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ABSTRACT: Manganese (Mn) oxides are strong oxidants and
sorbents of nutrients and contaminants, thus their formation
mechanisms impact multiple biogeochemical cycles. Manganese in 4

oxic surface waters is often found as dissolved Mn species, such as Mn2+
(aq) W‘%» MnOx

Mn(II) and Mn(III)-ligand complexes, rather than Mn oxides. This

m Metrics & More ’ Q Supporting Information

is believed to be a result of Mn oxide reduction by hydrogen =3
peroxide associated with photolysis of organic matter and direct SR Ay ~& unfiltered
organic matter-mediated reduction within sunlit waters. Never- §4. sunlight
theless, Mn oxides can persist in some surface environments, which e T - 4> minerals
indicates an incomplete understanding of controls on Mn oxide 2 ~— |killed T2 bacteria
distributions. Here, we couple field- and lab-based analyses to 25w w s 8

Time (days)

explore Mn oxide distributions, Mn oxidation rates, and underlying
controls on Mn oxide formation within Siders Pond, a brackish and
meromictic pond on Cape Cod (Massachusetts, USA) during the summer and fall of 2020. Manganese oxides were observed
consistently in sunlit surface waters with concentrations declining to undetectable at the base of the chemocline. Surface Mn oxide
concentrations were highest in late summer, reaching concentrations of ~1 uM, and lowest in late fall, reaching only ~50 nM.
Minerals identified using synchrotron-based absorbance measurements were structurally similar to 6-MnO, and feitknechtite.
Substantial light-mediated Mn oxidation only took place in live incubations of Siders Pond water while net Mn reduction proceeded
in killed incubations. Thus, total particle-mediated oxidation by microbes and minerals combined outpaced photoreduction, leading
to net accumulation of Mn oxides within Siders Pond. Our results identify important roles for microbial- and mineral-mediated
oxidation in determining Mn oxide distributions within surface waters of a natural setting, a finding that may help explain
comparable distributions in other locations.

KEYWORDS: Manganese speciation, Manganese oxidation, Photoreduction, Birnessite, X-ray absorption spectroscopy

B INTRODUCTION

Manganese (Mn) oxide minerals are components of various
particle and mineral deposits found in a wide range of
. . . . 1 . .
environments, including desert rock varnish, mineral coatings

which precipitates as various Mn oxide phases.” While the two-
electron-transfer reaction of Mn(II) oxidation to Mn(IV) is
thermodynamically favorable under oxic conditions, the first
oxidation step from dissolved Mn(II) to Mn(IIl) is

within soils,” and ferromanganese crusts and nodules in the
ocean.”® Manganese oxides are sorbents of nutrients and
contaminants, including organic carbon,” phosphate, and many
trace metals.”™® Thus, the redox cycling of Mn exerts an
important control on nutrient availability, with Mn itself also
acting as an important micronutrient.” Manganese oxides are
also strong oxidants with the ability to oxidize organic carbon
either through direct interactions'’ or indirectly via microbial
respiration." Therefore, understanding mechanisms under-
lying Mn oxide formation and dissolution has implications for
a diversity of environments and biogeochemical cycles.
Manganese exists in the environment in three redox states:
Mn(II), which typically exists as an aqueous or complexed
ion;"? Mn(IlI), which is either complexed with organic
ligands””14 or hosted in Mn oxide minerals;* and Mn(IV),
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thermodynamically constrained at circumneutral pH."> This
constraint may be overcome by complexing Mn(II) with

ligands;'® catalyzing Mn oxidation by microbes,"”'®

including
fungi,19 or on mineral surfaces;*""** or through direct Mn(II)
oxidation by reactive oxygen species (ROS) like superoxide
(0,)."7%° Superoxide is produced via several photochemical

and (a)biotic pathways, including via photolysis of organic
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matter’"?> and extracellular reduction of oxygen by

microbes.”**

Manganese oxide reduction can occur by a number of
mechanisms, including by microbial respiration,” direct
reduction by organic carbon,”®”’ and by reactions with
iron(11),”® sulfide,”” and the ROS hydrogen peroxide
(H,0,)."®*" Hydrogen peroxide, like superoxide, can be
produced through organic matter photolysis’' and by micro-
bial activity”* in aquatic systems. Direct photoreduction of
hexagonal birnessite has also been observed,* but the
importance of this reduction mechanism in the environment
is still undetermined.

In marine systems, Mn in surface waters is predominantly
found as dissolved manganese species, including Mn(II) and
Mn(III) complexed with ligands.33_3’5 Production and
persistence of these reduced dissolved Mn species in surface
sunlit waters is thought to derive in large part from
photoreduction of Mn oxides,™ specifically through reactions
with photoproduced H,0,."® Additionally, diel cycling of Mn
has been observed, with faster rates of Mn(II) oxidation
observed at night than during the day in coastal waters near the
Bahama Islands.”” Diel manganese cycling has also been
associated with a change in particulate Mn average oxidation
state (AOS) in the surface waters of the Arctic Ocean, ranging
from 2.4 during the day to ~3.0 at night.*® Therefore, sunlight
likely plays an important role in decreasing Mn oxide
concentrations and governing their distributions within surface
waters. Nevertheless, studies have shown particulate Mn or Mn
oxides to be the predominant Mn species in some surface
waters, particularly in lakes and estuarine waters.”**

While photochemical and biological processes appear to play
important roles in Mn cycling, their relative contributions are
not well understood. Accordingly, the goal of this research was
to examine temporal and spatial variability in Mn oxide profiles
as influenced by biological and photochemical processes in a
meromictic brackish pond (Siders Pond, Cape Cod, MA). We
hypothesized that Mn oxides accumulate in Siders Pond during
peak microbial productivity, allowing for microbial oxidation to
occur faster than photoreduction. We tested this hypothesis
through fieldwork across one seasonal transition from
midsummer to late fall in 2020 and pond water incubations
conducted under different conditions. Here, we highlight that
the relative balance between light-mediated reduction and
particle-mediated oxidation controls Mn oxide profiles and
cycling in Siders Pond, which has potentially broad
implications for Mn cycling in other aquatic systems.

B METHODS

Field Site and Protocols. Siders Pond is a meromictic
(semi-permanently stratified, does not undergo seasonal
mixing) pond located in Falmouth, Massachusetts. The pond
is meromictic due to inputs of denser salt water, leading to a
generally permanent density gradient with depth. This is in
contrast with most ponds, which are holomictic and generally
undergo seasonal turnovers in spring and fall. This field site
was chosen because it is a stratified yet dynamic pond with
inputs from seawater and groundwater. Because Siders Pond is
stratified over decadal timescales, the effect of decreasing
sunlight and temperature from summer to fall on Mn cycling
could be studied without the influence of seasonal turnover.
There were also previously observed Mn oxides in the surface
waters of the pond.

Profile samples were obtained from the southwest side of
Siders Pond (~12 m) near the deepest point in the pond
(Figure S1). The maximum depth of the pond is about 15 m.
Profile samples were collected on July 31, August 14, August
20, September 4, September 19, November 7, and November
21, 2020. Samples were collected using a peristaltic pump
operating at ~100 mL/min. The tubing was flushed with water
from each target depth for at least 1—2 min before collecting
water for analysis. About 250 mL of unfiltered water was
collected for sulfide and chlorophyll analyses. For all remaining
aqueous analyses, about 2 L of water was filtered via an inline
Sterivex (0.22 ym PES) filter. Samples for dissolved iron (Fe)
analysis were immediately acidified to a final approximate
concentration of 2% hydrochloric acid. Samples were also
collected on Sterivex filters for particle-based analyses. Known
volumes were filtered for Mn oxide quantification and larger
volumes (200 to 1000 mL) for X-ray absorption spectroscopy
(XAS). A YSI multiprobe system (556 MPS) was used to
record pH, dissolved oxygen, conductivity, and salinity profiles
at each date, and photosynthetically active radiation (PAR)
profiles were recorded with an LI-COR Light Sensor Logger
(LI-1500). Normalized PAR was calculated by dividing
individual PAR observations by their respective maximum
PAR value on each date to remove time-of-day effects. No
unexpected or unusually high safety hazards were encountered
during fieldwork or laboratory experiments.

Incubation Setup. Incubation experiments were prepared
using site water collected on July 29th, August 20th, September
17th, and November 7th. All four dates included water from 1
m depth, while incubations from September 17th also included
2.5 m water and November 7th included 2 m water, which
were both within the chemocline on their respective dates. A
summary of the setup is provided in Table S1. Site water was
kept refrigerated or in a cooler with ice packs until use within
48 h of water collection. All incubations were conducted using
80 mL aliquots of site water in 100 mL glass beakers. After all
necessary additions were made, the beakers were covered with
Glad brand plastic wrap to minimize evaporation and
contamination but still allow transmission of at least 80% of
light above 250 nm based on UV—vis measurements (Figure
S2).

Incubations were conducted using unfiltered water, filtered
water, and unfiltered water with added mercuric chloride.
Manganese(II) chloride (MnCl,) was added to each
incubation for a final added concentration of 25 to 30 yM.
Waters were incubated either in natural sunlight or covered
with aluminum foil to exclude all light. All incubations were
prepared in duplicate except for the July incubations. July
incubations were initially carried out as preliminary incuba-
tions with single replicates but were included because these
incubations still provided useful context for overall trends.
Killed incubations included 80 uL of saturated mercuric
chloride for a final solution of consisting of about 0.01%
saturated mercuric chloride (v/v) for a final mercury
concentration of about 600 mg/L mercuric chloride. Filtered
incubations were prepared similarly to unfiltered incubations,
except using site water filtered through a Sterivex (0.22 ym
PES) filter immediately prior to starting the incubation.

A summary of the water incubation setup is shown in Figure
S3. Filtered incubations had all particles >0.22 ym removed to
allow only aqueous and/or colloidal reactions to occur. Killed
(mercury amended) incubations still had particles, but the
microbial community was killed and/or severely inhibited, so
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aqueous and mineral-mediated processes only occur in these
incubations. Unfiltered incubations allowed aqueous, mineral-
mediated, and biologically mediated Mn redox reactions to
occur. Dark incubations included only light-independent
processes. Light incubations allowed for light-dependent
processes, including photochemical reactions in filtered, killed,
and unfiltered incubations and possibly Mn cycling associated
with phototrophic organisms in the unfiltered incubations.

Subsamples were taken every 3 to 6 days for 20 to 25 days
after the start of the incubation experiments. Prior to each
sample collection, any visible manganese oxides were scraped
from the bottom of the beaker using a syringe, pipet tip, and/
or disposable plastic spatula, and the incubations were mixed
each time a sample was taken. Then, 8 to 10 mL aliquots of the
homogenized water were collected with a syringe. Finally, 3 to
S mL water was collected for Mn oxide quantification.

Determination of Aqueous Species and Mineral
Concentrations. Manganese Oxide Concentrations. Man-
ganese oxides were measured using the leucoberbelin blue
(LBB) assay” with a permanganate standard curve as
conducted previously."”® For field samples, Mn oxides were
collected and concentrated by pumping water directly through
Sterivex filters. A known volume ranging from 100 to 250 mL
was collected onto the filter. Filter volumes of about 100 mL
were used at time points when an initial test sample visually
appeared to be dark blue, likely exceeding the linear range of
the LBB assay, such as on September 17, 2020. For samples
with lower concentrations of Mn oxides, about 200 to 250 mL
site water was filtered for the LBB assay. Then, samples were
either measured immediately or frozen until analysis.

The method of LBB addition to the filters varied depending
on the Mn oxide concentrations. First, a primary reagent was
made with LBB at a concentration of 0.04% in 1% acetic acid.
Then, a secondary reagent was made by diluting the primary
reagent 1:10 with Milli-Q water. The secondary reagent was
added directly to the Sterivex filter to samples from all dates
with surface Mn oxide concentrations less than ~1 uM, which
was approximated visually based on a test sample in the field,
to fill the entire Sterivex filter chamber, which holds 2 mL of
solution. Parafilm was used to seal the bottom of the Sterivex
filter to ensure that LBB did not leak out during the reaction.
For samples with high Mn oxide concentrations that appeared
to exceed the linear range of the LBB method, the outer plastic
housing of the Sterivex filter was removed using a pipe cutter,
and the filter and inner plastic housing were submerged in 15
mL of LBB inside of a 50 mL centrifuge tube.

Samples were reacted with the LBB for about 30 min to 1 h
for July and August sampling events, and for approximately 2 h
for all subsequent field sampling, before measuring absorbance
at 620 nm on a UV-—vis spectrophotometer. The molar
absorptivity value was determined to be 1.4 X 10° M~ ":cm™"
This method has also been used previously for similar
measurements on filter samples from various field
sites.'”*>*" The measured absorbance was converted to a
concentration within the selected LBB volume, and then
corrected to actual water concentration based on the volume of
water filtered and the volume of secondary LBB reagent used.
LBB reacts with both Mn(III) and Mn(IV) species, but
because this method does not distinguish between Mn(III)
and Mn(IV), LBB-determined concentrations are reported as
Mn(IV) equivalents for consistency throughout this work. The
concentration was converted to Mn(IV) oxide equivalents
from permanganate equivalents by multiplying the permanga-

nate standard-based concentration by 5/2, which was done
based on the expected electrons accepted for each species (5
electrons for permanganate and 2 for Mn(IV) oxides).

This method using Sterivex filters performed comparably to
samples collected on PES membrane filters (Figure S4), and
the measured concentration in the water was determined to be
similar regardless of volume filtered and reaction time;
changing conditions such as volume filtered and reaction
time led to a range of measured concentrations between 0.52
and 0.78 uM for samples collected from the same depth on the
same date (Figure SS). For incubation samples, LBB
measurements were done immediately after sample collection.
The primary LBB reagent was added directly to unfiltered
samples at a ratio of 1:10 using a 3 or S mL aliquot of the
sample. After reacting with the LBB for 30 to 45 min, the
sample was then measured on a UV—vis spectrophotometer at
620 nm and converted to Mn(IV) oxide equivalents as above.

Dissolved Iron Speciation. Samples for dissolved Fe
quantification consisted of filtered water samples acidified to
2% hydrochloric acid that were immediately refrigerated until
analysis, which was carried out within 2 weeks of sample
collection. Dissolved Fe was measured using the Ferrozine
method.”” For Fe(II) measurements, 1 mL of acidified sample
was combined with 50 L of 6 M ammonium acetate, and 50
uL of 0.01 M Ferrozine reagent. This mixture was allowed to
develop for 30 min before measuring absorbance at 562 nm.
Total Fe measurements were made in the same way, except
with addition of 25 uL of 1.4 M hydroxylamine and allowing
the samples to sit overnight before measurement. The
concentration in each sample was determined based on the
absorbance compared to a standard curve made with known
amounts of FeCl,, and the standard curve was prepared the
same way as the total Fe samples.

Sulfide Analysis. In the field, water was collected directly
from the peristaltic tubing to minimize reaction with air, and
either 25 uL (high sulfide concentrations) or 250 uL (low
sulfide concentrations) of sample was added to 6 mL of 2%
zinc acetate in a scintillation vial. The vials were immediately
refrigerated until analysis within 2 weeks of sample collection
using the Cline method.” Five mL of a solution containing 43
mM N,N-dimethyl-p-phenylenediamine mono hydrochloride
and 22 mM FeCl;-6H,0 dissolved in hydrochloric acid was
added to each of the samples. After allowing the samples to
develop for at least 45 min, absorbance was measured at 670
nm. The concentration of sulfide in each sample was
determined by comparing the sample absorbance to a standard
curve of known sodium sulfide concentrations.

Nitrate Analysis. Samples for nitrate quantification, which
were also filtered using 0.22 um Sterivex filters in the field,
were collected and frozen until analysis. The total concen-
tration of nitrate and nitrite was determined by converting
both species to nitric oxide (NO) and measuring the NO using
a chemiluminescence NO, analyzer (Teledyne).* Nitrite
concentrations were determined by adding 50 pL of a 10 g/
L sulfanilamide and 50 uL of a 1g/L N-(1-naphthyl)ethylene-
diamine to a 1 mL sample, and measuring absorbance at 543
nm.* Nitrate concentrations were determined by subtracting
the nitrite concentration from the total NO, concentration.

Trace Metals. Samples for dissolved trace metal analysis
were collected in 15 mL centrifuge tubes and acidified using
twice-distilled trace-metal-clean HCI to a final molarity of ~0.1
M. From each centrifuge tube, a small aliquot of ~200 uL was
taken, spiked with In, and constituted in 2% HNO; to a final
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volume of 2 mL. Concentration data were generated using a
Thermo Finnigan iCAP quadrupole Inductively Coupled
Plasma Mass Spectrometer (ICPMS) located at the WHOI
Plasma Mass Spectrometry Facility. Concentrations were
calculated via reference to ion beam intensities obtained
from a five-point calibration curve constructed from serial
dilutions of a gravimetrically prepared multielement standard.
Drift was monitored and corrected by normalizing to spiked
indium intensities.

X-ray Absorption Spectroscopy (XAS). Sterivex filters
from field and incubation samples were opened using a pipe
cutter, and the filter membranes were removed from the inner
housing using a scalpel. Filter membranes were cut into strips,
stacked on top of each other, and attached to aluminum
holders using Kapton tape. X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra were collected at beamline 11—2
at the Stanford Synchrotron Radiation Lightsource (SSRL)
using a Si(220) monochromator (® = 90) and analyzed as
described in detail previously.* All spectra were collected
using an internal Mn(0) foil (6539 €V) to correct the sample
spectral energy for any drift and/or fluctuations in the
incoming X-rays. Samples were collected using a liquid N,
cryostat to avoid beam-damage or alteration of samples during
spectra collection. Fluorescence data were collected using a
100-element Ge solid-state detector array with soller slits and
Cr filters. Transmission and fluorescence data were collected
(three to five spectra per sample) from —200 to ~+500 eV
around the Mn K-edge (6539 eV). Spectra were energy
aligned, averaged, background subtracted, and fit using
SIXPACK."”” Mn K-edge XANES spectra were fit via linear
combination fitting (LCF) using 6-MnO,, feitknechtite, and
Mn(II) sorbed to microbial biomass (radiolarian) as
representative Mn(IV), Mn(III), and Mn(II) standards,
respectively. Mn K-edge EXAFS spectra were fit initially with
a standard library containing over 30 model compounds, as
done previously,” with final LCF reduced to combinations of -
MnO,, asbolane, sodium (triclinic) birnessite, feitknechtite,
and Mn(II) sorbed to biomass because this combination of
standards most closely fit the data.

B RESULTS

Fieldwork. Profile Characterization. Vertical profiles of
Siders Pond were characterized over a period of five months
from July to November of 2020. The pond is stratified® with a
defined redox structure characterized by a sharp chemocline.
Overall, on all dates except July 31st, the epilimnion waters
were well-mixed with uniform oxygen concentrations over
depth, underlain by a chemocline with steeply decreasing
oxygen concentrations and a hypolimnion below the chemo-
cline having no detectable oxygen (Figures 1 and 2). This is
exemplified by the profiles collected on July 31st as shown in
Figure 1. On July 31st, maximum concentrations of dissolved
oxygen (340 ¢M) and nitrate (40.1 uM) occurred above 2 m.
Dissolved oxygen concentrations decreased steadily from 2 to
S m, below which oxygen concentrations were below 20 uM.
Also on July 31st, dissolved iron concentrations were highest
(6.3 uM) at S m depth. Sulfide (4.3 mM) and dissolved Mn
(32.8 uM) concentrations were highest at the bottom of the
profile. On July 31st, the epilimnion had somewhat lower
concentrations of oxygen at the surface than intermediate
depths of the epilimnion. However, the reasons for this are
currently unclear and this was not explored further because the
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Figure 1. Profiles of select redox-active species in Siders Pond on July
31, 2020: dissolved oxygen (DO), sulfide, nitrate, dissolved Mn
(dMn), and dissolved Fe (dFe).

epilimnion appeared well-mixed with respect to dissolved
oxygen on subsequent sampling dates.

Even with this defined redox structure, the depth profiles of
various parameters, including temperature, conductivity, pH,
and dissolved oxygen changed over the course of the field
season (Figure 2). The chemocline depths changed over time,
with the top and bottom of the chemocline rising from 2.5 and
5.0 m in July to 1.0 and 2.5 m in November, respectively. The
oxygen concentrations above the chemocline also changed
seasonally. The maximum dissolved oxygen concentration was
about 450 yM in July and August, and the concentration
decreased to 190 yM by the end of November. In contrast,
surface layer dissolved organic carbon (DOC) was consistent
between 165 and 270 uM with more variation within each
profile than between dates (Figure S6).

A few parameters, like temperature and conductivity, were
generally constant with depth within the epilimnion on any
given date (Figure 2). The temperature above the chemocline
decreased from 27.5 °C in July to 10.9 °C in late November.
Below the chemocline, temperatures at S m stayed relatively
constant at about 22 °C from July through September, before
decreasing to 16.3 °C at 3.5 m in November. The highest
temperatures in individual profiles occurred above the
chemocline in July while the highest temperatures in individual
profiles occurred below the chemocline in November. The
conductivity, in contrast, was always lower above the
chemocline than below, with the conductivity profiles staying
roughly consistent over time at values of 8 to 11 PSU above
the chemocline and values of 14 to 18 PSU below the
chemocline.

Unlike temperature and conductivity, pH and PAR varied
within the surface layer (Figure 2). In late July through mid-
August specifically, pH values were slightly lower at the surface
than at a depth of 2 m, where maximum pH values on those
dates occurred. The highest overall observed pH value of 8.99
occurred on August 14th at a depth of 1.5 m while the lowest
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Figure 2. Profiles of particulate leucoberbelin blue (LBB)-determined manganese oxide concentration (Mn(IV) equivalents) (A), temperature (B),
salinity (C), pH (D), dissolved oxygen (E), and photosynthetically active radiation (PAR) (normalized to surface values) (F) profiles in Siders
Pond from July to November 2020. As the YSI and PAR sensors only had 10 m cables, many measurements were only made to a depth of 10 m.
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Figure 3. X-ray absorption near edge structure (XANES) spectroscopy-determined oxidation state profiles and ICP-MS-determined dissolved
manganese (dMn) concentrations (black circles) from Siders Pond from July through November.

pH value of 6.15 was observed on November 21st at a depth of
3.5 m. pH values below the chemocline varied less than those
above the chemocline, with a range from 6.15 to 7.04.
Normalized PAR was always highest at the surface and
decreased with depth. The rate of decrease with depth varied
by date, and changes in normalized PAR followed no
consistent trends over time.

Manganese Chemistry. Manganese oxide concentrations
in Siders Pond varied with depth and by over an order of

magnitude throughout the course of the season (Figure 2A).
Manganese oxide concentrations, which are reported as
Mn(IV) equivalents throughout this work, were always highest
and relatively uniform with depth in the surface layer and
decreased throughout the chemocline, reaching undetectable
concentrations below the chemocline. Surface Mn oxide
concentrations in late July were ~0.4 uM, and concentrations
increased to a maximum of 2.1 uM at a depth of 1 m by August
20th. Substantial concentration changes were observed on the
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time scale of weeks, with an increase in Mn oxide
concentrations from about 0.6 M on August 14th to 2 uM
on August 20th. This was followed by a decrease to 0.9 uM on
September 4th, with another increase up to 1.7 yM by
September 17th. Surface Mn oxide concentrations were lowest
in November, with concentrations as low as 50 nM on
November 21st.

Relationships between Mn oxides and other measured
parameters were examined via principal component analysis
(PCA) using many of the measured variables normalized to
their highest concentrations (Figure S7). Only variables
measured across all dates and depths, which included LBB-
based Mn oxide measurements, PAR, dissolved oxygen, pH,
conductivity, and salinity, were included in PCA analysis. PC1
and PC2 explained 61% and 21% of the variance, respectively.
Samples generally clustered by depth parallel to PC1 (Figure
S7A) and date parallel to PC2 (Figure S7B). PC1 was mainly
negatively associated with dissolved oxygen and PAR, and
positively associated with salinity and depth. PC2 was most
closely associated with temperature. The Mn oxide loadings
were not parallel to either of the first two principal components
or the loadings of any other measured variables. The Mn oxide
loadings were most closely aligned with pH and dissolved

oxygen, and there was no loading that was anticorrelated with
the Mn oxide loading.

X-ray absorption spectroscopy was used to further character-
ize the particulate Mn present in Siders Pond over time. Linear
combination fits of the XANES data indicated that the
particulate manganese across all dates and depths consisted of
about 50 to 80% Mn(IV), except for one sample at the bottom
of the chemocline on September 17th that was entirely Mn(II)
(Figure 3). The average oxidation state of the remaining
samples ranged from 3.13 to 3.75 (Figure 3, Table S2). The
highest average oxidation state above the chemocline (3.75)
was observed on September 17th while the lowest average
oxidation state above the chemocline (3.25) was observed on
November 7th. The difference between the lowest and highest
average oxidation state was mostly attributed to differences in
Mn(II) content, with an average Mn(II) content of 4% on
September 17th (excluding the exclusively Mn(II) sample) and
25—30% on November 7th. When the Mn(II) is removed to
investigate changes specifically in Mn oxides, the average
oxidation state of the remaining particulate Mn was consistent
across all dates between 3.7 and 3.8 (Table S2).

A subset of samples containing higher Mn oxide
concentrations analyzed via EXAFS indicated that particles
were composed of predominantly birnessite-like phases,
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including 6-MnO,, triclinic birnessite, and asbolane (Figure
4B). The Mn(III) oxide feitknechtite and Mn(II) were also
present in the particles (Figure 4B). The §-MnO, content
decreased from on average 45% on the Sth to 30% on the 17th,
and this corresponded primarily with an increase in triclinic
birnessite and asbolane. This change is apparent in the EXAFS
spectra, with a dampening of the oscillation at ~7 A (Figure
4A). This oscillation is also seen in the 5-MnO, standard but
not the triclinic birnessite or feitknechtite standards and has
been referred to as an indicator region differentiating
hexagonal from triclinic birnessite.****°

Incubation Experiments. Manganese Oxide Formation
over Time. Incubation experiments of Siders Pond water
carried out over the course of the field season elucidated
underlying controls on Mn oxide formation in Siders Pond
(Figures S and 6). To understand the role of particles,
including both minerals and microbes, unfiltered incubations
were compared to filtered incubations. To differentiate
between mineral-mediated and microbially mediated processes
associated with particles, killed incubations were compared to
unfiltered incubations. Incubations were exposed to sunlight
and covered in foil to exclude light for each of the three
conditions (filtered, killed, and unfiltered) to determine the
role of light in the presence and absence of mineral-mediated
and microbially mediated Mn cycling. Light and temperature
data during these incubations are shown in Figures S9 and S10
respectively.

Of incubations using waters collected in September, filtered
waters produced the lowest concentration of Mn oxides
(Figure SA, left, as Mn (IV) equivalents). There was on
average about 500 nM manganese oxides in the initial filtered
waters from both depths. Filtered surface and chemocline
water incubations formed slightly more Mn oxides in the light
compared to those in the dark. Within the surface waters, the
concentration of Mn oxides in the light filtered water
incubations reached between 1.3 and 1.4 uM, while dark
filtered water incubations only reached 1.0 yuM on average.
Within the chemocline water incubations, the Mn oxide
concentrations over the course of the filtered incubations
responded similarly, with light incubations reaching an average

of 2.0 uM and dark incubations reaching an average of 0.7 yM.
In contrast, killed water incubations accumulated higher Mn
oxide concentrations in the dark than in the light (Figure SA,
middle). In dark surface killed water incubations, Mn oxide
concentrations increased from on average 4.4 yM initially to
about 7.5 uM over the course of the 20-day incubation. In light
surface killed water incubations, Mn oxide concentrations
decreased to 1.3 yM on average. In chemocline killed water
incubations, which started with lower Mn oxide concentrations
of about 1.9 uM, there was also net oxidation in the dark and
net reduction in the light. Mn oxide concentrations in dark
incubations increased to 16.9 uM, while they decreased to 1.2
#M in the light.

Like the killed water incubations, net oxidation occurred
within dark unfiltered water incubations (Figure SA, right).
However, unlike in killed water incubations, there was also net
oxidation in the light, although to a lesser extent than in the
dark. In surface water dark unfiltered incubations, Mn oxide
concentrations increased from 3.1 uM to an average
concentration of 8.0 uM at its peak on day 12. In contrast,
there was only a slight increase in Mn oxide concentrations in
the light, from 4.5 uM to 5.6 uM on average. In chemocline
unfiltered water incubations, there was also an increase from
initial Mn oxide concentrations of about 2 yM in both the light
and the dark, to about 30 yM in the dark and 10 yM in the
light. It is of note that the light unfiltered chemocline water
incubations reached a pH of 8.99, and light unfiltered surface
water incubations reached a pH of 8.33 over the course of the
incubation, while all other incubations had a final pH of
between 8 and 8.2. The measured pH values of the water in the
field on September 17th at 1 and 2.5 m were 7.60 and 7.26
respectively.

Net oxidation rates in both the light and dark incubations
were faster in chemocline water incubations than surface water
incubations (Figure SB). Average oxidation rates in the surface
water incubations were 0.4 yM/day and 0.1 uM/day in the
dark and light, respectively. In chemocline water incubations,
Mn oxidation rates of 1.4 yuM/day in the light and 2.6 yuM/day
in the dark were observed.
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Particulate Manganese Characterization. Particles col-
lected at day 19 of the unfiltered water incubations consisted
predominantly of Mn(IV) and Mn(III) (Figure 6). Average
oxidation states were generally lower in the light than in the
dark, but with more pronounced differences arising in the
chemocline water incubations (Figure 6A). Average oxidation
states in surface water incubations were 3.64 in the dark,
compared with 3.59 in the light, while average oxidation states
in chemocline incubations were 3.84 in the dark and 3.50 in
the light (Table S3). Additionally, the surface water
incubations had relatively greater proportions of Mn(II),
with 5—10% Mn(Il), while chemocline water incubations
consisted of <1% Mn(II). Light chemocline water incubations
particularly contained a large proportion of Mn(III) relative to
other samples, with 48% Mn(I1I).

Like the profile samples, chemocline water incubation
particles consisted predominantly of birnessite-like phases
(Figure 6 B and C). However, the specific Mn oxide
composition varied between incubations. Oxides formed in
the light incubations consisted predominantly of asbolane,
feitknechtite, and triclinic birnessite with little -MnO,, while
the dark incubation oxides consisted of 75% 6-MnO,. This is
apparent in the EXAFS spectra, where a more prominent
oscillation at about 7 A is present in the dark incubations
compared to those formed in the light.

Comparison of Monthly Incubation Experiments. Average
dark and light net oxidation rates in both monthly incubations
varied between sampling times. Net oxidation in light filtered

water incubations reached maximum rates of 0.1 yM/day in
July and decreased throughout the season to a minimum of
essentially no detectable net oxidation in November (Figure
7). Oxidation rates in dark filtered water incubations were
more similar over the same time frame and were close to 0
#M/day consistently.

Killed water incubations, which were only done in August,
September, and November, showed relatively consistent trends
across the seasonal transition from summer to fall. There was
always net oxidation in the dark and net reduction in the light.
Dark killed water oxidation rates were between about 0.2 and
0.4 uM per day. Mn oxide concentrations in light killed water
incubations decreased at rates between about 0.05 and 0.3 yM
per day.

Dark unfiltered surface water oxidation rates were
consistently higher than killed water and filtered water net
oxidation rates in the dark. Dark unfiltered water oxidation
rates were generally between 0.3 and 0.6 uM/day, except in
July and November when they were <0.1 yM/day. Average
light unfiltered water oxidation rates were consistently 0.3 yM/
day or less; in August, these rates were more variable and
averaged to zero within error between the duplicates. However,
substantial net reduction of the initial Mn oxides present was
never observed, unlike in the killed water incubations. There
was generally more variability between the two replicates in
unfiltered water incubations than in filtered and killed water
incubations.
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B DISCUSSION

Mn Speciation in Siders Pond. We found that Mn oxides
were present consistently in Siders Pond over a period from
late-July to mid-November of 2020. The Mn oxide profiles in
Siders Pond were quite different from many observed marine
profiles thus far, which generally exhibit substantially higher
concentrations of dissolved manganese than Mn oxides in
surface waters within the euphotic zone.”> > However, like in
Siders Pond, Mn oxides in surface waters at concentrations
equal to or higher than dissolved manganese concentrations
have been observed recently in other coastal/inland
waters.

The concentrations of surface water Mn oxides in Siders
Pond varied over an order of magnitude from ~50 nM in late
November to 2 uM in mid-August (Figure 2). The Mn oxide
concentrations observed in July through September (see
Figure 2) were comparable to those found in brackish waters
in other studies, which ranged from about 0.5 to 3 puM.>**
The Mn oxide concentrations generally did not change with
depth in epilimnion waters, indicating that mixing was a
controlling factor in Mn oxide profiles. Below the epilimnion,
however, Mn oxide concentrations decreased rapidly within
the chemocline, ultimately reaching levels below detection at
the base of the chemocline.

Methodological changes made over the course of the season
may have added some uncertainty to the measured Mn oxide
concentrations, but these uncertainties are much smaller than
the observed variability in Siders Pond and thus highly unlikely
to influence our overall conclusions. The LBB method used in
this work was modified from an existing protocol applied
previously to other water bodies.'”***" Our initial LBB
development time was 30 min to 1 h in July and August, but
this was changed to 2 h in September. Tests of this longer
development time revealed only slightly higher measured Mn
oxide concentrations (Figure SS), up from 0.52 uM to 0.78
UM for the same Siders Pond water sample. Compare this to
the two orders-of-magnitude particulate Mn oxide concen-
tration variability observed during the course of our study
(again, ~50 nM to ~2 uM).

In contrast with the Mn oxide profiles, dissolved Mn
concentrations were low at the surface and generally increased
with depth below the chemocline (Figure 3) pointing to a
sedimentary Mn source. Like Mn oxides, epilimnion dissolved
manganese concentrations were generally uniform above the
chemocline, also likely due to mixing of the surface waters.

Seasonal Transitions in Mn Oxide Cycling. While Mn
oxides were consistently present and evenly distributed in the
epilimnion, Mn oxide concentrations in the surface waters
varied over time (Figure 2). The surface Mn oxide
concentrations increased throughout the season from late
July to mid-September but were about an order of magnitude
lower in November than September. Despite changing
environmental conditions including temperature, pH, DOC,
and chemocline depth, no measured environmental variables
directly correlated with the changing Mn oxide concentrations
in the surface waters of Siders Pond (Figure S7 and S8).
Nevertheless, while Mn oxide concentrations did not correlate
with temperature above 20 °C, surface Mn oxide concen-
trations of 200 nM or lower were only associated with
temperatures below 18 °C.

DOC concentrations in Siders Pond increased markedly at
approximately 12 m depth in July (Figure S6). The depth of

the pond at our sampling site was ~13 m, thus it is possible
that there was some influence from the diffusion of porewater
due to the proximity of the sample to the sediment-water
interface. However, this increase at 12 m was in agreement
with the results from a previous study that targeted a deeper
pond site (~15 m),”" making sediment influence unlikely. DO
concentrations were relatively uniform above the chemocline
across all sampling dates, except on July 31st (Figure 2), and
pH also increased on this day, at approximately the same depth
(see Figure 2). Additional work is required to better
understand these trends, but two possible explanations are
(1) oxygen consumption close to the pond surface or (2) a
phytoplankton bloom in the middle of the epilimnion.

The observed changes in Mn oxide concentrations in Siders
Pond were accompanied by changes in average Mn oxidation
rates in monthly incubation experiments (Figure 7). While all
incubation experiments were only carried out in duplicate, and
thus have limited statistical power, they suggest interesting
trends. Mn oxidation rates in light-exposed filtered incubation
experiments decreased throughout the year from July to
November while Mn oxidation rates in dark filtered water
incubations stayed consistent at lower values than the light
oxidation rates. There was similar variation in killed water
incubations, with dark oxidation rates also decreasing from
September to November. There was more variation in
oxidation rates in unfiltered light and unfiltered dark water
incubations than in killed water incubations, with generally
larger variations between duplicates and no consistent trends
across the season. This may be due to the unpredictability of
microbial community growth and increased temperatures in
incubations compared to in situ temperatures when incubation
waters were collected (compare Figure S9 with Figure 2).

Thus, despite no direct correlation, temperature and light
are likely levers on seasonal patterns of Mn oxide
concentrations and distributions. Specifically, both mineral
and microbial Mn oxidation rates will vary as a function of
temperature.””>> Many microbes previously associated with
Mn oxidation have an optimum temperature range between 20
and 30 °C.>>** If the microbes primarily responsible for Mn
oxidation do not grow well outside of their optimum
temperature ranges, this could decrease the rate of microbial
Mn oxidation. This may explain the lower Mn oxide
concentrations observed in November. It is well-known that
the activity, composition, and abundance of microbes changes
seasonally as a function of temperature.™

Variation in light quality and intensity between July and
November also likely contributed to these temporal Mn oxide
variations. Solar irradiance values decrease by about 60%
between September and December at a latitude of 40°N,*°
which would impact both photochemical and photobiological
(e.g, photosynthesis) rates and extents. These seasonally
varying light influences are difficult to disentangle from the
corresponding temperature changes, which would also
influence the activity and composition of microbial commun-
ities over this same timeframe.

Manganese Oxide Formation and Reduction Pro-
cesses. The observed Mn oxide profiles within Siders Pond
point to a combination of biotic and abiotic processes, and
incubation experiments using waters collected in September
were used to characterize these processes in more detail
(Figure S). Only small changes were observed in Mn oxide
concentrations in both light and dark filtered water incubations
in September, with about 1 #M or less changes in Mn oxide
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concentrations in light and dark filtered water incubations
compared with >3 yM changes in Mn oxide concentrations in
killed incubations. This finding indicates that aqueous
processes only play a minor role in Mn cycling in Siders
Pond. More likely, particle-associated processes, potentially
encompassing both microbial oxidation and mineral surface
catalysis, underpin Mn oxide formation. This finding would be
in-line with previous research results.”’

Within killed water incubations, loss of more than 3 uM Mn
oxides occurred in the presence of sunlight while net Mn oxide
formation of greater than 3 yM occurred in the dark (Figure
5). Net formation of Mn oxides in the dark in the absence of
microbial activity points to abiotic light-independent, likely
mineral-mediated, Mn oxide formation. Net reduction of Mn
oxides within the light killed water incubations indicates that
photoreduction is also a predominant process controlling Mn
oxide levels within the sunlit waters of Siders Pond (Figure S).
This is consistent with accumulation of dissolved Mn in
euphotic zones of other water bodies.****

Unfiltered water incubations were compared to killed water
incubations to characterize microbial and mineral-mediated
contributions to Mn oxidation. Manganese oxides accumulated
to a greater extent within dark unfiltered water incubations
than in the light (Figure S). Yet, enough oxidation occurred
within light unfiltered water incubations to offset Mn oxide
depletion by photoreduction, unlike in killed water incuba-
tions. These observations highlight the importance of bio-
logical activity in counterbalancing photoreduction in Siders
Pond. Oxidation occurred in both dark and light unfiltered
water incubation experiments to a greater extent than in killed
water incubations. This indicates the presence of light-
independent microbial Mn oxidation and possibly some Mn
oxidation associated with phototrophic activity, which is
explored further in the following section.

Comparison of Mn Oxidation in Surface and Chemo-
cline Incubations. To further understand processes within
the dynamic surface waters, incubation experiments in
September included both surface and chemocline waters
(Figure S). Chemocline water incubations were exposed to
surface oxygen levels to assess the processes that would occur
at the interface of the chemocline and mixed layer and when
chemocline waters are entrained within the mixed layer. While
these absolute rates cannot be used to extrapolate rates of Mn
oxide formation within the chemocline within Siders Pond
directly, they provide insight into the redox reactivity of the
different water parcels.

The rate and extent of Mn oxide formation in chemocline
waters was about an order of magnitude faster than in the
surface waters (note the y-axis difference in Figure SA) in both
light and dark unfiltered water incubations and in dark killed
incubations. The in situ concentration of Mn oxides within
these chemocline waters was less than half those in the surface
waters (Figure 2), and dissolved Mn concentrations were
higher than Mn oxide concentrations within the chemocline on
the date of water collection (Figure 3). This may be reflective
of a substantial community of Mn-oxidizing bacteria at the
interface between the chemocline and the epilimnion. It is
currently unclear why there was also substantial oxidation of
Mn oxides in dark killed incubations despite relatively low
initial Mn oxides concentrations. This may be due to the
presence of other minerals in the pond that can catalyze the
oxidation of Mn. For instance, Mn oxidation by iron oxides
and albite has been shown previously.”® Alternatively, the low

concentrations of Mn oxides present may have been sufficient
to catalyze Mn oxidation.

Differences in Mn(II) concentrations between the chemo-
cline and surface waters are not sufficient to explain the almost
one order-of-magnitude faster Mn oxidation rates observed in
chemocline incubations compared to surface water incuba-
tions. In Siders Pond in September, surface concentrations of
dissolved Mn were low, but concentrations reached about 10
#M within the chemocline. However, because 25 ¢M MnCl,
was added to all incubation experiments, the initial
concentrations of dissolved Mn in chemocline incubations
were less than twice those in surface water incubations,
meaning dissolved Mn concentrations alone likely did not
account for the faster rate of Mn oxidation observed in
chemocline incubations. Additional experiments are needed to
identify differences between the chemical and biological
processes within the surface and chemocline waters.

Furthermore, and as with the surface water incubations,
microbial oxidation occurred in addition to mineral-mediated
Mn oxidation (compare light killed versus unfiltered chemo-
cline incubations, Figure S). Given the dynamic nature of the
chemocline depth within the pond (Figure 2), reactants such
as dissolved Mn and oxygen likely play an important role in the
biological cycling of Mn as mixing of oxygen and light
penetration depths vary over time. It is notable that the pH
increased to 8.99 in unfiltered light chemocline water
incubations, while all other incubation experiments stayed at
or near pH 8. This high pH is likely associated with
phototrophic activity, as photosynthesis would lead to
increased pH values™ like those observed in August and in
light incubation experiments throughout the season. However,
it is unclear if this biologically mediated Mn oxidation in
chemocline waters was due to direct enzymatic or metabolic
reactions by microbes, or if the increased favorability of Mn
oxidation by O, at this higher pH resulting from phototrophic
activity also played a role. Notably, this drastic pH change was
not observed in unfiltered surface water incubations, which had
a final pH of 8.33, yet there was still a small amount of net Mn
oxidation, thereby indicating that the pH change alone was not
responsible for counteracting photoreduction in unfiltered
water incubations.

Factors Influencing Particulate Manganese Mineral-
ogy. In addition to being a predominant factor in Mn oxide
formation rates, light also influenced the structure of Mn
oxides formed. This was studied using Mn K-edge XAS on
unfiltered September incubations, as LBB cannot differentiate
between Mn(I1I) and Mn(IV) oxides. Manganese mineralogy
differed as a function of light exposure within unfiltered surface
and chemocline incubations after 19 days of incubation. In
both surface and chemocline waters, the average oxidation
state (AOS) was lower in light incubations than in dark
incubations (Figure 6, Table S4). This also led to the presence
of up to 50% more reduced Mn oxides phases, such as
feitknechtite and triclinic birnessite, in the light chemocline
incubations. In contrast, dark chemocline incubations con-
sisted of mostly (~75%) 6-MnO, (Figure 6 and Table S4). In
combination, these results indicate that the presence of light
led not just to dissolved Mn(II) formation, but also production
of more-reduced Mn oxide minerals. Birnessite can be
reductively transformed into more reduced minerals, like
feitknechtite, by aqueous Mn(II);**°"°%°" thus Mn(II)
production as a result of photoreduction likely influenced the
resulting Mn mineralogy.
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Figure 8. Conceptual figure of the processes underlying Mn cycling in Siders Pond. The numbered processes are: (1) dissolved Mn from deep
waters diffuses into the chemocline, (2) reductive dissolution of Mn oxides occurs within the chemocline, (3) microbial and mineral-mediated Mn
oxidation occurs at the chemocline-epilimnion interface, (4) mixing of the surface layer keeps Mn oxides evenly distributed throughout the
epilimnion, (5) Mn oxides undergo photoreduction at and near the pond surface, and (6) photoreduced Mn is concurrently reoxidized to Mn
oxides by microbes and minerals, leading to net Mn oxide accumulation at times. The combined rates of processes (3) and (6) must be greater than

the rate of process (S) for Mn oxides to accumulate at the surface.

As in the incubations, particulate Mn in Siders Pond was
mainly present as Mn oxides composed predominantly of
Mn(IV) (55—79%) with some Mn(III) (12—26%) (Figure 3).
EXAFS analysis indicated the presence of birnessite-like
phases, including a mineral structurally similar to 6-MnO,,
triclinic birnessite, and asbolane (or another metal-substituted
birnessite similar to 5-MnO,). The AOS varied from roughly
3.15 to 3.75. Excluding Mn(II) to remove particulate
manganese that was not associated with Mn oxide minerals
yielded more consistent values (between 3.75 and 3.90), with
little variation in AOS by depth or date (Figure 3, Table S2).
This indicates that changes in AOS were largely driven not by
changes in Mn oxide mineralogy, but by differences in the
relative Mn(II) content of the particulate Mn, which may be
(ad)sorbed to minerals or found on/within microbes. While
future explorations could target this more thoroughly, it
appears unlikely that Mn(II) is present in Siders Pond as Mn
carbonates. The XANES spectrum for our sample from
September 17th at a depth of 2.5 m, which was determined
to be exclusively Mn(II) using LCF, does not match closely
with the XANES spectra of rhodochrosite observed previously.
The XANES spectrum of this sample (Figure S11) is missing
the feature found at ~6560 eV in the rhodochrosite spectrum
as measured by Boulard et al.>

Manganese oxides found in aquatic systems are typically
characterized as poorly crystalline birnessite phases.®”**
Birnessite phases of varying symmetry and structure have
also been directly associated with Mn oxide production by
bacteria and fungi.*”*” Thus, the Mn(IV) phases in Siders
Pond and found in our dark unfiltered incubation experiment
are consistent with those within other natural systems and
produced biologically.“g’65 Additionally, the occurrence of
more reduced Mn oxides like feitknechtite and triclinic
birnessite within XAS samples from the pond, which were
present in substantial fractions in light unfiltered incubations
but not dark unfiltered incubations, indicates that photo-

reduction likely also plays a role in Mn mineralogy in Siders
Pond.

Conceptual Framework. Siders Pond has a dynamic Mn
cycle, evidenced by the observed changes in Mn profiles and
water incubations over the course of a summer to fall
transition. A conceptual framework for this dynamic Mn
cycle is presented in Figure 8. Dissolved Mn concentrations
were generally highest within the hypolimnion and, through
upward diffusion, are likely the primary contributor of
dissolved manganese into the chemocline (Figure 2). Based
on chemocline incubations (Figure S), and the presence of Mn
oxides slightly below the boundary between the epilimnion and
the chemocline, it appears that both microbial and mineral-
mediated oxidation of Mn(II) occur within the chemocline
near the chemocline—epilimnion interface. Relatively constant
Mn oxide concentrations extending from the surface of the
pond to the top of the chemocline indicates that the
epilimnion is well-mixed on relatively short time scales.

While net accumulation of Mn oxides is evident throughout
the epilimnion between the late summer and early fall, several
processes seem to simultaneously promote both Mn oxidation
and reduction. Based on incubation experiments of surface
waters (see Figure 5 and 7), both mineral-mediated and
microbially mediated Mn oxidation occur. However, photo-
reduction outpaces mineral-mediated oxidation alone (com-
pare killed light and dark rates in Figure 7), and additional
contributions from microbially mediated oxidation leads to Mn
oxide formation (compare unfiltered light and killed light
oxidation rates in Figure 7). We propose that the relative
contributions of these processes vary throughout the season,
due to changes in light and temperature, and cause variations
in Mn oxide concentrations within Siders Pond.

Broader Context and Future Research Directions.
While this research provides additional evidence for the
presence of substantial concentrations of Mn oxides in
nonmarine surface waters, more work is needed to understand
why surface water Mn oxides are more commonly found in
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fresh and brackish than marine waters. This may be due to
differences in microbial Mn oxidation and/or Mn photo-
reduction rates between marine and inland waters. Differences
in particle sinking may also Gplay a role because Mn oxides
flocculate at higher salinity.6 Furthermore, light attenuation
depths are much deeper in the open ocean than inland water
bodies. The euphotic zone in the ocean can be between 30—
100 m deep,®” while in Siders Pond, the euphotic zone was less
than S m deep (Figure 2F). This could explain the greater
relative importance of photoreduction in marine systems, as
light is attenuated more gradually, allowing for photoreduction
deeper in the water column despite similar solar irradiances.

Differences in microbial communities between water bodies
may also contribute to differences in net oxidation rates. Yet,
the lack of specific organisms and/or conserved genes broadly
involved in Mn oxidation makes it difficult to determine how
differences in microbial community composition may lead to
differences in Mn oxidation rates in the environment. Notably,
microbial abundances are generally much lower in the ocean
than in inland water bodies, with 10° to 10° cells/mL in
seawater®® compared to ~2—5 X 10° cells/mL in the surface
waters of lakes.”” This may lead to lower microbial oxidation
rates in seawater even if cell-specific Mn oxidation rates are
similar. Additionally, higher organic matter concentrations may
influence microbial growth or lead to more direct interactions
with Mn; marine DOC concentrations in one study were
found to range between 40 and 115 uM’? while the surface
water DOC concentrations in Siders Pond over the course of
this work were between 165 and 270 uM (Figure S6). Moving
forward, systematic targeted incubations will help identify the
factors controlling microbes involved in Mn oxide formation
and cycling in Siders Pond. More research is needed to
understand how the processes governing Mn cycling in Siders
Pond change over longer time scales and how the relative
importance of the processes considered in this work affect
other brackish and freshwater bodies.

Our data helped identify a suite of light-dependent and
-independent reactions that influence Mn oxide concentrations
within a coastal meromictic pond. Particle-mediated processes
are likely the largest contributors to Mn oxidation in Siders
Pond. Based on incubation experiments, particle-mediated
processes include abiotic (likely mineral-mediated) and
biologically associated oxidation. Mn oxide reduction is driven
predominantly by photoreduction. Changes in observed Mn
oxide concentrations in Siders Pond between July and
November are likely driven by changes in these competing
particle-mediated oxidation and photoreduction processes.
Our results provide new insights into the processes that
promote Mn oxide accumulation in aquatic settings.
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