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Abstract

Most manganese (Mn) enrichments in the sedimentary rock record are hosted in
carbonate minerals, which are assumed to have formed by diagenetic reduction of
precursor Mn-oxides, and are considered diagnostic of strongly oxidizing conditions.
Here we explore an alternative model where Mn-carbonates form in redox-stratified
water columns linked to calcium carbonate dissolution. In ferruginous Brownie Lake in
Minnesota, USA, we document Mn-carbonates as an HCl-extractable phase present in
sediment traps and in reducing portions of the water column. Mn-carbonate become
supersaturated in the Brownie Lake chemocline where dissolved oxygen concentrations
fall below 5 uM, and Mn-oxide reduction increases the dissolved Mn concentration.
Supersaturation is enhanced when calcite originating from surface waters dissolves in
more acidic waters at the chemocline. In the same zone, sulfate reduction and
microaerobic methane oxidation add dissolved inorganic carbon (DIC) with negative
013C. These observations demonstrate that sedimentary Mn enrichments may 1) develop
from primary carbonate phases, and 2) can occur in environments with dissolved oxygen
concentrations <5 uM. Primary Mn-carbonates are likely to originate in environments
with high concentrations of dissolved Mn (>200 uM), and where Mn and Fe are
partitioned by S cycling, photoferrotrophy, or microaerophilic Fe-oxidation. A shallow
lysocline enhances Mn-carbonate production by providing additional DIC and nucleation
sites for crystal growth. This carbonate model for Mn-enrichments is expected to be

viable in both euxinic and ferruginous environments, and provides a more nuanced view
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of the relationships between Mn and carbon cycling, with applications throughout the

rock record.

Word count

6483/6500 (1/14/20)

1. Introduction

The strong oxidizing potential (E = 1.228 V) required to form insoluble Mn(IV) oxides
(e.g. MnOg2, pyrolusite) from reduced and dissolved Mn(II) make sedimentary Mn
enrichments (SMEs) a proxy for the accumulation of oxygen in Earth’s early atmosphere
and oceans (Kirschvink et al., 2000; Planavsky et al., 2014). The world’s largest SMEs
occur in association with the Great Oxidation Event (GOE, 2.42-2.31 Ga; Gumsley et al.,
2017), but large SMEs persist throughout the geologic record and are broadly correlated
with known fluctuations in Earth’s redox balance (Figure 1; Maynard, 2010).

Manganese (II)-carbonates are the most common minerals in SMEs, occurring
primarily as rhodochrosite (MnCO3), with lesser amounts of the dolomite group mineral
kutnohorite (CaMn[CO3]2) and Mn-enriched calcite (Maynard, 2010; Johnson et al.,
2016). These carbonates consistently bear negative carbon isotope signatures (e.g. Tsikos
et al., 2010; Johnson et al., 2013), which are conventionally viewed to indicate diagenetic
reduction (via microbial dissimilatory respiration) of precursor Mn(I1I/IV)-oxides in

sediment porewater (Calvert and Pederson, 1996).
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While this diagenetic pathway for Mn-carbonate genesis is favored by most recent
investigators, the implication of precursor Mn-oxides can be controversial. Johnson et al.
(2013) proposed that a 2.42 Ga SME originated from Mn-oxides formed by a
hypothetical Mn-oxidizing photoautotroph. However, these SMEs have alternatively been
viewed as evidence for O2 accumulation prior to, or at the onset, of the GOE (e.g. Ossa
Ossa et al., 2018), or direct deposition of Mn-carbonates from a stratified water column
(Herndon et al., 2018). Archean SMEs are particularly problematic to explain, but may
represent the emergence of oxygen oases prior to the GOE (e.g. Planavsky et al., 2014),
direct precipitation of Mn-carbonates from seawater (Farquhar et al., 2014), or Mn-
oxidation by a consortia of anoxygenic phototrophs (Daye et al., 2019)

Although less commonly invoked in recent interpretations of SMEs, alternative
pathways for Mn-carbonate genesis are feasible in the low-O2 settings observed in
modern redox-stratified environments (Force and Cannon, 1988). These include
anaerobic metabolisms that generate dissolved inorganic carbon (DIC), increases in pH
that favor carbonate saturation (Rincon-Tomas et al., 2016), or nucleation on Ca-
carbonates (Herndon et al., 2018). Consistent with this view, Mn-carbonates have been
observed in association with reducing conditions in redox-stratified lakes (Nuhfer et al.,
1993; Stevens et al., 2000; Jones et al., 2011).

While many lines of evidence converge on the necessity for direct Mn-carbonate
precipitation from redox-stratified water columns, few detailed evaluations of the
processes governing this pathway are available, particularly from ferruginous analogs for

Archean and Proterozoic marine settings (e.g. Crowe et al., 2011). This is exacerbated by



90 the weak carbonate saturation of modern ferruginous lakes (the main analogs for ancient
91 ferruginous oceans) relative to marine environments.
92 In this work we investigate a recently described ferruginous meromictic lake
93  (Brownie Lake in Minnesota USA), which hosts both high dissolved Mn concentrations
94  (upto 130 uM) and supersaturation of key carbonate phases, to assess Mn-mineralization
95  pathways of relevance to anoxic environments across geologic time. We utilize this
96  setting to evaluate the hypothesis—most recently advanced by Herndon et al. (2018)—
97  that Mn carbonates may nucleate in the water column of redox stratified lakes. Here we
98  describe the biogeochemical reactions occurring under ferruginous conditions that drive
99  Mn-carbonate precipitation, and constrain the oxygen concentrations under which these
100  processes occur. We then use this framework to assess the potential for anoxic Mn-
101  carbonate genesis in the rock record, and evaluate the range of processes which may
102  contribute to the carbonate carbon isotope signatures of these deposits.
103
104
105 2. Study site and methods
106
107  Brownie Lake (BL) is a small ferruginous lake located in Minnesota, USA. The general
108  biogeochemistry of the site is described in Lambrecht et al. (2018), and Lambrecht et al.
109  (2020) presented a detailed study of its methane (CH4) cycle. Water column profiling,
110  water sampling and analysis, and geochemical modeling were performed using routine

111  techniques detailed these publications and in our Supplementary Materials.
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To assess Mn-phases in the water column, we analyzed particulate material from
water column filtration and sediment traps from intervals representing a transition from
oxic (shallower) to anoxic (deeper) conditions. Particulates were collected on 0.2 uM
filters in August 2018 from 4.5, 7, and 10 m depth. Water column sediment traps (at 3.5,
5, and 11 m depth) were deployed from June through October 2018. Surface sediment
samples were also collected in August 2018. Particulate and sediment samples were
processed anaerobically as detailed in Supplementary Materials.

Particulate and sediment samples were freeze-dried and Mn was extracted from
50-100 mg of material using 10 mL of 0.5 M HCI for 1 hour, which targets reactive Mn2+
and some Fe (Thamdrup et al., 1994; Supplementary Materials). Manganese in the
extractants, as well as total Mn and Al from sediment traps and surface sediments, were
quantified by Atomic Absorption Spectrometry (Thermo Scientific iICE3000 series), with
an RSD of less than 2.1% for all measurements. Sediment trap and surface sediment
samples were further analyzed by X-ray diffraction (XRD), as detailed in Supplementary
Materials.

To assess the relationships between carbonate phases and water column
conditions, we developed scenarios in Geochemist’s Workbench (GWB) utilizing BL
water chemistry from the depths that displayed the greatest degree of Mn-carbonate
saturation (May 2017 at 6 m; July 2017 at 5.5 and 6 m). At these intervals we considered
a range of inorganic and biological processes that have previously been suggested to
occur at a ferruginous chemocline, including phototrophy, methanotrophy, sulfate (SO42-)
reduction, and Ca-carbonate dissolution. A full description of our modeling approach can

be found in Supplementary Materials.
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3. Results

3.1 Manganese and carbon cycling in ferruginous Brownie Lake

Multi-year water column monitoring of BL demonstrates a stable, redox-stratified,
ferruginous water column, with a chemocline depth (steep concentration gradient of
water column solutes) of 4.5 m and a maximum depth of 14 m (Lambrecht et al., 2018;
Figure 2). Dissolved O2 concentrations were as high as 402 uM at 1 m depth in April
2017, while values below detection (~3 uM) were reached at depths of 3.5 m in July 2017
and 5 m in October 2015 (Figure 2 a). Concentrations of dissolved Fe, Mn, and SOa42-
follow trends observed in many redox stratified environments (Figure 2 b-d), with
dissolved Mn (interpreted as Mn2+) first increasing at the chemocline to a maximum
concentration of 134 uM at 4.5 m in October 2015. Sulfate was present above the
chemocline, with a maximum concentration of 377 puM at 4 m in October 2015 (not
plotted); samples collected in later visits reached a maximum of 122 pM at 2 m in April
2017, but were more typically between 20-40 uM above the chemocline in 2017. Sulfide
concentrations were more variable, with a maximum value of 74 pM recorded at 5 m in
September 2017. Dissolved Fe (interpreted as Fe2+) consistently accumulated below the
zones of dissolved Mn maxima and SO42- drawdown, and rapidly increased below 6 m,

with a maximum value of 1430 pM at 13 m recorded in July 2017.
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The concentration of DIC ranged from 1.62 mM in surface waters to 14.05 mM at
depth, and generally followed the same pattern of increasing concentration with depth
regardless of the date measured (Figure 2 e). The 813Cpic ranged from -12.87%o (5 m
depth, September 2017) to a maximum of -1.97%o at 12 m depth in May 2017. Regardless
of the date visited, the lowest d13Cpic values were found near the chemocline, with
highest values at depth, and intermediate values in surface water (Figure 2 f).

Dissolved CH4 concentrations were low near the surface (minimum 2.4 uM at 1 m
depth April 2017) and increased to 1555 pM at depth (12 m, September 2017). Dissolved
013Cch4 ranged from -64.81%o (5 m depth, September 2017) to values as high as -21.32%o
(4.5 m in May 2017, Figure 2 h inset). The 613Ccn4 remained between -60 and -64%o
below the chemocline, and increased as dissolved CH4 concentrations decreased

(Lambrecht et al., 2020).

3.2 Brownie Lake pH and mineral solubility

Profiles for pH in 2017 (Figure 3 a) demonstrate features consistent with stratification, as
well as seasonal changes. Surface water pH was generally higher than in deep water,
rising as high as 8.85 in May 2017. Lowest pH values were observed below the
chemocline late in the summer, with values as low as 6.26 observed in September 2017.
The pH decrease across the chemocline was smaller in summer months, as demonstrated
by the nearly identical pH profiles in May and July.

Surface water samples showed slight calcite supersaturation (Figure 3 b,

maximum SI = 0.69 in April 2017; SI = saturation index or Q/K where Q = ion activity
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product, and K = given mineral solubility constant), with undersaturation observed in
deeper waters (SI = -1.12 at 9 m depth in September 2017). Below the chemocline the
Mn-carbonate phases pseudokutnahorite (max SI = 3.48 at 6 m depth, July 2017) and
rhodochrosite (max SI = 0.46 at 6 m depth, July 2017) became supersaturated (Figure 3
¢). As DIC and Fe2+ accumulated in the deepest waters, siderite (FeCO3) also became
supersaturated, with a maximum SI of 1.58 observed at 13 m in July 2017 (Figure 3 b). A
closer examination of the key carbonate phases across the 2017 sampling dates (Figure 3
¢) suggests that Mn-carbonate saturation varied throughout the summer, while calcite and
siderite remained saturated in surface and deep waters, respectively.

Major Fe and Mn oxide phases were supersaturated in surface waters but became
strongly undersaturated in anoxic waters (Lambrecht et al., 2018). The solubility of

phosphate phases in BL is discussed in Supplementary Materials.

3.3 Particulate and sediment geochemistry

Figure 4 displays solid phase Mn data and carbonate mineralogy from three sources in
BL: filtered particulates, sediment traps, and surface sediments. The HCl-extractable Mn
fraction ranged from 862 ppm from the 3.5 m sediment trap, to 189 ppm from a
particulate sample filtered from 10 m depth. The ratio of HCl-extractable Mn to total Mn
in sediment trap and surface sediment samples ranged from 0.070 to 0.085, while total
Mn/Al in these samples ranged from 0.021 to 0.032, with the highest values in both

measures deriving from the 3.5 m sediment trap sample (Figure 4). Sediment trap
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materials from 5 m displayed more intense XRD peaks for calcite than did surface

sediments.

3.4 Geochemical modeling

A process sensitivity analysis and results of simulations for three Mn-carbonate saturated
BL intervals are shown in Figure 5, with model inputs shown in Table 1. After
considering a broader range of potential processes that might influence carbonate
saturation at a ferruginous chemocline (Supplementary Materials), we identified key
relationships in the sensitivity analysis for the July 2017 5.5 m interval (the most strongly
Mn-carbonate supersaturated in our study) that governed the carbonate saturation
behavior of all of our simulations. The first two simulations assessed the role of aerobic

organic carbon respiration (AR) versus aerobic CH4 oxidation (MO):

(1) CH20 + 02 = CO2 + H20 (AR)

(2) CH4 + 202 =CO2 + 2H20 (MO)

The key difference between the two processes is the molar ratio of O2 consumed
to CO2 produced: 1:1 for AR, and 2:1 for MO. Both scenarios had the same impact on
carbonate saturation. The greater impact of these processes was the removal of O2, which
even at the very low concentrations observed in the upper chemocline of BL appears to

inhibit Fe2+ activity in the model. Complete O2 removal enhanced Fe2+ activity and

10
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created a subtle boost in siderite saturation (+0.4 Q/K) in both scenarios, with no other
observable differences.
Next we considered sulfate reduction (SR), which adds 2 moles of HCOs3- for each

mole of SO42- consumed.

(3) SO42- + 2CH20 = H2S + 2HCO:s- (SR)

Sulfate reduction had a subtle impact on carbonate saturation, with siderite showing the
greatest increase (~0.6 Q/K), followed by rhodochrosite (~0.2 Q/K) then calcite; the
greatest changes occurred in the first two days of the simulation.

Next we assessed the addition of calcite at a rate consistent with surface water
calcite saturation from July 2017 (Supplementary Materials). Calcite addition had the
greatest impact on rhodochrosite solubility during the simulation, increasing it by 1.5
Q/K. Calcite solubility had a more subtle response, increasing by only 0.5 Q/K, while
siderite solubility experienced no change in this scenario.

The remaining panels in Figure 5 display the impact of the combined processes
(MO, SR, and calcite addition) with varying temperature and pH. Increasing temperature
in the system to 25°C resulted in modest increases in mineral saturation, though the
relative changes are the same for each mineral. Increasing the system pH from 7 to 8.5
resulted in significant increases in mineral saturation, particularly between pH 7.5 and 8.
At the highest pH (8.5), siderite experienced nearly the same increase in Q/K as

rhodochrosite.

11
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A final series of scenarios (Figure 5 i-1) considered a solution based on BL
dissolved Fe, Mn, Oz, and SO4 values, and adopting modern seawater concentrations for
the remaining ions at pH 8 and a temperature of 25°C. In the first scenario with dissolved
Mn concentration from the BL July 5.5 m interval (Figure 5 1), calcite saturation
increased more than rhodochrosite. However, increasing dissolved Mn concentration in
subsequent seawater scenarios led to significant increases in rhodochrosite Q/K (~+15),
with the maximum observed increase corresponding to a Ca:Mn of 18, which was the
highest observed in BL.

Figure 6 shows the impacts of combined SR, MO, and calcite addition on
carbonate mineral saturation from three BL intervals: May 2017 at 6 m, and July 2017 at
5.5 and 6 m, as detailed in Table 1. The results are shown for both mineral precipitation
suppressed (as delta Q/K) and unsuppressed (pmol precipitated) scenarios, as well as the
response in system pH through the course of each simulation.

In each suppressed scenario (Figure 6 a-c) rhodochrosite saturation increased the
most, followed by siderite, while calcite saturation increased linearly throughout the
simulation. Siderite saturation displayed a similar pattern in each scenario, with an initial
sharp increase followed by a more gradual climb, and siderite saturation increased nearly
as much as rhodochrosite in the July 2017 6 m scenario (Figure 6 b). In these scenarios
pH gradually increased in each case (Figure 6 d-f)

Unsuppressed scenarios demonstrated key differences in the proportions of
minerals produced by these simulations (Figure 6 g-i). One scenario created more calcite

than rhodochrosite, the second created a mixture of the three minerals, and the last

12
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precipitated only rhodochrosite. In unsuppressed scenarios, pH changes were generally

more muted (Figure 6 j-1), and system pH was lower overall.

4. Discussion

4.1 Manganese and carbonate cycling in Brownie Lake

Reactive particulate (HCl-extractable) Mn, representative of carbonate-associated Mn,
was present in BL only below the seasonal oxycline (~3.5 m), and represented a
consistent fraction of total anoxic sediment Mn (Figure 4 c.). Coupled with XRD
evidence for calcite dissolution below the BL chemocline (Figure 4 d.), we suggest this
phase most likely consists of calcite crystals precipitated in surface waters, which became
encrusted with Mn-enriched rims during water column settling, resulting in crystals
similar to those previously documented in lake sediments (Stevens et al., 2000; Herndon
et al., 2018).

Although we cannot eliminate the possibility that some HCl-extractable Mn in BL
was associated with a non-carbonate phase, such as a poorly crystalline sulfide or
phosphate (see discussion in Supplementary Materials), it is unlikely to represent Mn-
oxides. Mn-oxides are thermodynamically unstable in ferruginous BL as their reduction
is rapidly coupled to the oxidation of Fe(Il), sulfide, ammonium and CHa4 (e.g. Jones et
al., 2011), all of which are present in BL waters (Lambrecht et al. 2018; Figure 2).

Furthermore, while HCl-extractable Mn was associated with Mn-oxide phases in

13
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ferruginous Lake Matano, this was for samples containing nm-scale oxide filaments
above the chemocline. By contrast, below the Matano chemocline Mn-oxides were
rapidly reduced and replaced by a phase with a XANES spectrum consistent with
rhodochrosite (Jones et al., 2011).

The dissolved Mn accumulation in the BL chemocline is among the most
concentrated reported in redox-stratified lakes (up to 134 uM), indicating the presence of
a vigorous Mn redox cycle (e.g. Jones et al., 2011; Herndon et al. 2018). Microbial Mn2+
oxidation may contribute to Mn cycling within the BL chemocline, where it is known to
operate efficiently within the O2 concentration gradients (~3-30 uM) observed there
(Clement et al., 2009). Seasonal dynamics of the BL Fe and S cycles may also contribute
to the dissolved Mn pool, as late season sulfide generation by SR drives removal of
dissolved Fe, increasing dissolved Mn:Fe at the top of the chemocline.

Water column pH decreased with depth but stabilized at the chemocline before
reaching its lowest values in the deepest waters (Figure 3). This zone of pH stability at
the chemocline was likely driven by a number of processes buffering the overall decline
in pH with depth. For example, Mn-oxide reduction raises pH when coupled to organic

carbon, sulfide, or CH4 oxidation (Jones et al., 2011; Johnson et al., 2013):

(4) CH20 + 2MnO2 + 2H+ = CO32- + 2Mn2+ +2H20

(5) H2S + 4MnO2 + 2H20 = SO42- + 4Mn2+ + 60H-

(6) CH4 + 4MnO2 + 7TH+ = HCO3- + 4Mn2+ + 5SH20

14
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Of these processes, we consider reactions 4 and 5 most likely to be active at the
BL chemocline, based on the concentrations of species present and the eutrophic nature
of the lake (Lambrecht et al., 2020), which provides a large reservoir of organic carbon to
the system. Similar to reaction 4, iron reduction coupled to organic carbon oxidation is
also capable of decreasing acidity (Walter et al., 2014). While experiments confirm that
reaction 6 can be microbially mediated (Ettwig et al., 2016), organisms putatively
capable of such a reaction were in very low abundance (Lambrecht et al., 2020), and
reaction thermodynamics seem unlikely to support such organisms in BL.

Pelagic calcite dissolution, a well-known processes in seasonally stratified lakes
(e.g. Myrbo and Shapley, 2006), may further serve to influence pH and DIC changes at

the chemocline, via:

(7) CaCOs3 + H+ = Caz+ + HCO3-

or by uptake of CO2 released through reactions 1 and 2:

(8) CaCO3 + CO2 + H20 = Caz+ + 2HCO:s-

Our solubility calculations (Figure 3), the reduction in intensity of the calcite

XRD peaks between the sediment trap and surface sediments (Figure 4), and the

enrichment in dissolved Ca in the deep waters of BL (Lambrecht et al., 2018), are all

consistent with calcite dissolution occurring near the chemocline.
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Surface levels of BL carbonate saturation and changes across the chemocline are
similar to those recently documented in euxinic Green Lake, NY (Herndon et al., 2018),
but key differences emerge in the deep ferruginous waters of BL. In Green Lake,
rhodochrosite was only supersaturated in a narrow zone around the chemocline. In BL,
rhodochrosite was supersaturated at and below the chemocline, and siderite became
supersaturated in deep ferruginous waters. This would enable continued Mn-carbonate
crystal growth in deep water, with potential for incorporating Fe into carbonates where
bottom waters are saturated in siderite.

Carbonate crystals likely spend sufficient time in Mn-enriched waters to
incorporate significant Mn2+. Stokes settling times (at 25° C) for 5 um crystals through a
non-turbulent, 1.5 m chemocline are on the order of several hours, and increase
exponentially for smaller crystals. Experimental studies (e.g. Pingitore et al., 1988)
suggest Mn2+ uptake by calcite is favored at slower precipitation rates that would
nonetheless generate significant amounts of Mn-carbonates at these settling velocities
(e.g. 200 pg min-1 m-2). Hence Mn-carbonate precipitation would be favored in an
environment where pum-scale crystals settle for several hours or more, and remain in
contact with rhodochrosite supersaturated waters at the sediment-water interface, as is

observed in BL (Figure 3).

4.2 Controls on carbonate solubility in Brownie Lake
Our sensitivity analysis demonstrates that calcite addition has the greatest impact on
rhodochrosite saturation in BL (Figure 5). This is likely driven by the relative solubilities

of the two minerals, with more soluble calcite (pK = 8.48 vs. rhodochrosite pK = 10.08,

16



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

Morse et al., 2007) dissolving at the chemocline and contributing bicarbonate to the
system (eq. 8). The sensitivity of the system to increases in thodochrosite saturation
appears to be further governed by increasing dissolved Mn concentration (up to 400 uM),
pH, and temperature. As Fe concentrations increase, such as below the chemocline,
siderite becomes an significant component of the system.

Sulfate reduction at the BL chemocline also holds the potential to influence
carbonate saturation. Despite generally low SO42- concentrations, SR is active in BL
waters, consistent with other ferruginous lakes where vigorous sulfur cycling occurs
(Walter et al., 2014). Because SR generates two mol of HCO3- for each mol of SO42-
reduced (eg. 3), this process drove an initial spike in Fe-Mn carbonate saturation in our
modeled intervals (e.g. Figure 5 ¢).

Unsuppressed scenarios (Figure 6) show that subtle variations in water Mn:Fe and
pH can produce carbonate assemblages with highly variable proportions of Ca-Mn-Fe,
consistent with many ancient examples of Mn enrichments where both Mn-Ca and Mn-Fe
carbonates are reported (Tsikos et al., 2010; Johnson et al., 2016; Planavsky et al. 2018).
Although the assumption of siderite precipitation at 1-fold saturation may be unrealistic
in these scenarios, nucleation on existing crystals may lower the kinetic barriers to
precipitation relative to homogeneous phases (Jiang and Tosca, 2019). Experimental
work previously implicated calcite as a catalyst in Mn-carbonate precipitation. Mucci
(2004) suggested Mn-carbonate minerals could nucleate on small calcite crystals, or
manifest as manganoan rims on calcite if concentrations of Ca2+ were much greater than

Mno2+.
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These scenarios translated well to manganiferous seawater with minor
adjustments. Increasing temperature and pH favored carbonate production (Figure 5 e-h),
but an initial seawater scenario (Figure 5 1) illuminated a challenge to the model:
competition between calcite and rhodochrosite at marine concentrations of Ca. The molar
Ca:Mn of BL water in our sensitivity scenarios derives from a measured value of 25.6,
but scaling to marine Ca increases this ratio to 138 (Table 1). Adjusting the dissolved Mn
concentration of the seawater scenarios to include the highest measured concentration
observed in this study (134 uM) led to greater increases in rhodochrosite saturation,
consistent with BL scenarios. Subsequent seawater scenarios with 200 uM dissolved Mn,
and a Ca:Mn ratio adjusted to the lowest observed in BL (~18 or a dissolved Mn
concentration of 571 uM) generated considerable increases in rhodochrosite saturation
relative to calcite, demonstrating the viability of this mechanism in marine settings.
Although the final scenario had a dissolved Mn concentration over 4-fold larger than we
observed in BL, it is not an unreasonably high concentration for a marine system given
the dissolved Mn concentrations of >400 uM reported in the modern Orca Basin (Van

Cappellen et al., 1998).

4.3 Dissolved inorganic carbon isotopes in redox-stratified waters

Differences in 13Cpic behavior between euxinic versus ferruginous waters largely derive

from the prominence of the CH4 cycle in ferruginous systems. Although modern

ferruginous lakes occur in a variety of hydroclimatic settings, data presented here (Figure

2) reinforce the observation that these systems display stratification in 313Cbic.
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Ferruginous chemoclines host lower 613Cpic relative to deep waters that are influenced by
fermentation or methanogenic CO2 reduction (Assayag et al., 2008; Crowe et al., 2011;
Lambrecht et al. 2020; Figure 2). Calcite dissolution also holds potential to contribute
heavier DIC to deep waters (Myrbo and Shapley, 2006). In contrast, euxinic lakes also
demonstrate a more common mode of d13Cpic stratification, wherein waters from the
chemocline and below reflect light 313Cbic release from AR and SR of organic carbon

(Myrbo and Shapley, 2006; Havig et al., 2017; Figure 7).

4.3.1 Impact of methane oxidation on Brownie Lake DIC

A pronounced depletion in 613Cpic at the chemocline and progressive enrichment through
deep anoxic waters reflect active CH4 cycling in the BL water column, with oxidation at
the chemocline, and methanogenesis in deep anoxic waters (Lambrecht et al., 2020;
Figure 2 e & f). The increase towards positive 613C-CH4 consistent with methanotrophy
occurs at the base of the oxycline, at O2 concentrations between 4-5 uM. While SOs-
dependent anaerobic oxidation of CH4 (AOM) is marginally thermodynamically
permissible in this context, BL 16S rRNA sequencing recovered negligible sequences of
putative AOM archaea (Lambrecht et al., 2020). This is consistent with recent work
demonstrating that aerobic methanotrophy remains favored in ferruginous systems even
at oxygen levels below the detection limit of most sensors (~ 20 nmol; Oswald et al.,
2016).

Both SR and MO are thermodynamically favored in BL (Supplementary

Materials), and capable of influencing 613Cpic. It is therefore necessary to consider which
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process may be exerting a greater influence on BL DIC. Employing the reaction-diffusion
approach developed by Crowe et al. (2011), and adopting the vertical eddy diffusivity
value around the chemocline of BL on the order of 5x10-5 mz/s (Lambrecht et al., 2018),
we calculate that an MO rate of 160 pumol/L/day is required to maintain the negative DIC
carbon isotope excursion observed at 4.5 m depth in September 2017. This is within the
range of known lacustrine MO rates, and slightly higher than the maximum rate recently
determined in ferruginous Lake Matano (Sturm et al., 2019). Although dissolved oxygen
concentrations at this interval (~4.7 pM) were just above the detection limit of our sonde
(2-3 uM), they would be sufficient to maintain aerobic CH4 oxidation. This rate is also
similar to the upward flux of CH4 towards the chemocline, as calculated from the CH4
concentration profile (90 umol/L/day, assuming oxidation occurs over a 0.5 m interval),
suggesting that the BL carbon isotope excursion could be maintained primarily by MO,
though contributions to the pool of isotopically light DIC from other pathways is further
evaluated below.

A mass balance of BL DIC data suggests MO has a stronger influence on the DIC
excursion at the chemocline, with a ratio of ~3:1 MO:SR, consistent with its
thermodynamic favorability (Supplementary Materials). Nitrate- and Fe-Mn-coupled
AOM (Ettwig et al., 2016; Oswald et al., 2016) are intriguing but remote possibilities,
considering such organisms were not significant in BL (Lambrecht et al. 2020).
Concentrations of NO3- observed at Brownie Lake are generally <2 uM (Lambrecht et al.,
2018) and are not likely to significantly impact the CH4 budget. And although it has been
demonstrated in experiments (Ettwig et al., 2016), a clear example of pelagic MO

coupled to Fe/Mn oxide reduction has yet to be produced. Thus, this analysis suggests
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that aerobic CH4 oxidation may exert a major influence on d13Cpic in Brownie Lake,
consistent with the suggestion that methanotrophy is a major influence on 613Cbic in

ferruginous waters (Crowe et al., 2011).

4.3.2 Methane oxidation and carbonate C isotopes

The widespread observation of low 613C in Mn-carbonates is traditionally interpreted as
evidence of diagenetic oxide reduction coupled to organic carbon respiration within
sediments (e.g. Calvert and Pederson, 1996; Planavsky et al., 2018). While this
interpretation is viable in many geological examples, the influence of MO and SR on
013Cpoic in ferruginous lakes demonstrates the potential for embedding signatures of these
processes in primary carbonate minerals.

Carbonates derived from CH4 oxidation have long been recognized (Michaelis et
al., 2002) and are widely described in modern lacustrine and marine environments. In
marine settings, SO4-AOM triggers precipitation of carbonates and sulfides (Michaelis et
al., 2002). In completely anoxic and ferruginous settings where SO42- is below 10s of uM,
benthic archaea have been shown to couple both Fe and Mn-oxide reduction to CH4
oxidation (Ettwig et al., 2016), a reaction that similarly favors carbonate precipitation
(Crowe et al., 2011).

Aerobic oxidation of CH4to CO2 has a substantially lower redox potential relative
to Mn2+ oxidation, permitting CH4 oxidation in suboxic environments where Mn2+ would

remain reduced (Supplementary Materials). Such a nuanced separation of these processes
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is possible in a redox-stratified water column, but would be less likely to overlap in
sediments where oxygen would be unlikely to penetrate to a zone of methane production.
Earlier interpretations of 813C from iron formation carbonates suggested greater
variability in the 613C of marine DIC sources (e.g. Winter and Knauth, 1992), consistent
with the recent suggestion that signatures of hydrothermal DIC may be recorded by some
ancient Fe-carbonates (Jiang and Tosca, 2019). Although the interpretation of primary
versus diagenetic signatures of ancient carbonates remains subject to much debate, it is
clear that a number of primary processes operating in redox-stratified water columns may

generate substantial variability in 613Cbpic.

4.4 Mn-carbonates in anoxic environments

Recent literature largely assumes that Mn burial in permanently anoxic basins is not
permissible due to the instability of Mn-oxides and high solubility of Mn-sulfides
(Calvert and Pederson, 1996). In the prevailing view, Mn-carbonates form in sediment
porewater after diagenetic reduction of Mn-oxides precipitated from water columns that
are at least episodically oxidized (e.g. Johnson et al., 2013). Our findings, however, are
consistent with work in both ferruginous (Jones et al., 2011) and euxinic lakes (Herndon
et al., 2018), supporting the hypothesis that primary precipitation of Mn-carbonates is
favorable in redox-stratified water columns containing 5 uM of oxygen or less.
Observations of Mn-carbonates in sediment traps (Nuhfer et al., 1993), water
column particulates (Jones et al., 2011), and Holocene sediments (Wittkop et al., 2014)

from redox-stratified lakes further support the existence of a primary precipitation
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pathway. The Mn-carbonate phase documented in Elk Lake, Minnesota was not found in
sediment traps sterilized with formalin (Nuhfer et al., 1993), implicating microbial
processes in its precipitation (Stevens et al., 2000). Consistent with marine examples, the
lacustrine Mn-carbonate overgrowths on calcite crystals documented by Stevens et al.
(2000) corresponded to lighter bulk carbonate 613C than in intervals without Mn-
carbonates, consistent with a potential role for AR or MO in their origin.

This evidence also points to a relatively rapid precipitation of Mn-carbonates
within redox-stratified water columns. Rhodochrosite was identified by XRD in sediment
traps by Nuhfer et al. (1993), and in particulate samples by XANES in Lake Matano
(Jones et al., 2011). Pseudokutnohorite is thermodynamically favored to precipitate
before rhodochrosite (Mucci 2004), but to our knowledge this XRD-amorphous mineral
has not been reported in lacustrine settings, though Stevens et al. (2000) reported

kutnohorite in Holocene sediments.

4.5 Application to ancient SMEs

In light of the evidence presented here, we advance a primary carbonate model for the
genesis of SMEs (Figure 7 a). The key elements of the carbonate model are, 1) a redox
stratified basin hosting Mn-enriched waters near a redoxcline, 2) Ca-carbonate
precipitation in shallow waters, and 3) a lysocline poised near the basin redoxcline. While
our work demonstrates that this model may be especially viable in ferruginous
environments, it is also consistent with suggestions that Mn-carbonates may represent an

primary precipitate in euxinic settings (Force and Cannon, 1988; Herndon et al., 2018).
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Most SMEs occur in shallow water facies (Force and Cannon, 1988), and
secondary enrichment is precluded in key examples (e.g. Johnson et al., 2013), thus their
genesis requires the presence of Mn-enriched waters in shallow marine environments,
and hence a shallow chemocline. Substantial deposits require proximity to hydrothermal
Mn sources (Maynard, 2010), which may dictate the Mn:Fe of basin waters, but
additional Fe and Mn segregation may occur at a chemocline as observed in BL. Fe can
be oxidized by anoxygenic photoferrotrophy in the photic zone (e.g. Lliros et al., 2015),
or by microaerophilic Fe(Il)-oxidizing bacteria (Berg et al., 2019). Both of these
processes would increase dissolved Mn:Fe. A cryptic sulfur cycle may similarly proceed
under weakly oxidizing conditions (e.g. Walter et al., 2014), leading to an increase in
Mn:Fe via Fe-sulfide precipitation (Force and Cannon, 1988).

In contrast to the episodic mixing observed in seasonally-stratified lakes, a more
stable marine environment would offer the advantage of maintaining the redox
relationships observed in BL for longer periods of time, enhancing the potential for large-
scale Mn mineralization. Basin upwelling events may introduce Mn-enriched waters to
depositional sites, but many SMEs are also linked to marine transgressions (Roy, 2006).
A transgression could lead to migration of a chemocline over previously deposited Ca-
carbonates, where Mn-enriched waters would have the opportunity to act as a
“mineralizing fluid” on surface sediments (Force and Cannon, 1988). Changes in sea
level may also lead to interbedding of primary carbonates alongside Mn-oxides, which
could later be diagenetically reduced, accounting for the complex mineral associations

observed in major Mn enrichments (e.g. Johnson et al., 2016). Independent of eustatic sea
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542  level, the chemocline may shift position in response to the relative supply of oxidants
543  versus reductants in seawater (e.g. Lantink et al. 2018).

544 Capture of Mn by carbonate phases may preclude large-scale oxide precipitation
545  if the rate of carbonate capture and burial equals or exceeds the rate of Mn supply to the
546  basin. In contrast, a large Mn-oxide deposit would indicate a rate of Mn upwelling and
547  oxidation exceeding the rate of capture by carbonates, or a transition to an environment
548 unfavorable for carbonate production or preservation.

549

550  4.5.3 The carbonate pathway in Precambrian SMEs

551

552 Sharp facies gradients between Ca-carbonates and ferruginous or manganiferous

553  sediments are present in many examples SMEs occurring both before and after the GOE
554  (e.g. Johnson et al., 2013; Lantink et al., 2018; Ossa Ossa et al., 2018b), implying the
555  presence of a basin lysocline. The lysocline in small temperate lakes such as BL is driven
556  primarily by temperature and rates of OM remineralization (e.g. Myrbo and Shapley,
557  2006). In ancient ferruginous basins, a shallow lysocline may have been further supported
558 Dby the presence of metal-enriched hydrothermal waters with a lower pH relative to

559  surface waters.

560 Recent estimates of dissolved O2 concentrations derived from Archean SMEs are
561  higher than the 3-4 uM we considered in our BL simulations, but are generally consistent
562  with the 3-30 uM range we observe in manganiferous BL waters. The concentrations of

563  dissolved O2 represented by Archean SME may have locally exceeded 10 uM (Ossa Ossa
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et al., 2018), within a range that could support rapid microbial Mn2+ oxidation and further
concentrate dissolved Mn at a local chemocline (Clement et al., 2009).

Although Mn-oxides may be generated in some low-Oz2 settings (e.g. Daye et al.
2019), the relationships between O2 and manganiferous waters in BL imply that efficient
Mn-oxide burial would require O2 concentrations at the sediment water interface to
remain significantly above 5 pM. We observed Oz concentrations ranging between ~5-50
uM at the top of the BL chemocline where tens of pM of dissolved Mn began to
accumulate, indicating Mn-oxide reduction was occurring in these waters. Hence Mn
would remain dissolved in environments where O2 may be present at <SuM—
concentrations that could nonetheless support Fe2+ and CH4 oxidation. Here a carbonate
burial pathway for Mn2+ would remain viable, with the production of various Mn-
minerals dependent on reaction kinetics and the stability of redox gradients.

These interpretations are consistent with Fe-isotope evidence from the Hotazel
Formation of the Transvaal Supergroup, deposited near the onset of the GOE. Hotazel
records suggest SME genesis from a redox-stratified basin possessing a large reservoir of
dissolved Fe, and evolving Fe-Mn ratios (Lantink et al. 2018). A primary carbonate
model also accounts for the co-occurrence of Mn(II-11I) and Fe(III) phases in Mn-
enrichments interpreted to represent a limited role for diagenetic reduction in the genesis
of Hotazel SMEs (Tsikos et al., 2010).

Manganese enrichments in deep water facies of the Proterozoic Animikie Basin
were recently interpreted as evidence of complete water column oxidation (Planavsky et
al. 2018), who invoked a Baltic Sea analog (e.g. Hausler et al., 2018). While the Baltic

Sea SMEs are consistent with deep water oxygenation and genesis from Mn-oxide
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precursors, they also occur in an environment of very low Fe:Mn, which is not consistent
with the high Fe:Mn of the manganosiderite phases preserved in the Animikie examples
(Planavsky et al, 2018). A primary carbonate genesis of the Animikie examples followed
by continued Fe-carbonate growth on the seafloor (e.g. Figure 7 a.) is more consistent
with both previous work on the Animikie Basin (Poulton et al., 2010), and examples of
highly Mn-enriched Fe-carbonates preserved in ferruginous Holocene sediments
(Wittkop et al., 2014).

Although Mo isotope depletions are frequently interpreted as indicators of Mn-
oxide burial (e.g. Planavsky et al., 2018), they may also occur at a euxinic chemocline in
association with changes in Mo-S speciation (Neubert et al., 2008). The co-occurrence of
pyrite with Proterozoic SMEs (Johnson et al., 2013; Planavsky et al., 2018) supports this
view, and opens the possibility that some Precambrian SMEs contain records of cryptic S

cycling as opposed to complete water column oxidation.

4.5.4 The carbonate pathway in Phanerozoic SMEs

Manganese enrichments from the Neoproterozoic and younger are generally consistent
with more diverse mineralization pathways relative to older examples (Maynard, 2010).
Phanerozoic SMEs are frequently associated with black shales, whose sulfides represent
an effective Fe-sink, allowing for accumulation of dissolved Mn in the water column
(Force and Cannon, 1988). These younger SMEs may remain associated with large-scale
changes in marine redox balance, including ocean anoxic events, and the occurrence of

marine red-beds, which have recently been interpreted as evidence for transient
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ferruginous episodes in the Phanerozoic (Figure 1; Song et al., 2017). Localized tectonic
influences may overprint this global signal, which is the likely case for the Oligocene
deposits associated with the Black Sea (Force and Cannon, 1988).

The Jurassic Molgano deposit of Mexico is the largest Phanerozoic SME,
occurring at the base of a Ca-carbonate facies (Okita, 1992), where it is tellingly not
associated with primary oxides (Force and Cannon, 1988). Instead, detailed mapping of
Mn-phases in Molgano samples suggests manganoan calcite may have represented the
earliest precipitate (Johnson et al., 2016). Other Phanerozoic examples including the
Oligocene Nikopol deposit of Ukraine and Cretaceous Groote Eylandyt deposit of
Australia contain Mn-carbonates associated with primary oxides. This co-occurrence of
adjacent oxide and carbonate SMEs within the same sedimentary basin likely represents
the preservation of a water column redox boundary (Force and Cannon, 1988). Careful
re-assessment of such Phanerozoic SMEs utilizing new paleoredox tools is likely to
provide insight into their relationships with global versus localized drivers of their

genesis.

5. Conclusions

We document the production and burial of an HCl-extractable particulate Mn phase,

interpreted as a Ca-Mn-carbonate, from a ferruginous Brownie Lake. Geochemical

models of carbonate production in the lake suggest introduction of calcite to Mn-rich

waters at the chemocline triggers substantial increases in rhodochrosite saturation. These
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models translate to ferruginous marine conditions, implying a significantly less oxidizing
environment is required to develop carbonate-hosted sedimentary Mn enrichments than
previously recognized. Specifically, our findings suggest primary Mn-carbonates may
originate from waters containing 5 uM dissolved Oz or less, and do not require the burial
of precursor Mn-oxides in sediments.

Instead of representing diagenetic organic carbon respiration, the negative carbon
1sotope composition commonly observed in Mn-carbonates might also be imparted by
organic carbon remineralization or CH4 oxidation occurring in the water column. Hence
some sedimentary Mn enrichments may develop where processes operating in low O2
environments including sulfur cycling, microaerophilic Fe-oxidation, or anoxygenic
photosynthesis co-occur with a basin lysocline. This interpretation may reconcile
inconsistencies among paleoredox proxies in environments where Mn-enriched sediments

are encountered.
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Figure 1: Sedimentary manganese enrichments (SMEs) through geologic time in

comparison with redox indicators. Manganese data replotted from Maynard (2010),

expressed as metric tons Mn metal, including sub-economic and iron-formation hosted

deposits. a. Atmospheric O2 from Lyons et al., 2014. b. All SMEs binned in 200 Myr

increments. c. Post-Neoproterozoic marine redox indicators including ocean anoxic

events (OAEs; stars) from Jenkyns (2010), and cumulative thickness of marine red beds

(MRBs), replotted from Song et al. (2017). d. Post-Neoproterozoic SMEs binned in 25

Myr increments.
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Figure 2: Brownie Lake 2015-2017 water column profiles of (a) Oz, (b) dissolved iron

(Fe2+), (c) dissolved manganese (Mn2+), (d) SO42- and total dissolved sulfide (X S2-), (e)

dissolved inorganic carbon (DIC), (f) the carbon isotopic composition of DIC, (g)
dissolved methane (CH4), and (h) the carbon isotopic composition of dissolved CH4

(inset shows high values observed near the chemocline). Replotted from Lambrecht et al.
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Figure 3: (a) pH, (b) calcite solubility, and (c) rhodochrosite (rhod.), and siderite (sid.).
solubility in the Brownie Lake water column in 2017. (d) Detail of July 2017 phases
including pseudokutnohorite (pseudokut.). Saturation index (SI) = log(IAP/Ksp) where
IAP is the solution ion activity product and Ksp is the solubility constant of the given

mineral.
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Figure 4: Brownie Lake particulate and water column data from 2018. (a) Brownie Lake
water column dissolved O2 and Mn. (b) Concentrations of HCl-extractable Mn from
filtered particulates, sediment trap materials, and surface sediments. (c) Sediment trap
and surface sediment HCl-extractable Mn normalized to total Mn (Mnrt), and Mn/Al. (d)
X-ray diffraction patterns from 5 m sediment trap sample versus surface sediments. Note
the prominence of the calcite peak in the sediment trap at 5 m relative to surface
sediments, interpreted as evidence of water column calcite dissolution. XRD peak labels:

C = calcite, D = dolomite, F = feldspars, M = 2M muscovite, Q = quartz.
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Figure 5: Sensitivity of BL carbonate mineral saturation. Cal = calcite (blue), Rhod =
rhodochrosite (black), and Sid = siderite (red). All changes expressed in terms of delta
Q/K where Q = IAP and K = given mineral solubility constant. All scenarios are plotted
in terms of a 15-day simulation and based on BL water chemistry as measured in July
2017 at 5.5 m (Table 1). See main text for example reactions. (a.) Scenario considering
aerobic respiration where O2 and COz2 are reacted in a 1:1 molar ratio. (b.) Methane
oxidation scenario where 2 moles of Oz are consumed for every CO2 produced. (c.)
Sulfate reduction scenario. (d.) Addition of calcite at 7 umol/day scenario. (e-h.) The
combination of scenarios b-d. with varying temperature and pH. Note change in scale of
delta Q/K for g. and h. (i-1.) Scenarios combining b-d. adopting Brownie Lake dissolved
Fe, Mn, SO4, and O2 concentrations and assuming seawater composition and pH and
temperature of 25 C. (i.) Seawater with Brownie Lake July 2107 5.5 m concentrations of
Fe, Mn, SO4 and Oz. (j.) Scenario as described in (i.) with dissolved Mn concentration

increased to 134 uM, the highest observed in our study. (k.) Scenario as described in (i.)
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with dissolved Mn concentration increased to 200 uM. (1.) Scenario as described in (i.)

with Ca:Mn ratio set to 18, the lowest observed in our study.
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Figure 6. Combined scenarios for methane oxidation, sulfate reduction, and calcite

addition (i.e. Figure 5 b-d) applied to rhodochrosite-saturated intervals in BL. Mineral
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abbreviations and Q/K relationships as in Figure 5. Panels a-c with mineral precipitation
suppressed to assess changes in solubility. (a) May 2017 6 m, (b) July 2017 5.5 m, (c)
July 2017 6 m. Panels d-f display pH changes from each of the scenarios above. Panels g-
1 display results from unsuppressed simulations where minerals are allowed to precipitate
at Q/K = 1 and accumulate in the system, with mineral concentrations shown in pmoles.

Panels j-1 display pH evolution of unsuppressed scenarios g-i.
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Figure 7: Models for the genesis of sediment manganese enrichments (SMEs). Relative
water column composition of d13Cpic and concentrations of O2, Mn, Fe, and H2S (if

applicable) shown to right. Each model assumes the presence of a basin lysocline
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coincident with a chemocline. Sources of Fe and Mn may include hydrothermal vents,
springs (in lakes), or sediment porewater release. See main text for example reactions. (a)
Carbonate model, based on the ferruginous setting described in this work. Manganese
oxides may not be present if Mn-carbonate genesis rate exceeds rate of supply, and
oxygenic photosynthesis may not have been active in earliest Archean examples. Calcite
introduced to water column via littoral precipitation dissolves as it settles into the
lysocline, where Mn-carbonates nucleate. Fe-rich overgrowths may precipitate (ppt) in
deep waters if siderite saturation is exceeded. Fe-silicates such as greenalite may also co-
precipitate in deep facies of Precambrian oceans (Jiang and Tosca, 2019). The
composition of 313Cpic is adopted from trends observed in Brownie Lake, but
Precambrian oceans (pC) may not have hosted enriched 613Cpic in deepest waters.
Transgression is capable of shifting facies relationships to the left, creating contrasting
sediment compositions. (b) Euxinic model, similar to the zoned model of Force and
Cannon (1988) and a mechanism proposed by Herndon et al. (2018). Instead of
carbonates, iron-sulfides dominate in deeper settings, but Mn-carbonates may still
precipitate near the chemocline or if rates of CaCO3 accumulation are high throughout
the basin (e.g. Green Lake; Herndon et al., 2018). The 613Cpic of deep water is shifted
negative due to the predominance of sulfate reduction (Myrbo and Shapley, 2006). (c)
The prevailing oxide model assumes that Mn-carbonates precipitate from a precursor
oxide mineral (e.g. Calvert and Pederson, 1996). A deep water source of dissolved Mn is
still implied. In Precambrian settings ferruginous conditions were likely dominant, but

anoxic basins in the Phanerozoic are often interpreted as euxinic (Hz2S rich). Both the
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782  carbonate and euxinic model may produce SMEs in suboxic environments, but low
783  carbonate saturation or high rates of dissolved Mn upwelling may favor the oxide model.

784

Wittkop et al., in press. Table 1.

Interval May 2017 6m July 2017 5.5m July 2017 6m Seawater / July 2017 5.5m
Species Conc. Units Conc. Units Conc. Units Conc. Units
NG - - 0.371 pmol/L 0.408 pmol/L 0.371 umol/L
B(OHa) 2.868 pmol/L 6.753 pmol/L 6.660 pmol/L 6.753 pmol/L
Ca?' 1906 pmol/L 1933 pumol/L 2008 pmol/L 10.28 mmol/kg
cr 0.019 pmol/L 0.019 pumol/L 0.038 pmol/L 0.019 umol/L
Fe? 15.40 umol/L 11.76 umol/L 63.57 pmol/L 11.76 umol/L
K" 206.20 pmol/L 192.16 pmol/L 220.52 umol/L 10.2 mmol/kg
Mg** 720.6 umol/L 749.3 pmol/L 795.8 pumol/L 52.8 mmol/kg
Mn?* 82.15 umol/L 75.45 umol/L 99.99 pumol/L 571 umolar
Na® 15046 umol/L 14720 pumol/L 16666 pumol/L 469 mmol/kg
Cr 20164 pmol/L 16931 pumol/L 18482 pumol/L 546 mmol/kg
Br 33.79 pmol/L 3.755 pmol/L 5.006 pmol/L 0.84 mmol/kg
SO4* 40.60 umol/L 54.13 umol/L 3435 pmol/L 54.13 umol/L
HPO.*" 0.293 pmol/L 0.592 pmol/L 0.907 pmol/L 0.592 pmol/L
02 4.1 umol/L 3.13 pmol/L 2.8 pmol/L 3.1 umol/L
H™ 72 pH 7.36 pH 7.22 pH 8 pH
HCOs 4.4 mM 6.5 mM 8.4 mM 1.77 mmol/kg
NOy - - - - 0.1290 umol/L - -
T 7.58 °C 8.33 °C 7.58 °C 25 °C
Ca/Mn 23 26 20 18
Mn/Fe 53 6.4 1.6 49
Reactant Rate Rate Rate Rate

(uM/day) (uM/day) (uM/day) (uM/day)
0> -0.27 -0.21 -0.19 -0.21
COx 0.14 0.10 0.09 0.10
Calcite 7.70 7.70 7.70 7.70
so* -2.71 -3.61 -2.29 -3.61
HaS 2.71 3.61 2.29 3.61
HCOs 5.41 7.22 4.58 7.22
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Table 1: Inputs and reaction rates for carbonate modeling. Species concentrations (Conc.)
were measured from the BL water column except the seawater scenario, which adopted
values of major dissolved ion concentrations from seawater with the exception of Fe, Mn,
SO4, and O2. The Mn concentration in the seawater scenario is based on the lowest
observed BL Ca:Mn, with results shown in Figure 5 1. Reaction rates were determined by

dividing the measured concentrations by 15 days, the length of the scenario.
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S1. Study site

Brownie Lake (BL) is a small ferruginous kettle lake located in Minneapolis, Minnesota
(N44.9676° W93.3245°; figure S1). Historical and paleolimnologic analysis suggests that
BL has been meromictic since 1917, when its surface elevation was lowered by
construction of a canal joining it with adjacent Cedar Lake (Swain, 1984; Tracey et al.,
1996). Profundal sediments are continuously laminated above this horizon, and
laminations are annual (Swain, 1984). BL surface area is 4.0 ha (compared to 13.2 ha
pre-1917), and its max depth is now 14 m (compared to an estimated 17 m). The lake’s
reduced surface area and fetch, and surface elevation low in its basin, have reduced its
susceptibility to wind entrainment of surface waters and vertical water column mixing.
An industrial cooling water outlet also contributed to increased concentrations of
dissolved Fe2+, alkalinity, and SiO2 in the late 20th century (Swain, 1984), and
contamination from road salt has further increased total salinity and stability of the water
column (Novonty et al., 2008; Myrbo et al., 2011; Lambrecht et al., 2018). Isolation of
the cold (7°C) lake bottom waters from atmospheric O2 resupply, along with a high flux
of algal and terrestrial organic carbon, have driven evolution to low Eh and pH
conditions, under which minerals such as iron (hydr)oxides and carbonates may dissolve,
increasing bottom water density and strengthening stratification. The persistent, stable
nature of the stratification is particularly evident in repeated monitoring of water column

conductivity (Lambrecht et al. 2018).
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Figure S1: A. Location of Brownie Lake relative to the Minneapolis Chain of Lakes. B.
Brownie Lake bathymetry showing sampling location and approximate area of anoxic

zone. C. Location in Minnesota, USA.

S2. Methods

Methods employed in water column analysis in BL are described in detail by Lambrecht

et al. 2018 and Lambrecht et al. in 2020. We review key approaches here.

S2.1 Water column profiles

Water column properties at BL were monitored using in situ sensors for dissolved

oxygen, temperature, conductivity, and pH with either a Hydrolab DS-5 sonde or a YSI

ProDSS. All sensors were calibrated according to the manufacturer’s specifications.
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S2.2. Water samples

Water samples were collected from direct pumping for smaller samples, or a Van-Dorn
type opaque, non-metallic sampler for samples requiring larger volumes. Pumped
samples were collected from polypropylene or Tygon tubing, and immediately filtered in
the field with a filter connected to tubing to minimize exposure to O2. Samples for
cations, anions, and dissolved carbon (DIC, CH4) analysis were filtered at 0.45 um.
Cation samples were preserved with HNO3, and CH4 samples were preserved with HCI or
kept cool prior to analysis.

Cations were analyzed by ICP-OES at the University of Minnesota Department of
Earth Sciences (2015 samples), or the U of MN Research Analytical Laboratory (2017-
2018 samples). Anions were analyzed at the same facilities using an ion chromatograph.
Samples for determining total sulfide were stored on ice or at 4°C until laboratory
analysis could be completed, usually within 72 hours, and analyzed by Cline assay
(detection limit: 1 uM; Cline, 1969; Reese et al., 2011) and measured
spectrophotometrically on an Epoch 2 Microplate Reader (Biotek). Nitrate and
ammonium samples were analyzed spectrophotometrically as described by Lambrecht et
al., 2018.

Mineral saturation indices were calculated using Geochemist’s Workbench
(Bethke, 1996) incorporating cation-anion data, DIC, and sonde measurements of O2 (O2
measurements were entered as zero values below the detection limit of the sonde, usually
2-3 uM) and pH. Pseudokutnahorite saturation was calculated using Caz+, Mn2+, and
COa32- activities calculated in Visual Minteq 3.1 (https:/vminteq.lwr.kth.se) and the
solubility constant of Mucci (1991).

Concentration of dissolved inorganic carbon (DIC) was determined by measuring
the COz2 concentration of gas evolved from a 1 mL water sample injected with 1 mL of
85% phosphoric acid using a GasBench II system. The 613C of DIC was measured from
the same evolved gas sample at the UC Davis Stable Isotope Facility (UCDSIF) a Delta
V Plus IRMS (Thermo Scientific, Bremen, Germany) coupled to the GasBench II. Final
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013C values are expressed relative to the international standard V-PDB (Vienna PeeDee
Belemnite) with long term standard deviation of DIC analyses is 0.1 %o.

Stable isotope ratios of dissolved methane carbon (613C) were measured at
UCDSIF using a ThermoScientific Precon concentration unit interfaced to a
ThermoScientific Delta V Plus isotope ratio mass spectrometer (ThermoScientific,
Bremen, Germany). Gas samples are scrubbed of H20 / COz2 and CHa4 is separated from
residual gases by a GS-CarbonPLOT GC column. Purified CH4 is oxidized to CO2 and
analyzed by IRMS. Standards are calibrated against NIST 8559, 8560, and 8561 and final
O-values, are expressed relative to the international standards V-PDB (Vienna PeeDee

Belemnite) with long-term standard deviation of 0.2 %eo.

S2.3. Particulates and sediments

Water column particulate samples were collected in August 2018 by direct pumping of
BL water through Tygon tubing onto pre-weighed polycarbonate 0.2 uM filters in
reusable polycarbonate housings from indicated depths until the filters became clogged.
Inlet and outlet hoses were then clamped to prevent oxygen contact, and collected
samples were immediately transferred into an N2-filled glove bag for removal from the
filter housing and storage and transport in an N2-filled airtight container with Oxoid™
AnaeroGen™ sachets (TermoScientific).

Surface sediment samples were also collected from BL in August 2018 using an
Aquatic Research Instruments gravity coring device. The top 1 cm of sediment was
extruded from the corer and immediately transferred to N2-flushed 100 mL glass septum
bottles, stoppered with butyl rubber and crimped closed with aluminum caps.

Water column sediment traps were deployed in BL from June through October
2018. Traps consisted of a 0.5-m polycarbonate tube of 2-inch diameter attached to a 1-L
Nalgene bottle. During recovery traps were immediately transferred into an N2-filled
glove bag and trapped material transferred into large glass vials with butyl stoppers, and
subsequently stored in an anoxic glove box at lowa State University.

Filter particulates, sediment trap materials, and sediment samples were freeze-

dried. Mn was extracted from 50-100 mg of material using 10 mL of 0.5 M HCI for 1
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hour (Thamdrup et al., 1994). This extraction, used as part of the modified Fe sequential
extraction (Xiong et al., 2019) developed by Poulton and Canfield (2005), targets solid
phase Mn2+, and Mn carbonates, but only targets Mn-oxides if a reductant is present
(Thamdrup et al., 1994). Total Mn was determined following total digestion of the freeze-
dried samples by ashing at 550 °C followed by dissolution in HNO3-HF-HClO4 and
evaporation to dryness. Boric acid was added to the residue (to dissolve aluminium
hexafluoride) and evaporated to dryness, before redissolution in 50% HCI. Mn in the
extractants were quantified by AAS (Thermo Scientific iICE3000 series) with RSD not

exceeding 2.1%.

S2.4 X-ray diffraction

Surface sample bulk mineralogy was assessed by powder X-ray diffraction. Samples
were gently homogenized in a cleaned agate mortar and loosely packed into an aluminum
target for analysis on a Rigaku Ultima-IV with Cu-Ka radiation scanned from 5-75° 26
with a 0.02° step size with an X-ray energy of 44 kV and 40 mA. Counts were measured
with a D/Tex detector which allows for a scan speed of 6° per minute.

The sediment trap sample, homogenized as above, was analyzed at lowa State
University on a Siemens D500 diffractometer using Cu-Ka radiation at 45kV and 30mA

from 4-75° 20 with a 0.05° step size and a scan rate of 2° per minute.

$2.5 Geochemical modeling

Brownie Lake cation, anion, DIC, pH, and Oz data were imported to Geochemist's
Workbench (GWB; version 8.0.12 build 4427; Bethke, 1996) to assess the sensitivity of
carbonate mineral saturation to processes occurring near a ferruginous chemocline.
Activity coefficients were modeled utilizing the standard “B-dot” or extended Debye-
Huckel equation, which is valid in solutions with ionic strengths up to 3 molal (Bethke
and Yeakel, 2010); the maximum ionic strength of solutions we modeled was ~0.66
molal. Processes we considered included included photoferrotrophy (as discussed in

Crowe et al., 2008), methanotrophy (Lambrecht et al., 2020), and sulfate reduction
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(Walter et al., 2014), in addition to processes that would be implicated in typical
temperate lake water columns including calcite dissolution and organic carbon respiration
(Myrbo and Shapley, 2006). To simplify our approach, we focused these efforts on three
primary carbonates: calcite, rhodochrosite, and siderite, though precursor metastable
carbonates likely play a role in these processes (e.g. Mucci, 1991; Jiang and Tosca, 2019;
Vuillemin et al., 2019). We also focus on calcite rather than aragonite as the former is the
primary phase in most freshwater lakes (e.g. Thompson et al., 1997), and recent
experiments demonstrate that the calcite lattice is more accommodating of Mn
incorporation than is aragonite (Son et al. 2019).

To assess changes to mineral saturation and precipitation we ran scenarios in both
unsuppressed (minerals allowed to precipitate at saturation) and suppressed (mineral
precipitation blocked) conditions. Although the assumption that minerals would
precipitate at saturation is largely unrealistic (siderite in particular may require multi-fold
oversaturation, e.g. Jiang and Tosca, 2019; Vuillemin et al., 2019), this view of the
system is useful in assessing the ratios of minerals that could be produced by these
waters.

In simulations where calcite was added, the rate of addition was tied to the
concentration of calcite that was generated in an unsuppressed simulation with Brownie
Lake surface water chemistry of July 2017 (surface water calcite abundance at
equilibrium 115.6 umol with dolomite minerals suppressed) and divided over the 15 day
simulation (7.7 pmol calcite added per day). The length of the simulation was selected on
the basis of the duration of whiting events (days to weeks, e.g. Shinn et al., 1989;
Thompson et al., 1997) as well as seasonal changes observed between mid- and late
summer in the Brownie Lake water column manifested in the upward migration of the
oxycline (e.g. Lambrecht et al., 2018, discussion below). Simulations with longer
reaction times did not change the fundamental results, which were governed by initial
conditions and selection of reaction rates. These rates were determined based on dividing
initial concentrations of reactants measured in the water column (e.g. O2, SO4) by a 15-
day model simulation.

An initial series of simulations assessed sensitivity of carbonate saturation to the

following processes: calcite addition, CO2 addition, CO2 removal, and sulfate reduction.
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Aerobic respiration (AR) and CH4 oxidation (MO) were tracked using the following

stoichiometries:

(ST) CH20 + O2=CO2 + H20

(S2) CH4 + 202 = CO2 + 2H20

With the key differences being the ratio of O2 removed to CO2 added: 2:1 for MO, and
1:1 for AR.

Sulfate reduction (SR) was simulated using the following stoichiometry:

(S3) SO42- + 2CH20 = H2S + 2HCO3-

In all of the cases above the concentrations of CH4 and CH20 were assumed to be
unlimited relative to the concentration of electron acceptors. The impacts of oxygenic
photosynthesis and photoferrotrophy were also assessed but found to have negligible
influence given the low light availability. The three intervals selected for detailed
modeling based on initial simulation each showed greater sensitivity to changes in Mn-

carbonate saturation relative to others.

S3. Supplemental Results and Discussion

S3.1 Phosphorus cycling in Brownie Lake

A Mn(IT)HPO4 phase becomes saturated at the chemocline, along with vivianite
(Fe2+3(PO4)2-8H20; Figure S2). Both phosphate phases achieve maximum saturation in
deep water at 13 m depth (max SI = 0.54 for vivianite, max SI = 3.50 for MnHPO4). The
reliability of the solubility product of the Mn-PO4 phase has been questioned (Schwab,
1989), hence we focus discussion in the main text on carbonate phases. However,

additional discussion of P-phases in ferruginous environments is warranted here.
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Phosphate phases are a significant particulate shuttle for Fe in ferruginous lakes
(Cosmidis et al., 2014), and may also play a role in the ferruginous Mn cycle.
Mn is recognized to substitute for Fe in diagenetic vivianite in both freshwater and
marine examples (Postma, 1981; Nakano, 1992; Friedl et al., 1997; Egger et al., 2015).
Vivianite and Mn-POs4 phases are identified components in the particulate load from
ferruginous Lac Pavin (Cosmidis et al., 2014; Miot et al., 2016; Rivas-Lamelo et al.,
2017), with vivianite representing a dominant particulate component in deep waters.

However, these phosphate phases are not detectable in surface sediment XRD
(main text). Vivianite may indeed be a component in BL sediments, but it does not
appear to play as large a role as calcite. Detailed assessments of phosphorus cycling in

Brownie Lake are the focus of ongoing work.
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Figure S2: Solubility index (SI) of phosphate phases in Brownie Lake, July 2017.
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S3.2 Brownie Lake DIC mass balance analysis

We employed a mass balance to determine the degree to which SR and MO may
contribute to the 313Cpic excursion at the chemocline in BL. Using September 2017 data
(where the largest isotope excursion was observed), we consider the influence on DIC
composition from the equations S1-S3 above, which were rebalanced in terms of

bicarbonate:

(S4) CH20 + 02 = HCOs. + H+

(S5) SO42- + 2CH20 = 2HCO:s- + HoS

(S6) CH4 + 3/202=HCOs- + 3H+

Pathways S4 and S6 produce acidity, while pathway S5 leads to accumulation of
bicarbonate. Iron and manganese reduction may additionally contribute to methane and
organic carbon oxidation in this zone as discussed in 4.1 of the main text, but we will
focus the following discussion on these three pathways illustrated above as they are the
best constrained by presently available data.

By assuming that the bulk of the d13Cbic shift across the oxycline (from -9.88%. at
3 mto -11.98%o at 4 m) is attributable to aerobic respiration, we can evaluate the relative
influence of SR and MO on the remaining depletion to a minimum value of -12.87%o
observed at 5 m. At this depth, 25 uM of sulfide was measured, which would account for
an additional 50 uM of bicarbonate at a 313C of ~-30%o (an estimate for the composition
of organic carbon, e.g. Havig et al. 2017). This would shift 313Cpic to -12.32%o, or 0.5%o
higher than the observed value. Oxidizing an additional 29 uM of methane (assuming a
013C of -64%o for CH4) would shift DIC to the observed carbon isotopic composition, but
not its observed concentration. We account for the sharp increase in the concentration of
DIC at the chemocline by mixing with DIC at the 613C composition of water at 5.5 m
depth (-11.85%o), requiring 50 uM of methane to be oxidized (in addition to sulfate

reduction) to counteract the influence of the large DIC concentration increase, or a total
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of 79 uM of methane against 25 uM of SOa4, or a ratio of ~3:1 MO:SR. Limiting MO to
only the cumulative concentration of dissolved O2 observed between 4-5 m (26.6 uM),
would oxidize 17.7 uM of CH4, which would shift 813C to -12.43%o against the total DIC
reservoir.

These scenarios represent only a lower limit on the influence of SR and MO on
013Cpoic at the BL chemocline as we react only a residual amount of oxygen measured in
the water column: additional CH4 and SO4 could have reacted, and iron-sulfide burial in

particular may mask the true scale of SR in these waters.
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1316  §3.3 Thermodynamic calculations
1317
1318  Table S1 displays Gibbs Free Energy (AGrxn) and redox potential of key reactions

1319  discussed in the main text, as calculated from conditions measured in BL waters.
1320

Reaction AGmxn (kd/mol) | E (V)
CHa+ 2 O2 = HCOs- + H+ + H20 -815.2 -
HS- + 2 O2 = SO42- + H+ -764.8 -
Fe2+ + 0.25 O2 + 2.5 H20 = Fe(OH)3 + 2 H+ -64.99 -
Mn2+ + 0.5 Oz + H20 = Pyrolusite + 2 H+ -51.65 -

Half-reaction

CH4(ag) + 3H20 = HCOs3-+ 9 H+ + 8 e- - 0.202
H2S(aq) + 4 H20 = SO42- + 10 H+ + 8 e- - 0.290
Fe2+ + 3 H20 = Fe(OH)3 + 3 H+ + e- - 1.060
Mnz+ + 2 H20 = Pyrolusite + 4 H+ + 2 e- - 1.228
1321
1322

1323  Table S1: Calculated AGmn and E for key reactions discussed in text. All calculated based
1324  on BL conditions in July 2017 6 m at temperature 7.6 °C (Table 1) except reactions
1325  involving sulfide, which were calculated from September 2017 data at 5 m and a
1326  temperature of 15.1 °C.
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