b, Tsikos and Moore, 1997;
Schneiderhan et al., 2006). Fe-rich lithologies are symmetrically stacked around three Mn-
rich sedimentary units: hematite beds sit directly above and below Mn-rich units consisting
of braunite, kutnohorite, and hematite, and above and below these hematite beds lie
silicate-faces IF containing greenalite [Feg™ SisO10(OH)s] (Schneiderhan et al., 2006).
Previous work has interpreted this symmetric stacking pattern of facies to reflect
differences in seawater redox potential, with Mn-rich facies representing precipitation from
a stratified water column with higher redox potential than that responsible for the

emplacement of Fe-rich facies (Schneiderhan et al., 2006).

As the world’s largest deposits of Mn-rich sedimentary rock, hosting approximately
13500 Mt of Mn ore containing >20% Mn (Beukes, 1983; Gutzmer and Beukes, 1996), the
Mn-rich facies of the Hotazel Formation are unique within the formation for the wealth of
their Mn minerals. Petrographic analysis of the Mn-rich units documented a matrix of
microcrystalline braunite and hematite intergrown with kutnohorite hosting abundant ~1
mm carbonate nodules (Tsikos and Moore, 1997; Schneiderhan et al., 2006; Johnson et al.,
2016b). Kutnohorite crystals in the matrix are compositionally-zoned and are cross-cut by
euhedral braunite (Schneiderhan et al., 2006; Johnson et al., 2016b). Carbonate nodules,

consisting mostly of microsparitic kutnohorite, cross-cut the kutnohorite-braunite matrix
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and rarely contain small inclusions of Mn(IV) oxides interpreted to represent unreacted

residues of the primary Mn oxides (Johnson et al., 2016b). While the textures and light
8"°C values preserved in these deposits reflect extensive early diagenetic processing, no
organic carbon remains in the Hotazel Formation today, indicating full remineralization of
co-deposited organic carbon. The presence of abundant Fe in Mn-rich (28-52 wt. % Mn)
units of the Hotazel, constituting 5-24 wt. % Fe of these deposits (Schneiderhan et al.,
20006), further suggests the importance of anaerobic Fe cycling in the petrogenesis of these
deposits. These petrographic observations imply that the stabilization of Mn(III) phases in
the Mn-rich sediments of the Hotazel Formation occurred contemporaneously to complex
cycling of Mn and Fe during early diagenesis. Reactions central to Mn and Fe cycling in
this deposit, such as anaerobic Fe oxidation by Mn oxides and Mn*" — Mn**
comproportionation, can compete for reactants, requiring consideration of reaction kinetics
to predict the initial conditions of organic carbon, Fe oxides and Mn oxides that stabilize
Mn(III) precipitates. To address this, we constructed a numerical model describing the
kinetics of the involved reactions, calibrated by experimental measurements of the rate
constants of these reactions. We then compared our model results to petrographic study of
Mn-rich sediments of the Hotazel Formation to evaluate the precise fluxes of organic
carbon and Mn-Fe-oxides necessary to stabilize the observed mineral assemblage,

providing deeper insight into these ancient and enigmatic rocks.
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METHODS

Petrography

A fresh hand sample of Mamatwan-type deposits of the stratigraphically-lowest
Mn-rich sedimentary unit of the Hotazel Formation was collected from an open-pit mine
in the Kalahari Mn field selected due to its recent exposure and thus lack of oxidative
weathering (Johnson et al., 2013, 2016b). A circular ~15 um ultra-flat thin section was
prepared by High Mesa Petrographics and examined using transmitted visible light
microscopy as well as spectroscopic X-ray mapping to characterize the mineralogy and
petrographic textures of the sample. Prior to this study, this sample had been examined
for Mn mineralogy and geochemistry (Johnson et al., 2016b). Transmitted visible light
microscopy was performed using a Leica polarizing microscope. For chemical imaging of
the Hotazel Formation, we used synchrotron-based X-ray mapping spectroscopic
mapping at beamline 10-2 of the Stanford Synchrotron Lightsource in Menlo Park, CA.
Maps were created by collecting the X-ray fluorescence generated by incident X-ray light
on the thin section, with fluorescence collected by a Vortex SII International Si drift
detector for 80 x 80 um pixels rastered across the thin section. An X-ray energy of 13.5
keV was rastered across the thin section for measurement of elemental abundances. After
data collection, each pixel contained information about the energies of fluorescence
produced from incident 13.5 keV X-rays proportional to the presence of a given element,
allowing for the spatial resolution of different element abundances (Johnson et al.,
2016b). The fluorescence maps produced were processed using the MicroAnalysis

Toolkit software (Webb, 2006) to produce maps of elemental abundance in mol/cm’. An
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HDFS file from this processed image was produced and analyzed in Python to

calculate Mn®*/Mn>". This calculation assumed these Mn-rich sediments of the Hotazel
Formation are primarily composed of two Mn-bearing phases, kutnohorite and braunite,

consistent with previous reports (Johnson et al., 2016b).

Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (SEM-
EDS) were used to corroborate and provide additional textural and mineralogical context
synchrotron X-ray mapping mapping, and were conducted at Caltech using a Zeiss
1550VP Field Emission SEM equipped with an Oxford INCA Energy 300 X-ray EDS

system. Samples were carbon-coated prior to analysis.

Modeling

A numerical model of ordinary differential equations was constructed and solved
in MATLAB describing the processes relevant for early diagenesis of Mn-rich sediments.
The model tabulated the rate of change of 9 species (MnO,, MnOOH, MnCQOs, Mn*",

FeOOH, FeCOs, Fe**, lactate, and acetate) and three parameters of the carbonate system:

Alkalinity = [HCO; ]+ 2[CO3* ] (7)

DIC = [H,COs] + [HCO5 ] + [CO5> ] (8)

pH = —log[H'] ©)
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The full system of equations is presented in Supplemental Information, but below we

describe the rate expressions for components of early diagenesis to facilitate discussion of

the results.

The first of the processes relevant for early diagenesis of Mn-rich sediments is
microbially-catalyzed remineralization of organic carbon (Egs. 1, 2). An expression from
the literature (Tang et al., 2007) describing the rate of anaerobic oxidation of lactate to
acetate and CO, by model Mn-reducing bacterium S. oneindensis (Myers and Nealson,
1988; Lovley, 1991; Johnson et al., 2016a) was used to represent remineralization of

organic carbon by metal-reducing microbes in Mn-rich sediments generally:

ka
ka+[ace™]

a_ ks - min ([lac‘] , [Metal oxide]))

dt (10)

ks is an empirically-derived rate constant relating the product of the limiting
electron donor or acceptor and a term describing rate attenuation due to accumulation of
the metabolic end-product of the metabolism, acetate. For each species interacting with
microbial metal reduction (Mn/Fe-oxide, Mn*"/Fe*"), electron flow to a given electron
acceptor (MnO,, FeOOH, or MnOOH) was modeled as proportional to its concentration.
The use of a rate expression derived for S. oneidensis to represent generalized rates of
microbial metal reduction is predicated upon the observation that the extracellular
electron transport (EET) logic employed by different metal-oxide-reducing microbes
appears to be the product of convergent evolution, despite the fact that sequences
encoding metal-reducing biomachinery in extant taxa are highly divergent (cf. (Butler et

al., 2009; Richardson et al., 2012)). Critically for the analysis of mixed Fe-Mn
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formations, however, many these organisms are capable of reducing both Fe and Mn

oxides with relatively similar affinity (Lovley, 1991), implying that the physiologies
contained within the Fe/Mn-oxide reducing metabolic guild are governed by common
chemical logic, even if the biochemical pathways to metal reduction are divergent. In S.
oneidensis, this moderate indifference to metal-oxide terminal electron acceptor has been
demonstrated through studies of metal reduction in a wide range of Fe- and/or Mn-
bearing minerals (Lovley, 1991), providing support as well for the acceptor-proportional

electron-flow assumption.

The second early diagenetic process contained in the model is the precipitation of
carbonates—idealized as two endmembers infrequently observed in Hotazel Formation
Mn-rich sediments: siderite and rhodochrosite. Although the Hotazel Formation features
prominent kutnohorite rather than rhodochrosite, empirical rate constants for the latter, as
well as siderite, were extracted from the literature (Jensen et al., 2002) given the
availability of the data. Additionally, the experimental method used by Jensen and
coworkers accounts for the kinetic inhibition by Fe*" and Mn*" on Ca-carbonate
precipitation hypothesized to be important for Archean carbonates (Sumner and
Grotzinger, 1996). Data from Jensen and coworkers were fitted to the common empirical
relation (Morel and Hering, 1993), assuming a linear relationship between precipitation

rate and the degree of saturation:

dat ks?’rd,sd

L= keg (WHHEQH]{CO?} - 1) (11)
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The literature contains a range of &y, values for Fe- and Mn-carbonates

(Sternbeck, 1997; Jensen et al., 2002; Xu et al., 2004; Bénézeth et al., 2009) due to
complexities of carbonate precipitation (Mucci, 2004), but for consistency the k, values
for rhodochrosite and siderite calculated by (Jensen, Boddum, Tjell and Christensen,
2002) were used in this model. The concentration of carbonate ion in the model was
calculated for every time step using a modified version of a script solving the carbonate

system given dynamic alkalinity and DIC (Zeebe and Wolf-Gladrow, 2001):

s _ [HCO3][H"]

K= [H2CO3] (12)
s [co3T]mt]

K, = [HCO3] (13)

Together with Egs. 6 and 7, Egs. 11 and 12 formed a system of 4 equations and 4
unknowns that could be readily solved given DIC and alkalinity from the model and
values for K; and K, from the literature. Initial values of 2300 and 2000 meq were
assigned for alkalinity and DIC, respectively, selected due to the plausibility that
Precambrian seawater had carbonate chemistry broadly similar to that of the modern
(Grotzinger and Kasting, 1993; Grotzinger and James, 2000; Hardie, 2003; Sumner and

Beukes, 2006; Higgins et al., 2009; Spear et al., 2014; Halevy and Bachan, 2017).

Reduction of MnO, by Fe** . was studied in the model; this process was inferred
to be important in Mn-rich sediments given the co-occurence of hematite with
kutnohorite throughout the Hotazel Formation and in close (um-scale) petrographic

association (Schneiderhan, Gutzmer, Strauss, Mezger and Beukes, 2006). This reaction is
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known to be rapid (Villinski, Saiers and Conklin, 2003; Siebecker, Madison and

Luther, 2015; Johnson, Savalia, Davis, Kocar, Webb, Nealson and Fischer, 2016) but
self-limiting, due to the accumulation of Fe-oxides such as lepidocrocite, which occludes
reactive sites on the MnO, surface, preventing further reaction with dissolved Fe*". The
reaction between Fe*" and MnO, is modeled here (after (Villinski, Saiers and Conklin,

2003)) as second-order with respect to the two reactants:
= = Iy [MnO, ][Fe?*] (14)

The final modeled component of the early diagenesis system was the
comproportionation reaction between Mn>" and MnO; to produce Mn(III) phases (Eq. 4).
Work on the kinetics of this reaction has documented the complexity of the reaction
pathways involved (Lefkowitz, Rouff and Elzinga, 2013), but the equilibrium stability of

these phases can be generally described by the relation:

K,, = (15)

For the comproportionation reaction to proceed, the thermodynamic threshold
described above must be exceeded, i.e. [Mn*"] > [H]*/ K4 Although the nanoparticulate
nature of initial Mn®* precipitates creates significant uncertainties in estimates of these
thresholds (Navrotsky et al., 2010; Lefkowitz et al., 2013), for the purposes of modeling
here, a K., for feitknechtite of 10'%? calculated by Lefkowitz and coworkers was used,
given experimental observations of feitknechtite as a primary precipitate of the Mn*'—

MnO, comproportionation reaction. Data from a kinetic experiment conducted by
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Lefkowitz and coworkers that produced hausmannite (no data was available for

feitknechtite) was fitted assuming a first-order reaction with respect to [Mn*]:

— = kao[Mn**] (16)

The four component rate relations outlined above were assembled into a system of
9 ordinary differential equations according to the network topology of early diagenetic
chemical reactions diagrammed in Fig. 2. With initial organic carbon (represented in the
model by lactate) set to 1 mM, initial FFOOH and MnO; concentrations were each varied
between 0.01-15 mM, and the system of differential equations was solved using the
Runge-Kutta method of MATLAB’s ode45 solver (Shampine and Reichelt, 1997),
producing a 75x75x11 matrix with entries representing the steady-state concentrations of
each of the 9 species, alkalinity and DIC. At every timestep, pH was calculated from
carbonate alkalinity and DIC using the equations of Zeebe and Wolf-Gladrow. The
dimensions of the matrix were set by the length of the respective vectors describing

independent variables of initial [FeEOOH], [MnO,], and [lactate].
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Organic carbon AFe?* organic carbon
2Mn02 4FeOOH /<3
CO,
2Mn2+ 4FeOOH
2Mn2+ 4Fe2+
2C0s* 4co3
2Mn?*
4FeC03
4Mn3+OOH
4M 2+ .
2MnCO3 3 organlc carbon
CO,

Figure 2. Schematic representation of chemical reactions in the early diagenesis of Mn-
rich sediments modeled in this study. Corresponding rate constants were placed in Table

1.



‘ Constant Value Citation

ki 5500 Villinski, et al. 2003
k; 140 Elzinga, et al. 2011
ks 0.33 Tang, et al. 2007
k4 0.0126 Tang, et al. 2007
ks 7x 10" Jensen, et al. 2002
ks 1x10® Jensen, et al. 2002
k, 2x10° Jensen, et al. 2002
kespra 6.3x 10" Jensen, et al. 2002
kypsa 1.4x 10" Jensen, et al. 2002
kypee 1x10®°  Jensen, et al. 2002
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Table 1. Values for rate constants and other parameters used in the numerical model of the
early diagenesis of Mn-rich sediment. Rate constant indices correspond to those depicted in

Figure 1.
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RESULTS

Microscopy

Optical microscopy, synchrotron X-ray mapping, and SEM-EDS analysis of a thin
section sample of the Hotazel Formation corroborated earlier reports characterizing this
facies of the formation as dominated by mixed Fe and Mn phases and mm-scale
carbonate nodules (Fig. 3). Optical microscopy indicated the presence of pervasive
nodules with diffuse margins throughout these Mn-rich sediments. Nodule centers
contained drusy crystals with larger crystal sizes near their centers, decreasing in size

toward more finely crystalline and nodule margins (Fig. 3A).

SEM imaging exhibited several intergrown phases within the nodules and matrix
distinguished by the intensity of the backscatter and their elemental composition inferred
from SEM-EDS (Fig. 3b). 100 um-scale textures are characterized by phases with higher
(located in the matrix) or lower (localized in nodules) backscatter signatures. Rare
euhedral high-backscatter phases were observed in nodules, high-backscatter phases were
predominantly found in the matrix. Minerals appearing darkest under SEM backscatter
were typically cross-cut by euhedral crystals of a brighter (higher-backscatter) phase,
which were in turn cross-cut by yet brighter phases. SEM-EDS mapping indicates these
three phases correspond to minerals rich in Ca+Mn, Mn+Si, and Fe+O, respectively (Fig.
3b). These mineralogical and textural observations are consistent with descriptions in the
literature (Schneiderhan et al., 2006; Johnson et al., 2016b) of kutnohorite, braunite, and

hematite in this unit of the Hotazel Formation.
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CaMn(CO3),
+
(Fe,Mn)CO4
e 3,
Mn,SiO;,

+
CaMn(COy),

500 ym

CaM n(CO3)2

Mn2+Mn3+6SiO12

Figure 3.—SEM-EDS microscopy and synchrotron XRF and XAS analyses of a thin
section of Mn-rich sedimentary rock from the Hotazel Formation. A) Transmitted-light
optical microscopy. B) SEM (left panel) and EDS (right) showing intergrown braunite,
hematite, and kutnohorite in Mn-rich sediments of the Hotazel Formation. C)
Synchrotron XRF mapping at a beam energy of 13.5 keV, showing fluorescence detected
from Mn, Fe, and Ca. D) Segmented image of Mn fluorescence from synchrotron XRF
mapping, showing distribution of kutnohorite (blue) and braunite (red). See text for
details. Figure 4—Steady-state mineral assemblages calculated by the numerical model
of early diagenesis of Mn-rich sediments with initial Cors = 1 mM. Notable initial

conditions (A-C) were highlighted.
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Larger-scale textural relationships were revealed and quantified through

synchrotron-based X-ray microprobe spectroscopy mapping. High-energy X-ray mapping
at 13500 eV documented the relative spatial distribution of Fe, Mn, and Ca in the sample
(Fig. 3C). Fe and Mn were found at higher concentrations in the matrix (up to 2.3 and 9.5
mol/cm’, respectively) and Ca was found at higher concentrations in nodules (Fig. 3C).
Elevated Fe relative to Mn was detected around nodule margins, appearing on 3-color
maps of Fe, Mn and Ca concentrations as lighter green areas, with darkest green
describing areas richest in Mn. Mapping of relative Fe, Mn, and Ca revealed the
abundance of Mn relative to these other two important cations throughout the sample,
corroborating earlier geochemical reports characterizing elemental abundances in hand
samples of this unit of the Hotazel via bulk rock XRF methods (Schneiderhan et al.,
2006). This previous work described bulk Mn, Fe, and Ca abundances from this unit
ranging from 5.1-24.1%, 28.2-51.6%, and 6.1-22.9% by weight, respectively; on average,
Mn, Fe, and Ca abundances average 10.2%, 40.7%, and 17%, respectively (Schneiderhan
et al., 2006). These data, reflecting bulk Mn/Fe = 4 averaged over 12 hand samples from
the lowest Mn-sediment unit of the Hotazel, strongly agree with our measurement of
Mn/Fe = 4.4 averaged over the thin section collected from this unit, reinforcing our

confidence in the quantitative capabilities of our synchrotron-based methods.

After characterizing the spatial distribution and relative abundance of Fe, Mn, and
Ca in the sample, we quantified the distribution of Mn redox states in this sample of Mn-
rich sediments of the Hotazel Formation, leveraging previous observations that matrix-

hosted Mn is contained in braunite (Mn®*/Mn”>" = 6), while nodules contain Mn in
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kutnohorite (Mn>"/Mn®" = 0) (Schneiderhan et al., 2006; Johnson et al., 2016b). Pixels

representing Mn fluorescence from nodules, and therefore from kutnohorite-bound Mn,
appeared as a distinct population of pixels with lower fluorescence from Mn, and thus
lower Mn concentration. This bimodal distribution of Mn fluorescence intensities was
used to segment the image using a threshold intensity value, yielding two pixel
populations (Fig. 3D). Two sums of the pixel intensities in these two populations was
weighted by Mn”>" and Mn®* content of each phase, and the ratio of these sums yielded

Mn*/Mn*" =4.2.

Numerical Modeling

The presence of co-occurring ferrous Fe species with Mn oxides defines a
disequilibrium mineral assemblage that combats simple thermodynamic treatment, and
therefore a model was constructed that could evaluate the kinetics required to explain this
complex deposit. This model varied initial [FeOOH], [MnQO;], and [lactate]. The last
parameter is a stand-in that represents reactive organic carbon, selected due to the
abundance of kinetic data on lactate oxidation by metal-oxide reducing microbes (Tang et
al., 2007). The model produced steady state values of [MnCOs], [FeCOs], [FeOOH],
[Mn’"OOH], and [MnO,], creating mineral assemblages in silico that could be compared
to the observed assemblage in the Hotazel Formation. (Figs. 4-6). Initial [FeOOH] and
[MnO;] values were varied between 0.01-15 mM and initial [lactate] was set to 1 mM.

The range of final mineral stable mineral assemblages were visualized using contour
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plots that depicted the dominant mineral phases (i.e. MnCO3, FeCOs, FeOOH,

Mn’"OOH, and MnO,) for a given initial [lactate] across a 2D space defined by a range

of initial [FeOOH] and [MnQO;].

Modeling results depicted two broad behavior domains of the system, producing a
final mineral assemblage dominated by MnCO; and FeCOj; and one dominated by
FeOOH, MnOOH, and MnO,, divided by a line with slope corresponding to the
stoichiometry of MnO; and FeOOH reduction via 4 ¢ transfer by oxidation of lactate to
acetate (Fig. 4). The relative concentrations of MnCOj; and FeCOj; in the domain
corresponding to a MnCO3; — FeCO3 mixture reflected amounts that were directly
proportional to initial [MnO;]/[FeOOH]. The proportionality of these final carbonate
phases to the relative amount of initial oxide phases was apparent from the slope of the
contours of each respective phase, radiating outwards from the origin (Fig. 4). The
domain corresponding to a final mineral assemblage dominated by FeOOH, MnOOH,
and MnO; was broadly characterized by a maximum final MnOOH content representing
balance between relative C,r, and MnO, supply. A set of initial conditions with relatively
low initial FeOOH and higher MnO; produced abundant final MnOOH, the relative lack
of Fe allowing for higher % Mn phases, but insufficient initial MnO; to result in mineral

assemblages without sufficient electron donors to reduce a significant amount of MnO,.

Estimates of initial conditions corresponding to the observed steady-state mineral
assemblage in the Hotazel Formation were made by contouring [Mn]/[Fe] and
MnOOH/MnCOj ratios—measured using synchrotron X-ray mapping—in initial [MnO,] —

[FeOOH] space as calculated by the numerical model. Values for these contours—
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Figure 4 —Steady-state mineral assemblages calculated by the numerical model of early diagenesis of Mn-rich sediments with initial

C.. = 1 mM. Notable initial conditions (A-C) were highlighted.



239
describing the set of solutions for mapping a range of initial [MnO,], [FeOOH], and

[lactate] to a [Mn]/[Fe] or FeCOs per total Fe—were determined from quantification of
synchrotron observations of a sample of the Hotazel Formation, giving values of
[Mn]/[Fe] = 4.4 and MnOOH/MnCOs = 4.2 (Fig. 4). Intersection of the contours
indicated that the initial conditions capable of reproducing the observed mineral
assemblage in the Hotazel Formation was only possible for initial [FeOOH] : [MnO;] :
[lactate] = 0.7 : 3.1 : 1 (Fig. 4, point A). The contour describing [Mn]/[Fe] traced out a
line from the origin with an approximate slope of ~4, reflecting the absence of removal of
dissolved Mn®" or Fe** via advective or diffusive transport processes in this model. The
contour describing solutions corresponding to Fe,Os per total solid phase Fe displayed a
sharp kink at higher initial [FeOOH] that resulted from the decreasing degree of FeOOH
reduction with higher initial [FeOOH], resulting in increasing residual FeOOH and

decreasing final FeCOs.

Two other points of interest (points B and C) were also selected, representative of
initial [Mn]/[Fe] = 1 in domains corresponding to MnCOs+FeCO;- and
FeOOH+MnO,+MnOOH-dominated mixtures. A ternary plot summarizing solutions to
the model for initial [lactate] = 1 mM was also constructed (Fig. 5). The model proved
incapable of producing solutions containing MnO, residues for MnCO3 : MnOOH lower
than ~1:4. The model, however, was able to produce MnCOs-rich solutions in cases
where no MnQO; residues remained. An overlay of % FeCOj per total Fe onto these data
revealed correlation between the relative abundance of reduced Fe species and that of

reduced Mn (Fig. 5).
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Figure 5.—Ternary plot summarizing steady-state mineral assemblages calculated by the

numerical model of early diagenesis of Mn-rich sediments with initial Cor = 1 mM.

Notable initial conditions (A-C) were highlighted as detailed in the text and in Fig. 4.
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The time-dependent behavior of this system, for three selected representative

initial conditions corresponding to points A, B, and C in initial [MnO;] — [FeOOH] space
(cf. Fig. 4), exhibited a clear bifurcation in the products generated by this system (Fig. 6).
For initial condition A, % MnOOH increased logistically and simultaneously with %
FeCO; and % MnCO; while % MnO; and % FeOOH decreased symmetrically with %
MnOOH and % FeCOs. Initial condition B, corresponding to [Mn]/[Fe] = 1 within the set
of MnCO;+FeCOs-dominated solutions, displayed complex behavior in which %
MnOOH increased until % MnO, reaches zero, after which % MnOOH decreased to
zero. Subsequently, % MnCOj; increased while FeCOj fell significantly. Initial condition
C depicted small logistic increases in % FeCOs, % MnOOH, and % MnCOs at the

expense of % FeOOH and % MnO, (Tang et al., 2007).

Varying the rate constant describing metal oxide reduction via lactate
(representative of sedimentary organic carbon) oxidation (k3) across 8 orders of
magnitude while initial FEOOH : MnO, : C, was held constant at 0.7 : 3.1 : 1 revealed a
bifurcation of steady-state solutions to the early diagenesis system with respect to solid
phase Mn species, i.e. MnO,, MnOOH, and MnCOj (Fig. 7). For k3 values >5 orders of
magnitude slower than initially modeled (cf. Figs. 4-6), MnOOH as a percentage of total
solid phase Mn decreased to near zero, replaced instead by an MnO,+MnCOj; mixture.
Decreases in MnOOH and MnCOs as a proportion of solid phase Mn were accompanied

by MnO increases in steady-state solutions corresponding to small (<107) k3.
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Figure 6.—Time-dependent behavior of three runs of the numerical model corresponding

to initial conditions A-C annotated in Figs. 4, 5.
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Figure 7.—Dependency of final MnOOH/MnCOj ratio of mineral assemblage on rate
constant for microbial metal reduction (ks). For k3 < ~ 6 x 10, MnOOH cannot be

precipitated by the early diagenetic system as modeled here (dashed line).
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DISCUSSION

Petrographic characterization of this sample of the Hotazel Formation by SEM-
EDS and synchrotron-based XRF mapping revealed a complex early diagenetic history
recorded by this deposit. SEM-EDS documented braunite, kutnohorite, and hematite
phases dispersed in a matrix and cross-cut by carbonate nodules containing kutnohorite
(Fig. 3). Kutnohorite-bearing carbonate nodules were in turn cross-cut by later braunite
and hematite phases, reflecting a diagenetic history with multiple stages of carbonate and
silicate/oxide precipitation. These observations corroborate previous work identifying
chemical zoning in kutnohorite of the Hotazel Formation, interpreted as representative of
dynamic early diagenetic processes responsible for the precipitation of kutnohorites with
variable cation concentrations (Johnson, Webb, Ma and Fischer, 2016). Our
quantification of Mn>"/Mn*" (= 4.2) in the Hotazel Formation corroborated previous
reports of the abundance of the Mn®*-rich phase braunite, interpreted to represent an
earlier Mn’ OOH phase which subsequently reacted with porewater Si to form braunite

(Johnson et al., 2016b).

The presence of a Mn®" phase thought to be stabilized by reactions between
Mn*" 0, phases and Mn** ) (Lefkowitz et al., 2013), required the evaluation of the
kinetics of reactions relevant for Mn and Fe phases constituting the primary Mn-rich
sediments, which would allow for time-varying and disequilibrium processes that we
postulated might stabilize the observed mineral assemblage. These kinetics were
evaluated by a numerical model describing processes relevant for early diagenesis of Mn-

rich sediments, and produced stable mineral assemblages grouped into MnCO;+FeCOs -
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rich and MnOOH+MnO,+FeOOH-rich assemblages, divided by a line with slope

corresponding to the stoichiometric oxidation of lactate (used in the model as a substitute
for organic carbon) coupled to the reduction of MnO, or FeOOH, and mediated by a
metal-reducing microbe (e.g. S. oneidensis). Varying initial [lactate] translated this
stoichiometric line outwards from the origin without changing slope (data not shown),
demonstrating the insensitivity of this modeling approach to differing absolute
concentrations; although the concentrations modeled here (with maxima = 15 mM) are
clearly lower than those in a package of primary Mn- and Fe-oxide sediments, changes in
absolute concentrations do not change the behavior of the system. Instead, these results
showed that insight into the early diagenetic dynamics of mixed Fe- and Mn-oxide
sediments using this modeling approach could be obtained by varying the relative

concentrations of three inputs: FEOOH, MnO,, and lactate.

Solutions to the MnCO3+FeCOs -rich and MnOOH+MnO,+FeOOH-rich domains
correspond to those with electron-acceptor-limiting and electron-donor-limiting initial
conditions, respectively (Fig. 4). Within the electron-acceptor-limiting domain, solutions
describe a mixture of Mn and Fe carbonates with MnCO3 : FeCOj; varying in direct
proportion to initial MnO, : FeOOH. Thus, this domain retains no information to
constrain the proportion of initial organic carbon required to produce the deposit, as the
final composition of the mineral assemblage is entirely dependent on initial FEOOH and
MnO,. Contours for carbonate phases above the electron-donor-limiting frontier change
slope from contours within the electron-acceptor-limiting initial conditions set, reflecting

the presence of partially- or non-reduced oxide phases above this stoichiometric line. The
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set of solutions dominated by MnOOH (up to 92.5%) are of particular note, as these

contain solutions analogous to that of the Hotazel Formation, consisting of significant
Mn’" species proposed (Johnson, Webb, Ma and Fischer, 2016) to have formed from
comproportionation of Mn®>" and Mn*" through an analogous mechanism to that modeled
here using experimental constraints (Elzinga, 2011; Lefkowitz, Rouff and Elzinga, 2013;
Johnson, Savalia, Davis, Kocar, Webb, Nealson and Fischer, 2016). Indeed, it is in this
region that the contours—describing the set of solutions corresponding to ratios
constrained by synchrotron XRF—intersected, indicating initial relative concentrations of
FeOOH, MnO,, and organic carbon were likely near 0.7 : 3.1 : 1 (Figs. 4-6, point A).
Additionally, for large (>6 times the initial concentration of electron-donor) initial
electron acceptor concentrations, the behavior of the system resembles that of the set of
electron-acceptor-limiting solutions, reflecting insufficient electron donor concentrations

to produce final MnCOj : FeCOs ratios that differ from initial MnO, : FeCOs.

Visualizing solutions for this system with initial [lactate] = 1 mM in ternary space
illustrated important aspects of the general behavior of Mn-rich sediments undergoing
microbially-catalyzed early diagenesis (Fig. 5). Stable mineral assemblages fell within a
field on the ternary diagram clearly demarcated by a line from the 100% MnO; corner
describing a constant ratio of 1:4 MnCOs : MnOOH that the set of solutions with
remaining unreduced MnO; residue cannot exceed. This is a direct result of the
importance of the Mn*"-Mn*" comproportionation reaction in the early diagenesis of Mn-
rich sediments, which for porewater pH > 8 (reflecting syn-depositional conditions for

the Hotazel Formation) is favorable as long as Mn®"(,q) and MnO, are both in excess of
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~100 uM (Lefkowitz et al., 2013). Relatively acidic porewater (pH < 8) were required

to drive MnOOH disproportionation, producing mineral assemblages dominated by co-
existing MnCOs and MnO,. Thus, for likely syn-depositional pH conditions and
sufficient Mn>* and MnO,, Mn*"-Mn"*" comproportionation- was strongly favored,

producing Mn mineral assemblages dominated by Mn(III).

The time-dependent behavior of this system was then examined, allowing for
direct comparison between the behavior of the model and the history of the retrieved
sample of the Hotazel Formation as inferred by investigation of cross-cutting
relationships (Fig. 6). For initial [FeOOH], [lactate], and [MnO;] found to produce in the
model a mineral assemblage similar to that of the Hotazel, the time-dependent behavior
delineated a history in which early MnOOH precipitation was followed by later
precipitation of MnCOj3 and FeCOj; (Fig. 6A). This somewhat contradicts textural
observations of the Hotazel Formation in which the Mn®* phase both cross-cuts and is
cross-cut by kutnohorite, the former as a cement and the latter as nodules. The modeling
performed here did not account for localized precipitation of nodules around nuclei,
which could ameliorate this problem. Additionally, braunite has been interpreted to result
from silica uptake by a MnOOH precursor (Johnson et al., 2016b), suggesting that

primary cross-cutting relationships may not have been preserved in the rock record.

The time-dependent behavior of one set of initial conditions corresponding to
electron-acceptor limitation (Fig. 6B) further demonstrated the importance of time-
resolved understandings of these processes. For conditions corresponding to electron

acceptor limitation and initial [MnO,] : [FeOOH], the model produced a metastable
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initial mineral assemblage with ~20% MnOOH that subsequently dissolved as MnO,

is depleted by reductive dissolution. Without MnOj to react with Mn*" (), MNOOH
disproportionated as MnCOj; decreased [Mn** ,)] below the K, for the
comproportionation reaction, dissolving the metastable phase. Additionally, a small
deviation from the 1:1 [MnCOs] : [FeCOs] expected for initial 1:1 [MnO; ]: [FeOOH]
and electron-acceptor-limited conditions was observed, resulting from the fast
precipitation of FeCO; relative to MnCO;. Rapid sequestration of CO3”~ in FeCO;

reduced DIC and resulted in [Mn*" ,q)]/[Fe* aq] > 1.

Mn**—Mn** comproportionation was observed in these numerical experiments to
be crucial for the production of solid-phase Mn(IIl) in analogous abundance to that
observed in the Hotazel Formation. Abundant carbonate anion in marine environments
has provided a sink for Mn®" throughout much of Earth history, implying that [Mn®*(,)]
was unlikely to have exceeded the ~100 uM requirement for spontaneous Mn*—Mn**
comproportionation on the basis of fluxes from the solid earth alone. Production of Mn*"
from reductive dissolution of MnO,, however, might have provided sufficient Mn*" to
drive Mn**~-Mn** comproportionation and thus precipitate abundant MnOOH. Without
rapid production of Mn>" from reductive dissolution, [Mn**(,] could not have reached
concentrations sufficient for comproportionation with solid-phase Mn(IV). This was
demonstrated quantitatively in our model results by a bifurcation of model solutions
across a threshold value for the metal reduction rate constant parameter k3 < 6 x 10
(Fig. 7), five orders of magnitude slower than the rate constant determined from

experimental studies of S. oneidensis (Tang et al., 2007).
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Invoking reductive dissolution of MnQO; as a crucial aspect in the petrogenesis

of the Hotazel Formation requires a significant supply of reductant to the precursor
sediments. As modeled here, this reductant was likely organic carbon as other titrants
(e.g. sulfide) would have resulted in the accumulation of insoluble products not observed
in the Hotazel Formation (e.g. elemental sulfur). In contrast, a flux of organic carbon into
precursor sediments of the Hotazel Formation would have ultimately produced CO, upon
complete remineralization, leaving the stable mineral assemblage devoid of organic
carbon. Additionally, the possibility that Fe** .y could have served as a reductant is also
precluded by our kinetic approach to modeling Hotazel Formation petrogenesis, as the
weathering flux of Fe™' () to the ocean would not have provided a sufficient flux of
electron equivalents to drive Mn*"—Mn*" comproportionation. Using the numerical
experiments presented here as a comparison, estimates of a weathering flux of ~10'* mol
Fe yr’' (Canfield, 1998; Holland, 2006) would represent a flux of ~10° — 10 mmol e~
yr ' from Fe™' () into a 1 L volume of seawater depending on the estimated volume of
seawater into which the Fe*" o) efflux entered and is mixed on an annual timescale. In
contrast, the transfer of electrons from 1 mM C,, occurred at a rate equivalent to 6x10°
mmol e yr ' in our numerical experiments. Reducing the metal reduction rate parameter
ks to a value insufficient to produce MnOOH by comproportionation (k3 < 10°°) was
equivalent to an electron transfer rate of 10 mmol ¢ yr ', still several orders of
magnitude faster than estimates of electron flux via Fe**,q) from weathering, thus
precluding Fe** ,q) from weathering as a potential source of reductant to produce MnOOH

precursor phases of braunite in the Hotazel Formation.
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It was clear from these results that catalyzed Mn-oxide reduction (usually

performed in modern sediments by microbial dissimilatory metal reduction) was
necessary to accumulate sufficient Mn>" to drive comproportionation and therefore
produce abundant Mn(III) phases. The insight that Mn(III) phases suggest a history of
microbially-mediated reductive dissolution of MnO, may provide a framework to
interpret potential biosignatures in Mn-rich martian rocks (Lanza et al., 2014). If these
martian units share a chemical sedimentary petrogenesis with Mn-rich sedimentary rocks
of the Hotazel Formation, they may record a history of microbially-catalyzed Mn

reduction if the presence of Mn(III) phases were to be discerned.

The inference that a ratio of initial FEOOH : MnO; : Cyrg = 0.7 : 3.1 : 1 was
required to produce the mineral assemblage observed in the Hotazel Formation enabled
further interpretation of the paleoenvironment recorded by the Hotazel Formation.
Previous studies have characterized the stacking pattern of iron- and manganese-rich
facies of the Hotazel Formation as the result of fluctuating seawater redox conditions,
given the necessity for highly oxidizing conditions to oxidize Mn2+(aq) relative to that
required for oxidation of Fez+(aq) (Beukes, 1983; Schneiderhan et al., 2006; Lantink et al.,
2018). However, the significant excess of seawater Mn*" o) relative to Fe*' ,q) necessary
to produce sedimentary metal oxides of a similar ratio required a mechanism by which
Mn is enriched in seawater relative to Fe, as Fe from the solid earth is in significant
excess relative to Mn (Fe : Mn in upper continental crust = 60 : 1, (Taylor and
McLennan, 1995)). Differing oxidation kinetics between Fe*' (,q) and Mn*" o offer an

explanation. Fe*' ) is readily oxidized relative to Mn*" (Millero et al., 1987; Morgan,
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2005; Luther, 2010), resulting in depletion of Fe relative to Mn as a parcel of metal-

rich, upwelling seawater reacts with atmospheric O,. Transport of this water parcel in
communication with atmospheric O, would result in progressively Mn-dominated metal
oxide sediments, resulting finally in the deposits analyzed here, with primary FeOOH :
MnO; ratios of 1 : 4.4. Changes of facies in the Hotazel Formation from Fe- to Mn-
dominated could thus be reinterpreted to result from changing proximity of the Hotazel
Formation depocenter with respect to an initial upwelling zone, with Mn-rich facies

corresponding to a greater distance to the upwelling zone.

More broadly, the precipitation and stabilization of phases in the numerical model
not predicted by thermodynamics demonstrated the importance of kinetic parameters
(Elzinga, 2011) in reconstructing paleoenvironments and active pathways which were
likely to have processed manganese formations in the deep past. In particular, the stable
mineral assemblage represented by point A (analogous to that in the Hotazel Formation),
consisting of >50% of a braunite-precursor Mn(IlI) phase, demonstrates the importance
of rapid accumulation of Mn*"(,) and the subsequent comproportionation reaction with
Mn"*" in determining the outcome of early diagenesis of these Fe-Mn sediments. The
capacity for this numerical model to reproduce the mineral assemblage of the Hotazel
Formation indicates the importance of examining reaction kinetics in systems where
fluxes may be modulated by biology. Differences in reaction products from a model
variant excluding biological Fe and Mn reduction further underscores the importance of
evaluating effects of biological modification of manganese formations when examining

Fe and Mn formations.
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CONCLUSIONS

The Hotazel Formation—though notably devoid of significant concentrations of
organic carbon today—records a rich history of active interaction with organic carbon,
demonstrated here by the diagenetically stabilized, disequilibrium mineral assemblage
constrained through coupled spectroscopic and modeling efforts. Synchrotron X-ray
mapping of a Mn-rich facies of the Hotazel Formation with prominent early diagenetic
textures (e.g. nodules) revealed the coexistence of Mn and Fe phases out of
thermodynamic equilibrium, requiring kinetic explanations. A numerical model of the
early diagenesis of Mn-rich sediments was used to invert for initial concentrations of
electron donor and electron acceptors (FeOOH and MnOs) required to produce the
mineral assemblage measured by synchrotron X-ray techniques, and indicated that initial
[FeOOH] : [MnO;] : [Corg] = 0.7 : 3.1 : 1. These ratios reflect an input of significant Corg
to the precursor sediments that is today absent due to remineralization during early
diagenesis. Additionally, the model demonstrated that rapid Mn”" production from
reductive dissolution of MnO, by C,; Was necessary to produce final concentrations of
solid-phase Mn’* matching that measured in the Hotazel Formation by synchrotron XRF.
The kinetically controlled reactions resulting from C,y, remineralization increased Mn®"
concentrations in porewaters fast enough to drive comproportion with Mn**, ultimately
resulting in an abundant Mn’* phase that would later become braunite after diagenetic
reactions with porewater Si. These results indicate these Mn deposits are very much
geobiological in nature—not just requiring the impact of photosynthesis in the oxidation
and accumulation of the metals, but also in their diagenetic stabilization through

microbially mediated organic diagenesis. Results showed that the precursor sediment had



253
high Mn : Fe ratios—values significantly above that typical of the solid Earth,

implying kinetic control of facies stacking patterns in the Hotazel Formation. Future
work on understanding the paleoredox conditions required to produce certain types of
sedimentary rocks might benefit from similar approaches that seek to quantify the
convolution of initial sediment composition and the time-dependent properties of
diagenetic reactions that can lead to geologically stable, disequilibrium mineral
assemblages. This type of approach might also be useful in evaluating the unexpected and
common manganese mineralization observed in ancient sedimentary rocks on Mars

(Lanza et al., 2014; Stamenkovi¢ et al., 2018).
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