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ABSTRACT

Many toxic and bioessential trace elements are sequestered by insoluble manganese
oxides, but Mn oxides are also highly reactive and easily reduced by a variety of
species, abiotically and as a part of biological anaerobic respiration. The reaction
pathways during these different manganese oxide reduction routes and their
products have been thusfar understudied. We measured the sequence progression of
live microbial manganese(IV) oxide reduction under several environmentally-
relevant conditions using real-time synchrotron x-ray spectroscopic measurements
and x-ray diffraction on precipitates collected throughout the reaction. These results
were compared to abiotic reduction pathways using common inorganic reductants
sulfide and ferrous iron. We observed formation of rhodochrosite (MnCQO3) during
the microbial reduction of Mn(IV) oxides with high organic carbon and negligible
phosphate while high phosphate and organic carbon conditions formed Mn(Il)-

phosphate. Both sulfide and ferrous iron reduction of manganese oxides in the
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absence of inorganic carbon produced only aqueous Mn>*. A Mn(III) oxyhydroxide
intermediate similar to feitknechtite was produced during sulfide- and ferrous iron-
induced reduction and during low-phosphate experiments, which we suggest was
formed during comproportionation reactions between remnant Mn(IV) oxides and
produced Mn**. Our real-time measurements contribute to understanding the
kinetics and mechanism of Mn(IV) oxides reduction and what the possible
mineralogical intermediates and products are, and our observations should assist in
interpreting the processes recorded in the geologic record of manganese on Earth

and beyond.

INTRODUCTION

The cycling of manganese is critically important for the sequestration of toxins and trace
metals, the neutralization of reactive oxygen species and the reactivity of major
geochemical species like sulfur and iron'. Manganese is introduced to the fluid Earth as
soluble Mn*" by hydrothermal sources or igneous rock weathering but is oxidized in
oxygenated water and air to insoluble Mn(IILIV) oxyhydroxides® . These manganese
oxides are highly favorable electron acceptors for microbial anaerobic respiration®’, an
important process both in marine sediments and terrestrial environments’ . But
manganese can also be rapidly reduced by many inorganic species, including ferrous iron,
sulfide, arsenite and uraninite'®'®. These Mn(IIL,IV) oxides are then deposited in
sediments, where they are often rapidly cycled as they undergo many reduction and re-

oxidation reactions*.
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Initial manganese precipitates can be subsequently incorporated into the sedimentary
record or aqueous manganese(Il) can be released to shallower sediments, groundwater, or
other nearby fluids. Currently, it is unclear which reductants and what environmental
conditions control the behavior of manganese and its potential to become ‘fixed’ in
minerals or re-released. The geologic record of manganese is illuminating here:

1,14-19 .
»*7, ancient well-preserved

while manganese is deposited primarily as Mn(IV) oxides
sedimentary rocks host Mn in more reduced phases, mainly in Mn-bearing carbonates
[rhodochrosite, MnCOs, or kutnohorite, Mng sCasCOs] or in Mn(ILIII) silicified oxides
[braunite, Mn(IIT)sMn(I)SiO ] *** . These Mn-carbonates have been hypothesized to

be derived from Mn(IV) oxides undergoing post-depositional diagenetic reduction by

organic carbon (microbially-mediated at low-temperatures) >** >, as in Rxn 1 and 2:

2 Mn(IV)O, + CH,O + 4 H' = 2 Mn>" + CO, + 3 H,0 (1)

Mn*" + COs* 2 MnCOs )

However, the high redox potential of manganese results in multiple possible Mn(IV)
reduction pathways, including but not limited to microbially-mediated reactions with
organic carbon. The mechanistic differences and the mineralogical products of the
various Mn reduction potential pathways have been understudied. Rhodochrosite has
5,12,26

been observed as a product of microbial respiration of Mn oxides previously

although not explored extensively for the requisite conditions of precipitation. Other
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studies have measured Mn-carbonate production during microbial sulfate reduction or
thiosulfate disproportionation from secondary abiotic interactions between sulfide and

. -30
Mn-oxides *"°,

To our knowledge only one study has measured a partial reaction sequence of Mn(IV)
oxides to Mn(Il)-carbonate, using time-resolved XRD measurements 31 Fischer et al.
reacted total membrane extracts from Shewanella oneidensis with powdered birnessite (a
layered Mn(IILLIV) oxide) and observed the mineralogical changes that occurred,
reportedly finding production of rhodochrosite and hausmannite (Mn3;04), although only
rhodochrosite data is shown. However, using only XRD measurements limits the results
to crystalline phases, and it is unclear how much this in vitro study really represents

natural reaction mechanisms and mineralogical changes.

Our experiments seek to systematically address what the environmental and mechanistic
controls are on mineral products of Mn oxide reduction with various reductants. Time-
resolved measurements both constrain the reduction mechanism and reveal reaction
intermediates during various Mn reduction pathways. These intermediates may be
stabilized as products if Mn reduction is reductant-limited, introducing another set of
possible products. Real-time measurements of the Mn redox state and phase throughout
inorganic and organic, microbially-mediated manganese reduction reveals the reaction
mechanisms for these two distinct processes. Not only do these experiments yield

mechanistic insight, but we can also compare reaction intermediates and products for



219
different reduction pathways against observations from Earth’s modern environments and

ancient rock record.

MATERIALS AND METHODS

Abiotic and biologically-mediated manganese reduction reactions were analyzed using a
succession of X-ray spectroscopic measurements to assess what manganese phases were
formed throughout the reaction. Measuring the dynamics of manganese phase changes in
situ is highly challenging because of the complex media necessary for microbial
sustenance, the amorphous intermediate phases often formed in low-temperature
reactions, and (during microbial experiments) the extra complications introduced by
cellular mass. These issues make real-time measurements not feasible by Raman, Fourier
Transform Infrared Spectroscopy, or X-ray Diffraction (XRD) techniques, although these
methods can and do help to assess crystalline products. X-ray absorption spectroscopy
(XAS) is the ideal way to probe the entire reaction sequence since XAS can focus on one
element (Mn) without matrix effects and measure the coordination and redox
environment of all phases (contributing at least 5% to the total) regardless of
crystallinity’>. Thus all experiments were performed at the Stanford Synchrotron
Radiation Lightsource, either on beam line 11-2 or beam line 4-1. We used high
concentrations of Mn oxides and large quantities of bacteria to have strong Mn signal and
rapid enough rates to measure in limited synchrotron time. This does not mimic

environments directly, but reveals how these reactions progress mechanistically.
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To capture the reduction reaction in real-time, we set up a flow-through system which
siphoned a subsample of a stirred 1L reaction vessel into a small flow cell where the X-
ray beam could evaluate the Mn valence state and coordination environment (Figure 1).
Our flow-through cell was constructed from polymethacrylate polymer using a 3D
printer. Fluid moved rapidly through the tubing and flow through cell and we saw no
evidence of beam reduction or lactate-induced reduction in multi-hour control
experiments with 20mM lactate and Mn oxides (Figure S1). New X-ray absorption

23,33-35
”777) were measured every 20 to

spectra to detect Mn coordination and redox state (see
30 minutes. The reaction vessel was sealed with a rubber stopper and anaerobic
conditions were maintained by nitrogen gas inflow. Solid filter samples were taken using
a sampling portal through the rubber stopper and later analyzed using synchrotron-based

x-ray diffraction on beam line 11-3 to characterize crystalline products and confirm XAS

identifications.

Our reaction vessel contained the M1 minimal media (after Kostka and Nealson®, with
phosphate eliminated unless noted) necessary for our biotic experiments, 20mM lactate
except in a lactate-limiting experiment, and began with freshly-made colloidal Mn(IV)O,.
For each experiment, we prepared colloidal MnO, by mixing equal weights of potassium
permanganate and sodium thiosulfate (~1g each, after Perez-Benito et al, 1989) in a small
volume of milliQ water (~20mL) and washed once with a dilute sodium chloride solution
(.008M NaCl) to remove any adsorbed sulfur species, pipetting away as much excess

solution as possible. We added this colloidal MnO; to the reaction vessel in an anaerobic



221
chamber. Using colloidal MnO, reduced the experimental time dramatically, since non-
crystalline Mn(IV) oxides are much more reactive than crystalline Mn(IV) oxides like
birnessite or pyrolusite, but this did add some variety to our initial conditions. Our media
was always titrated to pH 8, but with the colloidal MnO, addition, occasionally additional
pH adjustments were necessary (using sodium hydroxide or hydrochloric acid) to return

the initial pH to 8.

For our microbially-mediated manganese reduction experiments, we used a wild-type
bacterial system to most realistically capture the process dynamics of Mn reduction. We
chose to use Shewanella oneidensis, a well-studied model bacteria for anaerobic metal
reduction including the reduction of Mn(IV) oxides """, S. oneidensis employs either

40,41

(or both) soluble electron carriers [flavins] or direct electron transfer on the cell

surface or via nanowires >

to pass electrons from a limited number of organic
compounds to a substantial diversity of electron acceptors. Regardless of the mechanism,

the reduction reaction should be similar for Shewanella and other microbial manganese

reducers:

2 Mn(IV)O, + C3HsO3 + 4 H = 2 Mn®*" + C,H;0, + CO; + 3 H,O (3)

[lactate] [acetate]

This reaction produces reduced manganese, alkalinity, and dissolved inorganic carbon,

which should promote the precipitation of manganese carbonates >,
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We grew S. oneidensis in conditions to optimize cellular density so the experiments could
be performed in limited time spans. S. oneidensis was grown aerobically in Lysogeny
Broth (LB) in a 25-30°C shaking incubator until the optical density at 600nm was
approximately 1.2. We then spun down the cells in 250mL tubes using a centrifuge at
3000rpm for 5 minutes and resuspended the cells in a small amount of LB. The thick
cellular paste (often 10-15mL) was added to the reaction vessel through the sampling port

by a syringe after acquiring an initial MnO, spectra.

We performed three variations of microbially-mediated reduction of Mn(IV) oxides. One
had our ‘normal’ conditions of being lactate-replete (20mM) but no added phosphate in
the media, so the bacteria only had the cellular phosphate they had accumulated while
growing in LB. Another had similarly phosphate-restricted conditions but also was
limiting in lactate, only starting with 0.5mM with two subsequent of 0.5mL additions of
IM sodium lactate. A third had lactate-replete conditions (20mM) and abundant

phosphate in the media (the usual M1 recipe with 4.3mM phosphate™).

In abiotic experiments, we added either sodium sulfide (Na,S) or ferrous chloride (FeCly)
as a titrant to the manganese(IV) oxide in the same media conditions as the biotic
experiments. In the ferrous iron-induced reduction of manganese, X-ray absorption
spectral parameters were adjusted to also acquire iron near-edge x-ray absorption spectra

as well as the Mn edge, increasing the total spectra time to about 30 min.
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Replicates of all experiments were performed either off-line, with the precipitate
centrifuged and later analyzed as a sediment monolayer on tape, or in other experiments

at the synchrotron under similar conditions.

RESULTS

We performed five distinct experiments with real-time measurements of manganese
phase and redox state to understand the Mn reaction intermediates and products under
diverse environmental conditions and reduction mechanisms. Manganese oxides are
commonly reduced by sulfide, ferrous iron, and organic carbon, with the latter being a
type of anaerobic respiration frequently utilized in anoxic sediments and soils’’. We
characterized the sequence of manganese redox state and phases which were produced
during sulfide-stimulated manganese(IV) reduction, ferrous iron-induced manganese(IV)
reduction, and the anaerobic respiration of manganese(IV) by the lactate-consuming

bacteria S. oneidensis.

We observed the reduction mechanics of microbially-mediated MnO; reduction by lactate
in three distinct experiments mimicing endmember conditions to understand processes
that occur in various environments (Figure 2). We manufactured an environment with
very high (4.3mM) phosphate and high (20mM) lactate to see how these might affect the
intermediates and products of microbial respiration of manganese oxides. In this

experiment (Figure 2a), we observed a direct transformation of MnQO, into a Mn(II)



224
phosphate similar to our hureaulite [Mn*"s(PO;OH),(PO4),*4H,0] standard (standard
confirmed using Raman spectroscopy). Isosbestic points, where all spectra have the same
absorbance, are only seen in two-phase conversions and these are clearly observed in the

Figure 2a inset.

In contrast, the two experiments with negligible (and more realistic) phosphate have
dramatically different reaction products. Our high (20mM) lactate experiment provides a
reaction mechanism for what occurs when manganese oxides are limiting as compared to
organic carbon concentrations, conditions which can be compared to highly productive

coastal settings®’**

. This lactate-replete experiment shows several important transitional
phases with intermediates like Mn(III) oxides, Mn®" in solution, and then precipitating a
rhodochrosite (MnCOs3) product (Figure 2b). Examining the pH through time plots of
each of these experiments (Figure 2a&b) demonstrates the similar beginning of both,
with the consumption of MnO, consuming protons (Rxn 3), but then the two plots have
very different secondary phases. Figure 2a shows that with high phosphate levels, the
system is quickly stabilized as Mn(Il)-phosphate forms and there is little subsequent
change to the pH. With low phosphate levels, one can see a very different reaction
progression in Figure 2b: pH continues to rise past the ~8.35 we saw in Figure 2a all the
way up to ~8.6, and then pH rapidly drops followed by a slow decrease approximately

back to its original pH of 8. This pH drop can be accounted for by the precipitation of

MHCO3Z
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Mn*" + CO, + H,0 2 MnCO;+2H' 4)

Another minimal-phosphate experiment had an additional limitation in its organic carbon
(lactate) source, comparable to an oligotrophic open-ocean marine setting without many

nutrients or much primary productivity producing organic carbon*’*

. This experiment
shows the production of a Mn(III) oxyhydroxide and Mn*" (Figure 2c). The media began
with just 0.5mL of 1M lactate, which upon addition of S. oneidensis was used by the
bacteria to convert Mn(IV) to Mn*". This yielded approximately 11% Mn*", which we
calculated by fitting the spectra to a birnessite and a Mn®" standard using the Linear Fit
function in Sixpack (Webb et al, 2005). We added two more aliquots of 0.5mL 1M
lactate, which led to growth of a Mn(IIl) phase similar to what we saw as a transient
phase in the high-lactate experiments. The second aliquot (dubbed t2, Figure 2¢) made a
stable mixture of aqueous Mn*" (33%), feitknechtite [MnOOH, chosen by fitting routine
over Mn,0s] (15%), and remnant birnessite (51%). The third aliquot (t3) temporarily
made up to ~34% feitknechtite (with 26% remnant MnO, and 40% Mn”") but then
stabilized into a system with 18% remnant birnessite, 60% Mn**, and 22% feitknechtite.
Our spectral measurements indicate that this combination was stable for at least ~1 hr,
but it would likely remain even longer as no redox changes could occur without addition

of a reductant (Figure 2c). The development of three distinct redox equilibria can be

observed in the unchanging pH plateaus (Figure 2c).
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Abiotic experiments also formed a Mn(Ill) phase intermediate, but the Mn(II) product
was highly distinct. Both sulfide (Figure 3a) and ferrous iron (Figure 3b,c) titration
experiments have Mn(III) intermediates, although the sulfide spectral sequence is clearer.
With sufficient reductant, however, both abiotic experiments form aqueous Mn”" without
any mineral product. This result is artificial in the case of sulfide-induced Mn(IV)
reduction, since the increase in pH and alkalinity indicate that Mn-carbonate may have
formed if enough dissolved inorganic carbon was present (an experiment for future
work). In ferrous iron-induced Mn(IV) reduction, the decrease in pH indicates that this
reaction should not promote carbonate precipitation but should always make Mn>", which
can then be lost to the environment'”. In these experiments, iron appears to be rapidly
oxidized as it reduces Mn(IV) (Figure 3b), closely matching our FeOOH (goethite)

standard and even more similar to the lepidocrocite spectra shown in O’day et al®.

DISCUSSION

We present observations from a suite of manganese oxide reduction experiments
representing diverse environmental conditions and reductants from the anaerobic
respiration of Mn(IV) in soil, coastal marine, and oligotrophic ocean-like conditions to
abiotic iron and sulfide titrations. There were distinct differences in each biotic
experiment, where phosphate-rich conditions led to the direct formation of a Mn(II)-
phosphate product, and phosphate-poor conditions formed Mn(III) oxides and eventually

Mn(II)-carbonates (rhodochrosite) if given sufficient organic carbon. These all contrasted
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with abiotic experiments, with both ferrous iron- and sulfide-induced reductions of

Mn(IV) forming Mn(III) intermediates and then aqueous Mn*".

Each experiment we performed provides insight into how manganese(IV) oxides are
reduced and how the environment impacts this reduction. If Mn(IV) is reduced
abiotically, especially if the reductant is ferrous iron, then Mn*" is formed and, in the
environment, would likely diffuse away and not enter the sediments as potential storage
of manganese (or a geologically-observable deposit of manganese). The dropping pH in
the ferrous iron-induced reduction signifies that aqueous Mn”" will be more and more
soluble and Mn(II) hydroxide and Mn(Il) carbonate phase precipitation will not be

promoted (Figure 3b,c).

One exception here is the Mn(III) intermediate in both abiotic experiments (Figure 3). It
appears first as an extension of the Mn(IV) peak, probably as a mixed Mn(IIL,IV) oxide,
and later as a flattened shoulder (see t8-12 in Fig3a), but only arising after a Mn(II)
shoulder is present. Because of this relative timing, we believe that this Mn(IIl) is
forming from comproportionation reactions between produced Mn>" and still-present

Mn(IV) oxides, as in Reaction 4:

Mn*" + Mn(IV)O, + 2 H,0 2 Mn(III)OOH + 2 H"
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If this Mn(III) intermediate is indeed a Mn(IIl) oxyhydroxide precipitate, then it would
retain manganese as a solid and be a stable product to potentially enter the sedimentary
record, as long as there was limiting sulfide or ferrous iron (like product in Figure 3c). As
we observed in other experiments, if there is a surplus of reductant, then all the
manganese is converted to Mn®" and, in the case of sulfide and ferrous iron, does not

form a mineralogical product in our experiments.

There is a caveat in the case of the sulfide-induced reduction experiment: our data
contrasts with previous work that has noted reactions between sulfide and Mn(IV) oxides

producing rhodochrosite*” >’

. These other reports were all in natural sediments with
active microbial cycling and respiration®®, or in experiments with microbes performing
thiosulfate or sulfur disproportionation in the presence of Mn(IV) oxides”’, or with
concomitant manganese oxide reduction and either sulfate or thiosulfate reduction”~’.
All of these circumstances would have high dissolved inorganic carbon, as well as
elevated alkalinity, and these conditions would promote the precipitation of carbonates
including rhodochrosite. We note that our experiments began with essentially no
dissolved inorganic carbon, and so even though we measured increasing pHs in our
sulfide-induced manganese reduction experiment, no Mn(II)-carbonate could form.
Exploring how much dissolved inorganic carbon is required for rhodochrosite

precipitation associated with sulfide-MnO, reactions is beyond the scope of this project,

but should be investigated in further work.
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Kinetic Controls on Microbially-Mediated Reaction Sequences The microbial
reduction of Mn(IV) oxides also shows a Mn(IIl) oxyhydroxide secondary phase, but
only when phosphate is deficient. This observation yields important insights into the
kinetics of Mn-phosphates and Mn-carbonates: Mn-phosphates must form significantly
more rapidly than Mn-carbonates. This inference is supported by what is known about
these two minerals, where Mn-phosphates have been observed to dominate over
rhodochrosite in a phosphate-rich meromictic lake (Hongve, 1997) and experiments that

show rhodochrosite has even slower precipitation rates than calcite®®’

. We clearly see in
the high-phosphate experiments that there is a two-phase system: directly after Mn(II) is
produced, Mn(II)-phosphate is precipitated because we don’t see any aqueous Mn>" build
up in solution and contribute to the spectra (Figure 2a). The lack of Mn(III) oxyhydroxide
in the phosphate-rich experiments reveals the speedy precipitation kinetics of Mn(II)-
phosphate, and also indicates that S. oneidensis produces Mn”" directly (or at least in two
very rapid one-electron transfers) as we cannot resolve a Mn(Ill) step in the high-
phosphate experiments (Figure 4). Some studies have shown a Mn(IIl) step during the
reduction of Mn(IV)*®, but this is likely a very fast intermediate, and may have been

promoted by their experimental conditions (with the high concentrations of

pyrophosphate).

The major differences between the phosphate and low-phosphate experiments can be
solely explained by a combination of precipitation kinetics and environmental controls

(Figure 4). Our low-phosphate experiments show a Mn(II) shoulder grow while Mn(IV)
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oxides become more and more enriched in Mn(IIl), much more similar to the abiotic
reduction experiments (Figure 2b,c). This Mn(III) phase with varying amounts of Mn(IV)
and Mn®" can be stabilized if more organic carbon is not added, as we show in our
lactate-limiting experiment (Figure 2c). With lactate-replete conditions, this trend
continues until aqueous Mn”>" dominates the entire system. Then slowly, the Mn(II) peak
position shifts and the 6563 second peak of rhodochrosite forms and the system
transitions to being completely Mn-carbonate (Figure 2b). The formation of Mn(III)
oxyhydroxides, suggesting that there is sufficient Mn®" accumulation to react with
Mn(IV) oxides, and the long presence of aqueous Mn>" (>1.5 hrs), indicate that the
formation of Mn(II)-carbonate is highly kinetically-impaired as expected (Figure 4). The
lack of Mn®" in the high-phosphate experiments establishes that the kinetics of Mn(II)-
phosphate precipitation is much faster than Mn®>" generation, Mn(III)OOH formation, or
Mn(II)-carbonate precipitation in general (Figure 4). The build-up of aqueous Mn®" in the
low-phosphate experiments reveals that the kinetics of Mn(IV) reduction must also be
faster than rhodochrosite precipitation (Figure 4). The rate of Mn(Ill) oxyhydroxide
formation seems to be be faster than the reduction of that Mn(III) phase by S. oneidensis
since we do see this phase spectrally (although not for very long), but Mn(III)
oxyhydroxide formation must be slower than Mn(II)-phosphate precipitation as we do not

see it appear in the phosphate-replete experiments (Figure 4).

Our diverse manganese reduction experiments not only yield insights into the kinetic

controls on intermediates (which can be products with incomplete reactions), but we also
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present preliminary evidence that reaction products can potentially be diagnostic for
reaction pathway and environmental conditions. Mn(II)-phosphates only formed when
there were very high (mM) concentrations of phosphate in the media. Mn(II)-carbonates
(rhodochrosite) precipitated with high lactate and limiting phosphate, suggesting that this
mineral should form in similar natural conditions when organic carbon is in excess of
Mn(IV) oxides. In simple systems free of dissolved inorganic carbon, sulfide- and ferrous
iron-induced reduction of Mn(IV) oxides produced only soluble Mn**, but further
experiments are necessary to examine whether Mn(Il)-carbonates can form abiotically
under more realistic conditions with inorganic carbon present. When Mn®" is formed, this
soluble product will be able to migrate away from the reaction locus. If surrounding
conditions are anoxic, this could result in a Mn loss to the system. If these reactions are
occurring in sediments near the oxic-anoxic boundary, then this may simply recycle Mn

back to where there is oxygen and Mn*" can be re-oxidized and re-precipitated.

Mn(III) oxyhydroxides are intriguing yet complex: they appear to form in both abiotic
and biotic reduction reactions, and thus are not distinctive for reduction pathway, but they
also present as an appealing precursor to the Mn(IIl) phase in the rock record, braunite.
One of the proposed pathways of braunite formation involves reacting a Mn(III) oxide,
Mn, 03, with silica (SiO,)*, and this Mn(III) oxyhydroxide may be an attractive phase to
begin this reaction with. In the rock record, braunite is always present with Mn(II)-
carbonates (Johnson et al, Chapter 1), which, according to our experiments, is consistent

with microbial Mn(IV) reduction since that reaction does make a Mn(IIl) oxyhydroxide
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and (eventually) Mn(Il)-carbonate and the reaction extent could be separated in pore
spaces to have access to different levels of organic carbon. A mixture of Mn(IlI) oxides
and Mn(II) carbonate could also be formed in any system with manganese oxides, a
reductant that does not lower the pH (i.e., not ferrous iron), and sufficient dissolved

inorganic carbon, so this assemblage does not necessarily imply a microbial presence.

Time-resolved measurements throughout the reduction sequences of microbial
manganese oxide reduction harnessing lactate and abiotic manganese oxide reduction
with sulfide and ferrous iron reveal the importance of kinetics and geochemical
environment to understand reaction pathways and products. We observe MnCOs3
(rhodochrosite) precipitation upon microbial MnO, reduction with deficient phosphate
and high organic carbon conditions, but a Mn(II)-phosphate product when phosphate is
abundant. The kinetics of Mn(Il)-phosphate precipitation are so rapid that the high-
phosphate experiments show that Mn(IV) reduction by S. oneidensis is effectively a 2-
electron reduction. Mn(III) oxyhydroxides are formed during other reduction conditions,
and reductant availability predominantly controls whether Mn(IIl) oxyhydroxides are
formed as an intermediate or a product. Abiotic MnO, reduction using ferrous iron and
sulfide terminally produced Mn*" in solution, but MnO,-sulfide reactions could produce
MnCOj; with available dissolved inorganic carbon. By recognizing unique products from
different MnO, reduction pathways, we can now begin to more accurately link the

geologic record on Earth with a process-based understanding of mineral genesis.
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Figure 1 — Schematic of flow-through system showing reaction vessel with colloidal
manganese oxide mineral slurry, M1 media with PIPES buffer, and (depending on
experiment) lactate and S. oneidensis. The reaction vessel was kept anoxic with N, and
pH was measured via an environmental pH probe. A sampling portal enabled acquisition
of hourly filter samples to be later measured on a synchrotron X-ray diffraction beam
line. A peristaltic pump brought a representative portion of the flow-through cell through
anaerobic tubing into the beam line hutch, where the X-ray beam could sample the Mn
mineralogy, coordination environment and redox state through a window on an X-ray
flow through cell. The resultant X-ray absorption spectra was measured on a X-ray
detector. Photos of the reaction vessel and flow-through cell are shown alongside the
schematic drawing.
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Figure 2 — Three representative microbial reduction experiments observing the reduction
sequence induced by S. oneidensis are depicted via a waterfall, with the initial colloidal
MnO, (MnlV, similar to a birnessite) at the top and the progression of spectra shown
descending to a final product at the bottom. When appropriate, relevant standard spectra
are shown below the product spectra. A time course of pH measurements is plotted below
each experiment. A. High (4.3mM) phosphate experiment, proceeding from MnO; to a
Mn(II) phosphate similar to hureaulite (Mn*s(PO;0H)»(PO,),*4H,0). B. High (20mM)
lactate experiment, evolving colloidal MnO; to rhodochrosite (MnCO3). A product from
an earlier experiment and a rhodochrosite standard are shown for comparison. C. Lactate-
limited experiment, beginning at 0.5mM lactate with two additions of 0.5mM lactate. See
text for further details.

Figure 3 (below) — Three representative abiotic reduction experiments observing the
reduction sequence induced by various species are depicted via a waterfall, with the
initial colloidal MnO; (similar to a MnlV birnessite) at the top and the progression of
spectra shown descending to a final product at the bottom. When appropriate, relevant
standard spectra are shown below the product spectra. pH measurements are plotted
below each experiment. A. Sulfide-induced manganese oxide reduction, evolving to a
Mn*" solution. B. Ferrous iron titration of manganese oxides, with both manganese and
iron X-ray absorption spectra shown. Mn(IV) proceeds to Mn*>" while iron added all
appears to be rapidly oxidized to Fe(III) oxides. pH drops with each iron addition. C.
Another representative experiment showing how ferrous iron reduces manganese. Only
manganese spectra are shown. This is an incomplete reduction and a Mn(III) phase can
be observed.
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Figure 4 — Our model of how various manganese reduction pathways lead to Mn*",
which then can react with Mn(IV) oxides to produce Mn(III) oxyhydroxides or
precipitate as Mn(II) phosphates or Mn(I)COj3.

k,: kinetic rate constant for reduction of Mn(IV) to Mn**

k,: kinetic rate constant for comproportionation reaction between
Mn(IV) and Mn*" to Mn(III) oxyhydroxides

kj: kinetic rate constant for reduction of Mn(III) to Mn*>"

k,: kinetic rate constant for precipitation of MnCOs from Mn*" and
CO5™

ks: kinetic rate constant for precipitation of MnCOs from Mn*" and
PO,”
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SUPPORTING FIGURES
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Figure S1 — Control reaction, showing > 5 hours of Mn X-ray absorption spectra with
colloidal MnO, and 20mM lactate are in solution. Unchanging spectra indicate that there
is no perceptible abiotic reaction between colloidal MnO, and lactate in a multi-hour time
frame and no clear X-ray beam reduction of manganese.
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Figure S2 — X-ray diffraction data comparing manganese standards to the final
crystalline product of manganese oxide reduction by S. oneidensis using lactate (20mM).



