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ABSTRACT

Manganese (Mn) speciation is dominated by dissolved Mn(I1), Mn(l11) and
solid Mn(111/1V) oxides in seawater. Soluble Mn (dMn+) speciation has been re-
evaluated in the last decade to include Mn(l1)-L in low O, environments. The same
ligands that bind iron(I11) [Fe(111)] can also bind Mn(111). Therefore, in the marine
environment, Mn(l11) may have a profound impact on the bioavailability of dissolved
Fe, which often requires organic complexation for uptake. In oxic waters, dMny
speciation is still thought to be dominated by dMn(Il), and the presence of Mn(l11)-L
has not yet been assessed in oxic environments because of current detection limits for
dMn speciation (50 nM).

Speciation assays were performed in contrasting redox environments: the
Chesapeake Bay (seasonally anoxic bottom waters), the St. Lawrence Estuary (SLE)
(air saturated O, in surface waters, decreasing to 55 uM at the sediment-water
interface), and a coastal waterway in Delaware, bordered by wetlands (air saturated O,
in surface waters). These systems provide unique O, gradients to examine Mn
biogeochemistry and its role in the cycles of C, Fe and S. | show that Mn(l11)-L
complexes are ubiquitous in the oxic marine environment (up to 99.9% of dMny),

much like their Fe(l11)-L analogs, which dominate dFe speciation. | measured dMn

XVii



speciation and Mn(l11)-L conditional stability constants (Kcong), by competition with
an added porphyrin ligand, where weak complexes are outcompeted by the added
porphyrin (logKong<13.2) and strong complexes require reduction before detection
(logKcong>13.2).

In the Chesapeake Bay, | show that strong Mn(l11)-L complexes make up to
80% of dMn in areas of low/no oxygen, and in the presence of equimolar
concentrations of a reducing agent, H,S. The reductive dissolution of MnOy produces
Mn(l1)-L in this system, and chemical reduction (by HS") or ligand-promoted
reduction may be responsible. In low O, regimes, the stabilization of dMn(ll1) is
favorable, thus, the increase in oxygen minimum zones due to changing climate
regimes could lead to greater stabilization, cycling and transport of Mn(111)-L. | show
that the suboxic portion of the water column in the Chesapeake Bay is an intense zone
of Mn cycling, where Mn oxides can form at non-detectable dissolved O,
concentrations, and where Mn oxidizers and reducers may coexist.

I found that Mn(l11)-L complexes made up to 99.9% of dMny in the surface
waters of the Broadkill River, DE and up to 86% in the SLE, indicating, for the first
time, that Mn(l11)-L complexes are also stable in oxygenated waters. In the SLE, dMn
fluxed out of the sediments as dMn(11) (0.43 mmol m day™) and oxidation processes
dominate Mn(l11)-L production in the water column. The vertical profile of dMnt was
20-80% higher in the lower SLE than in 1974, corresponding to lower dO, in the
system. Here, dMnt was much higher in bottom waters (~2 uM), with Mn(111)-L

stabilized 50 m above the sediment water interface (200 nM, 60% of dMny). However,

xviii



in the nearby Saguenay fjord, Mn(l11)-L was not only entering via sediment flux and
subsequent stabilization by ligands, but also through surface waters (60 nM Mn(I11)-L,
65 % of dMny), indicating that terrestrial ligands stabilize Mn(l11).

Terrestrial-type ligands were also found to stabilize Mn(I11)-L in the surface
samples of dMn along a salinity gradient in the Broadkill River, a coastal waterway
bordered by salt marshes. Here, high Mn(111)-L corresponded to high humic material,
as indicated by characteristic UV absorption peaks. Additionally, an assay of ligand
character was made after precipitating humic matter, and confirmed that Mn(l11)-L
complexes had ligands of humic character. Thus, humic material serves to bind
Mn(111), which transports both Mn(111) and organic matter to the coastal ocean,
indicating that estuarine export, rather than removal may be dominating these types of

systems.
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Chapter 1

AN INTRODUCTION TO MANGANESE SPECIATION AND CYCLING

1.1 Introduction

Manganese (Mn) is an essential trace nutrient in the environment, and its many
oxidation states allow it to partake in a host of reactions and processes. Manganese is
ubiquitous in the global ocean, and exists in three oxidation states: Mn(Il), Mn(l11) and
Mn(IV). In marine environments, Mn plays a role in diverse metallo-enzymes - most
notably as the redox active center of photosystem 11 for photosynthetic organisms. Mn
also plays a role in the bacterial decomposition of organic matter (Froelich et al, 1979);
solid Mn(111/1V) oxides are important scavengers in seawater (Goldberg et al, 1954);
and finally, Mn(I11/1V) oxides are some of the strongest natural oxidants in the ocean
(Tebo et al, 2004). Because of its many natural oxidation states, Mn participates in a
wide range of redox reactions with inorganic and organic chemical species (Stumm and
Morgan, 1996). The reactivity and speciation of Mn is pH and Eh dependent, thus are
variable in differing oceanic environments (Stumm and Morgan, 1996), particularly
along different oxygen gradients.

The aim of this research is to elucidate the processes underlying the
biogeochemical cycling of and speciation of Mn in seawater, and to shed light on the
impact of Mn speciation on coupled elemental cycles - notably: iron (Fe), carbon (C)
and sulfur (S). In the research discussed herein, | will present my findings surrounding

the chemical speciation of Mn in three systems with different oxygen regimes and



describe the chemical reactions surrounding the formation of soluble Mn(111)-L
complexes.

The chemical speciation of an element refers to its binding and oxidation state.
Broadly, for metals in the water column, chemical speciation can be operationally
defined by filtration (e.g. Schlosser et al, 2013): soluble (< 20 nm), colloidal (between
20 nm and 200 nm) and insoluble species (>200 nm). Soluble species include free
hydrated species, or hexa-aquo complexes (M"-6H,0); inorganic complexes (i.e. metal
hydroxides, carbonates, silicates and chlorides); and organically (L) complexed species
(M™-L). Trace metals in these forms exist in a variety of oxidations states in seawater,
and many metals, like Fe(ll1), have been found to be largely complexed to organic
ligands (Stumm and Morgan, 1996). The speciation of these metals plays an important
role in metal kinetic lability, reactivity, solubility, and hence, bioavailability. For metals
that exist in multiple oxidation states in seawater, redox transformations are important
for biological availability (especially for Fe, Cu, Mn and Co) because redox state will
affect solubility, ligand-exchange kinetics and acid-base chemistry. For example,
arguably the most important biologically relevant metal in seawater, Fe, is largely found
complexed to organic ligands as Fe(lll), but it can be photochemically reduced to
Fe(ll), which has fast ligand-exchange kinetics, and is more biologically available than
Fe(ll1). The Fe(ll) is rapidly reoxidized to Fe(l1l) and the cycling between the two states
increases the biological availability of Fe (Anderson and Morel, 1982). Until the last
decade, it was thought that soluble Mn was predominantly found as free-hydrated
Mn(Il) in seawater. However, Mn(l11)-L complexes have been found to make up a
major, if not the major, component of soluble Mn species in low oxygen environments

(Trouwborst et al, 2006; Yakushev et al, 2007, 2009; Madison et al, 2011, 2013;



Dellwig et al, 2012; Oldham et al, 2015). Because Mn(l11)-L complexes can donate or
accept electrons, their presence in the water column is critical when determining
organic carbon budgets, oxidation capacity, and reducing capacity of a system.
Additionally, Mn(I11) can bind to the same ligands as Fe(l1l) (Duckworth and Sposito,
2005, 2007; Parker et al., 2007; Luther et al., 2015), and thus, the presence of Mn(I11)
could disrupt Fe uptake in regions where Fe uptake is facilitated by binding to organic

ligands.

1.1.1 Manganese in Seawater

To my knowledge, there is currently no global oceanic model for manganese
(Mn) redox cycling. This is likely because Mn concentrations, speciation, and fluxes
have not yet been determined for all of the oceanic basins with a high degree of
certainty, and many processes underlying the role of Mn in seawater are not well
described. This is in part because low-level detection of Mn speciation is notoriously
difficult due to low open ocean soluble Mn concentrations, ranging from 0.1 nM to 3
nM (Landing and Bruland, 1987; Martin and Gordon, 1988). In addition, Mn has many
different chemical species in seawater, many of which are not well defined. As such,
studies often report only total dissolved Mn, which is not sufficient to accurately
describe its role in biogeochemical cycling.

The primary sources of Mn to the ocean are fluvial input, atmospheric input
(primarily crustal, anthropogenic sources are not as significant), and input from
hydrothermal vents (Chester and Jickells, 2012). The main Mn sinks in the ocean occur
via adsorption of Mn to sinking particles, where Mn is deposited to estuarine, coastal
shelf or deep ocean sediments (Chester and Jickells, 2012). Finally, the main processes

to consider are redox cycling, sediment diagenesis, uptake by biomass, remineralization,



scavenging, deep ocean mixing by advection/diffusion, and lateral fluxes (i.e. along a
salinity or oxygen gradient). Mn speciation is sensitive to changes in O, concentrations,
so changes in an oceanic basin with a transition from oxic to anoxic waters will have
different Mn chemistry than a fully oxygenated water column.

The main processes that govern the redox cycling of Mn, in an oceanic basin
with a vertical transition from oxic to anoxic conditions, are (1) the oxidation of
reduced forms when they are resupplied to the upper water column, and (2) the
dissolution of the oxidized forms of Mn in suboxic and anoxic waters. These two
processes are described in detail in the sections 1.1.3 and 1.1.4, respectively.

The vertical structure of Mn speciation in a typical oxygenated oceanic water
column profile has different features, with high concentrations of dissolved Mn in
surface waters due to photochemical dissolution of Mn oxides (described in section
1.1.4), and higher Mn oxide concentrations below the photic zone. Regions of the ocean
with mid-water oxygen minimum zones (OMZs) may also experience dissolution of Mn
oxides and a mid-depth soluble Mn maximum (Landing and Bruland, 1987). The
vertical structure of the Mn profile is thought to be largely controlled by oxygen
availability. This can be seen in particular in sediment pore waters where the oxidation
of organic matter is governed by available electron acceptors which change with depth,
usually in the order O,>NO3~MnO,>Fe (hydr)oxides>SO,>CH, (Froelich et al, 1979).

The extent of Mn release from sediment diagenesis is then also governed by
oxygen concentration. Sundby and Silverberg (1985) observed the release of Mn from
sediments in a benthic flux-chamber experiment when the oxygen concentration of the
water decreased, but no release when the oxygen concentration was constant. Thus, the

release of Mn(Il) from oceanic sediments is variable; higher in anoxic conditions and



lower in oxic sediments. Despite this seemingly high rate of release of Mn from
sediments, Sundby and Silverberg (1985) found that, in the Laurentian shelf sediments,
most of the dissolved Mn produced by sediment diagenesis did not escape but rather re-
precipitated (71-87%). They also found that increased rates of biological mixing
corresponded to increased rates of Mn release, so perhaps more shallow oxic sediments
with bioturbation could see a higher Mn release due to mixing. However, | predict that
precipitation of Mn will dominate in most coastal sediments, resulting in a net loss of
Mn as it gets transported from the coast to the open ocean. This prediction fits with
what is observed for shelf versus ocean concentrations. Shiller (1997) compiled 494
data points to construct a surface map of Mn concentrations in the Atlantic Ocean and
found that in coastal surface waters, the concentration of dissolved Mn ranged from 5-

25 nM, versus the open ocean, which was below 5 nM.

1.1.2 The Contrasting Biogeochemistry of Fe and Mn

Periodic table neighbors Mn and Fe can partake in similar chemical reactions in
seawater (i.e. Formation of metal oxides, complexation to organic matter), however,
their different fluxes and reactivity change how they are used in the environment, and
likely shaped how the ocean evolved to be the way it is today. The vertical profiles of
dMn and dFe are fairly different. Dissolved Fe follows a much more traditional
nutrient-like profile with depletion at the surface, a subsurface maximum and gradual
decrease towards the bottom (e.g. Rue and Bruland, 1995). In contrast, dissolved Mn
follows a more scavenged-type profile. Soluble Mn is enriched at the surface, with a
subsurface minimum, and in some places another smaller maximum in low oxygen

environments, decreasing towards the bottom (Landing and Bruland, 1980).



In a fully oxygenated environment, at seawater pH (~8), Mn should exist
predominantly in the form of Mn(IV) as solid Mn oxides. The Mn(IV) oxides [and
mixed valence Mn(111/1V) oxides] in seawater have crystal structure featuring large
gaps, capable of containing many other cations within their crystal lattices. These
oxides also have high surface areas with negative charges, contributing to their high
adsorption capacity. However, surface ocean contains Mn(ll) as high as 25 nM, and a
portion of this is the result of aeolian dust deposition which contains Mn in the +2
oxidation state (Guieu et al, 1994). However, a more important process that maintains
Mn(I1) in the upper water column is the photoreduction of Mn oxides (Sunda et al,
1983). In contrast, the thermally stable oxidation state of Fe is Fe(lll), which is
relatively insoluble in seawater and precipitates rapidly, limiting its concentration in
seawater (Rose and Waite, 2002). The high atmospheric deposition of Fe helps to
maintain its concentration in surface seawater, but dissolved Fe is still depleted in the
surface due to biological uptake.

Although the crustal abundance of Fe is greater than that of Mn, the abiotic
oxidation of Fe proceeds more rapidly than that of Mn (Grassian et al, 2005). Thus, Fe
is lost more rapidly than Mn during riverine transport, with 50-95% of riverine Fe
deposited to the sediments, and only a small fraction of the dissolved Fe actually
transported from the coast to the global ocean (Boyle et al., 1977; Sholkovitz et al.,
1978). Most riverine Fe is in small colloids (20 — 200 nm), which flocculate and are
removed (Sholkovitz, 1976). In contrast, only 25-45 % of Mn is deposited (Sholkovitz

et al, 1978), indicating that Mn is more labile during estuarine mixing.



Aside from riverine inputs, the primary inputs of Mn and Fe are atmospheric
deposition, ice input, and hydrothermal input. For these three sources, the input of iron
is more significant than Mn, due to greater crustal abundance of Fe relative to Mn.

The primary removal mechanism of both Mn and Fe is particulate scavenging.
Landing and Bruland (1987) compared the residence times of Mn and Fe particles, and
found that they were shorter for Fe, which results in greater export of Fe. Sediment
diagenesis is more significant for Mn than for Fe because Mn oxides are preferred as
electron acceptors to Fe(hydr)oxides, and so would be reduced and released to the water
column higher in the sediments than Fehydr(oxides) (Madison et al., 2013).

Manganese requirement is second only to Fe for marine phytoplankton. Sunda
and Hunstman (1996) conducted experiments to show that it was possible to limit the
growth of marine organisms, by lowering the concentration of Mn(ll) in the medium of
marine diatom Thalassiosira pseudonana. However, the conditions from their
experiment do not represent oceanic concentrations of dissolved Mn. Compared to other
trace elements, dissolved Mn concentrations are high in surface waters, largely due to
the photoreduction of Mn oxides (Sunda et al, 1983; Millero, 1996). As such, the
concentration of dissolved Mn in seawater is in excess of its biological requirement.
Perhaps as a result, the affinity for Mn is low in most phytoplankton (Sunda and
Hunstman, 1998); that is, it is so readily available that the uptake system is less
specialized than other uptake systems for other elements like Fe, zinc (Zn) or copper
(Cu). Sunda and Hunstman (1998) showed that high levels of Cu(ll) and Zn(lI)
inhibited the uptake of Mn(ll) in the coastal green alga Chlamydomonas sp. by blocking
the Mn(l1) binding site, indicating that these metals had a higher affinity for the non-

specific uptake system of Mn(ll). Therefore, in some areas of the ocean, Mn limitation



is possible but unlikely. Such areas could include anthropogenically-polluted areas such
as estuaries, harbors, and areas where industrial runoff is high, and metal pollution is
significant. Cu and Zn concentrations are often high in harbors as a result of their use in
anti-fouling boat paint. In contrast, natural input of Mn exceeds anthropogenic input
(Chester and Jickells, 2012), and so in heavily polluted environments, it is possible that
metals like Cu and Zn could effectively outcompete Mn for uptake by marine
organisms.

In contrast to Mn, Fe is a limiting nutrient in many environments. In situations
where iron is limited, like the Southern Ocean, some phytoplankton have adapted
strategies to uptake iron and to reduce cellular iron requirements (Strzepek et al, 2011).
Most dissolved Fe in the ocean is up to 99.9% complexed to organic ligands in
seawater, as Fe(lll)-L (Rue and Bruland, 1995; Witter and Luther, 1998) and some
microorganisms have been shown to use Fe(ll1)-L by reducing Fe(l11) bound to organic
ligands on their cell surface with a ferric reductase enzyme (Maldonato and Price, 2000;
2001). Because very few Fe(ll1)-binding ligands have been characterized in the marine
environment, it is difficult to assess the importance of in situ ligand production in
facilitating Fe(l11) uptake, but siderophores have been produced by marine bacteria
under laboratory conditions where soluble Fe was limited (Haygood et al, 1993).
Another mechanism by which some organisms have adapted to Fe limitation is by metal
replacement. For example, in Fe limited environments, some diatoms have been
observed to use Mn instead of Fe (Peers and Price, 2004). The main difference in the
bioavailability of Mn compared to that of Fe is due to their different distributions and
chemical speciation in seawater. In particular, the relative abundance of Mn(l11) relative

to Fe(I11) is important for understanding the potential for Mn(111) to inhibit Fe(l11)



bioavailability. In order to better understand this potential competition, the formation
mechanisms of Mn(l11)-L complexes need to be examined. These formation
mechanisms have not previously been reviewed or studied concurrently, and therefore
in sections 1.1.3 and 1.1.4, | will provide a review of potential oxidative and reductive

formation pathways for Mn(I11)-L complexes in seawater.

1.1.3 Formation Pathways of Mn(l11)-L: Oxidation of Mn(I1)

The oxidative pathways of Mn(l11)-L formation are summarized in Table 1.1, and the
mechanisms for each pathway are briefly described herein. These are discussed in more
detail in Chapters 2-5 of this dissertation. Not listed is the abiotic oxidation of Mn(ll) to
Mn(IV)O,. At seawater pH, the oxidation of Mn(Il) to MnOy by O, has been shown to
be orders of magnitude slower in the laboratory than in the environment (Morgan, 1967;
Emerson et al, 1982; Tebo, 1991). Thus, catalytic processes in the environment must

dominate the oxidation of Mn(ll).

Table 1.1 Oxidative formation pathways for Mn(l11)-L, given as unbalanced

reactions.
Pathway Unbalanced reaction
1. Surface catalyzed oxidation Mn(II) + surface + 0, — Mn(IIl) — L
. . . L
2. Bacterial oxidation Mn(ID) + 0, +bacteria — Mn(III) — L

3. Superoxide-promoted oxidation Mn(lI) + 05 + 2H* L Mn(ID) — L + H,0,

4. Ligand-promoted oxidation Mn(Il) +L,, = Mn(IIl) - L




The surface-catalyzed oxidation of Mn(l1) occurs on metal oxide surfaces (Table
1.1, Pathway #1), which are often terminated by hydroxyl (OH) groups that bind
Mn(Il). The following reactions describe this process and end in products like

>Mn(1V)O, or >MnOOH where “>” denotes a surface:

fast
> OH* 4+ Mn2* 15 > 0 — Mn2+ + HY 11
>0 — Mn?* +0, - > 0 — Mn?* — 0, 1.2
>0 - Mn?* —0,- >0 — Mn3* — 05 13

Upon adsorption of Mn(l1), an inner sphere surface complex is formed and rapid
oxidation can occur. The catalysis can occur autocalytically (e.g. Mn(Il) on >MnOOH)
or on foreign metal oxides (e.g. Mn(1l) on FeOOH). The oxidation of Mn(ll) by oxygen
alone is symmetry forbidden at seawater pH because the donating molecular orbital of
Mn(II) is a o orbital, which does not favorably overlap with the © accepting orbital on
O, (Luther, 2010). The hydroxyl site on a metal oxide surface replaces OH" as a «= donor
ligand via surface complexation of the Mn(ll) which allows for the electron transfer
from Mn(1l) to O..

Bacterial Mn(lI1) oxidation (Table 1.1, Pathway #2) is thought to be the
predominant mechanism of oxidation in seawater as rates of Mn(ll) oxidation by
bacterial catalysis are reported as ~5 orders of magnitude higher than surface catalyzed
reactions (Tebo et al, 2004). Some functions for Mn(1l) oxidation have been proposed
(reviewed by Tebo et al, 2004) and include that Mn oxidation may be energetically
favorable, with energy conservation gained via the coupling of ATP synthesis to Mn(ll)
oxidation (Erlich and Salerno, 1990), or that the formation of Mn oxides facilitates the
breakdown of complex organic matter (Sunda and Kieber, 1994). Webb et al (2005)

showed that the enzymatic bacterial oxidation of Mn(ll) resulted in an Mn(l11)

10



intermediate, by trapping the intermediate with an addition of Mn(l11)-binding ligand
pyrophosphate (PP). Thus, microbial oxidation of Mn(Il) may act as a source of
Mn(l11)-L to seawater. However, when the kinetics of the oxidation pathway for Mn(11)
to MnOy were examined, it was found that the Mn(I1)-=>Mn(l11) step was rate-limiting,
30 times slower than the electron transfer from Mn(I11)=>Mn(IV) (Webb et al, 2005).
This result is not surprising given that the transfer from the d° (t?g°eg?) molecular
orbital configuration of Mn(l1) to a d* (t’g®eg") configuration means going from a more
stable to less stable state (AG°= 67 kJ mol™, Webb et al, 2005) versus the d* to d®
transition, which means going from a Jahn-Teller stabilized d* state to the very stable
inert d® (t%g®) state (AG°= -134 kJ mol™, Webb et al, 2005). Therefore, in the two-step
oxidation pathway, the Mn(I11)->MnQO; reaction is more energetically favorable for the
organism during Mn oxidation. Thus, if the Mn(11)=>Mn(l1l) step is rate limiting, the
presence of Mn(l11) in seawater would be a useful electron donor for a Mn-oxidizing
organism.

The third oxidation pathway of Mn(Il) given in Table 1.1 is the oxidation of
Mn(1l) via reactive oxygen species (ROS). This pathway has been demonstrated in
seawater, even at nanomolar concentrations of ROS (Hansard et al, 2011; Wuttig et al,
2013). The reaction of the ROS superoxide with Mn(Il) produces Mn(l11), and hydrogen
peroxide:
Mn(I) + 05 + 2 H* - Mn(III) + H,0, 1.4

The resulting Mn(111) may be reduced by the hydrogen peroxide to Mn(ll), or it
can be trapped as a Mn(l11)-L species in the presence of an Mn(l11)-binding ligand as

the following Mn(I11)-L formation pathway:

Mn(Il) + O; + 2H* + L - Mn(III) — L + H,0, 1.5
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Learman et al (2013) examined the oxidation of Mn(ll) via abiotically produced
superoxide, and found that in the absence of an ambient ligand the Mn(I11) produced via
reaction 1.5 was reduced by hydrogen peroxide. However, in the presence of
pyrophosphate or citrate (Mn(l11)-binding ligands), Mn oxides (predominantly
disordered colloidal hexagonal birnessite) were produced via formation of Mn(I11)-L
complexes, and some of these complexes were also stabilized in solution.

Another oxidation process that may be important for Mn is oxidation by ambient
ligands (Table 1.1, Pathway #4). Of the oxidation pathways described thus far,
oxidation by ambient ligands is the least well understood. The mechanism involves the

oxidation of an ambient ligand, and subsequent oxidation of Mn(ll) by the oxidized

ligand.
L + oxidizer = L,y 1.6
Mn(II) +L,, - Mn(III) — L 1.7

Laboratory experiments indicate that ligand promoted oxidation of Mn(l1l) by the strong
Mn(111)-binding ligand desferrioxamine-B (DFOB) is possible with O, as the oxidant
(Duckworth and Sposito, 2005), but there are no direct studies of Mn(l1) oxidation by
natural organic matter. Ligand-promoted oxidation of Fe(ll) by natural organic matter
has been shown to enhance the oxidation of Fe(ll) by nitrite under anoxic conditions
(Kopf et al, 2013). Additionally, Rose and Waite (2002) compared the kinetics of Fe(ll)
oxidation in oxic waters, with and without natural organic matter, and found that the
presence of Fe(ll1) binding ligands significantly increased the rate of Fe(ll) oxidation by

O,, further suggesting that oxidation of reduced metals can be ligand-promoted.
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1.1.4 Formation Pathways of Mn(l11)-L: Reductive and Non-reductive MnOy
Dissolution

The discussion below reviews potential pathways of Mn(111)-L formation via the
dissolution of Mn(I11/1V) oxides. Table 1.2 provides a summary of these pathways, and

their mechanisms are described in the section below.

Table 1.2 Reductive formation pathways for Mn(l11)-L, given as unbalanced
reactions. “>" denotes a surficial particle.

Pathway Unbalanced reaction

1R. Photo-enhanced N

. v

ligand-promoted > Mn**0, +L — new particle surface + Mn(I1I) — L

reductive dissolution

2R. ROS-promoted > Mn**t0, +0; + L —» new particle surface + Mn(II1I) — L
reductive dissolution OR
> Mn**0, +H,0, + L - new particle surface + Mn(III) — L

3R. Ligand-
promoted reductive > Mn**0, +L — new particle surface + Mn(III) — L
dissolution

4R. Chemical
reductive dissolution
where red=HS’,
Fe(I1), or NO,

> Mn**0, +red + L —» new particle surface + Mn(III) — L

5R. Direct ,
bacteria

bacterially-catalyzed | > pMn**0, +L ——— new particle surface + Mn(III) — L
reductive dissolution

Thermodynamics predict that Mn should exist in oxic waters as solid Mn(1V)O,
however most surface waters also contain soluble Mn (Landing and Bruland, 1980).
Unlike most transition metals, soluble Mn actually exhibits a surface maximum
(Landing and Bruland, 1980), which corresponds to a MnOx minimum, thereby
suggesting that particulate scavenging rates must be low in these surface waters and/or
that dissolution of MnOy dominates in surface waters. The persistence of relatively high

soluble Mn concentrations in surface seawater is partially due to slow abiotic Mn(I1)
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oxidation by O, but can be better explained by a number of inorganic and organic
reductive processes, which can be both directly and indirectly microbially mediated. In
surface waters, most of the soluble Mn is thought to persist due to photoassisted
reductive dissolution of manganese(1V) oxide phases (Mn(1VV)O4 + OM + photons) (e.g.
Sunda et al, 1983) and light inhibition of microbial Mn(ll) oxidation (Sunda and
Huntsman, 1988).

The mechanism of Mn(1V) oxide photoreduction in seawater is not known, but
may result from light-enhanced ligand-to-metal charge transfer between organic
molecules and particulate Mn (Waite et al., 1988), as in the simplified, unbalanced
reaction below, where “>” denotes a particle (Table 1.2, Pathway #1R).
> Mn**t0, + L > Mn?* + Lt + H,0 1.8
This reaction pathway involves intermediate reactions, including adsorption of the
reductant to the Mn(1V) oxide surface, which would result in a precursor colloid-type
complex, ligand to metal electron transfer within the complex, followed by breakdown
of the complex through ligand substitution (with water) and release of the products. The
product is written as Mn(l1) in equation 1.8, but this same process could equally result
in the formation of Mn(I11)-L complexes via a similar mechanism, described in

equations 1.9-1.11 below:

d ti
> Mn**0, + L 20 S Mn** — L + H,0 1.9
S Mnt* — L+ Mnt+ o St ranser it OMn3t — Lt + HY 1.10

dissociation

> Mn**OMn3* — L* + HY ———— > Mn**OH + Mn3* — L* 1.11
In the mechanism above, reaction 1.10 should be rate limiting, and will depend on the
nature of the particulate surface. We expect that a particle defect in the Mn-oxide

structure would result in favorable adsorption of a ligand. For example, an exposed
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Mn(1V) atom, would readily accept electrons from a ligand, allowing reactions 1.10 and
1.11 to proceed. If the particle defect was an exposed Mn(l11), this would proceed even
more rapidly, and be considered non-reductive Mn oxide dissolution. The average
oxidation state of Mn(I11,1V) oxides in sediments overlain by oxic waters has been, with
O/Mn ratios of 1.9 — 2.0 (Murray et al., 1985), indicating that most Mn in Mn oxide
structures is in the form of Mn(1V), but Mn(l1l) is also expected because as Mn oxides
age, more Mn(l111) is formed within the lattice, leading to greater stability. Thus, we
predict that reductive dissolution and non-reductive dissolution of Mn(I11/1V) oxides via
ligand-to-metal charge transfer are important processes in the formation of Mn(l11)-L
complexes, particularly in surface waters where this process is light enhanced (Sunda et
al, 1983).

The sunlight-induced production of reducing reactive oxygen species (ROS) like
superoxide (O2") and hydrogen peroxide (H,O,) may also be an important mechanism in
reducing Mn oxides (Table 1.2, Pathway #2R). Both of these ROS are major
photochemical products in seawater with superoxide concentrations in sunlit waters of
10 nM (Petasne and Zika, 1987), and H,0, persisting longer with concentrations of 10-
200nM (Cooper et al., 1988). In Section 1.1.3, ROS were listed as potential Mn(11)
oxidizers, but these can also act as reductants (Baral et al, 1985), and result in the
formation of Mn(l11)-L, as in Table 1.2. Thus, the cycling of Mn with ROS species
superoxide and hydrogen peroxide is complex to track, and the formation of Mn(l11)-L
in this cycling is likely via both oxidative and reductive pathways.

The dissolution of MnOy can also be achieved in the absence of photo-induced
pathways. As in Section 1.1.3, superoxide species can be produced extracellularly, in

the absence of light (Learman et al., 2013). Additionally, the dissolution of MnOy by
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ligand-promoted reductive dissolution can also be achieved in the absence of light
(Table 1.2, Pathway #3R). Duckworth and Sposito (2007) examined the dissolution of
three types of Mn oxides by siderophore desferrioxamine-B (DFOB) in freshwater:
biogenic MnOy, mixed valence (Mn(111)/Mn(IV)) oxides and 5-Mn(IV)O,. They found
that dissolution was faster for mixed valence and biogenic Mn oxides, and that at pH =
7 -9, the product was Mn(l11)-DFOB for all three Mn oxide types. They proposed that
the formation of a surface complex catalyzes the reductive dissolution in all cases,
followed by a rapid redox reaction and subsequent detachment of the surface complex —
which they assume to be the rate limiting step. Thus, the reaction mechanism proceeds
as in reactions 1.9 — 1.11. In this process, the electron-accepting ligand removes
electron density between the metal atom and the oxygen atom in the mineral oxide
lattice which decreases the energy barrier for the mineral dissolution (Stumm and
Morgan, 1996).

The chemical reduction of MnOy has also been documented in seawater, notably
by strong reducing agents like sulfide (HS") and Fe(ll) (Table 1.2, Pathway #4R). The
disappearance of MnOy at oxic-anoxic interfaces in the marine environment is well
documented (Spencer and Brewer, 1971; Burdige and Nealson, 1986; Lewis and
Landing, 1991, Canfield et al., 1993; Trouwborst et al., 2006; Yakushev et al., 2007,
2009; Dellwig et al., 2012; Oldham et al., 2015). Herzage and dos Santos Afonso
(2003) showed that the dissolution of MnO;, is surface controlled. Mn(l11) is stabilized
at the mineral surface during the reaction with sulfide, and thus in the presence of a
strong organic ligand, Mn(I11)-L could be released. Nico and Zasoski (2000) observed a
decrease in Cr(l11) oxidation by 5-MnQO; in the presence of pyrophosphate, a Mn(l11)-

binding ligand, suggesting that Mn(l11)-L complexation at mineral surfaces is occurring.
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Thus, in environmental systems, MnOy reduction by sulfide should lead to the
formation of Mn(111)-L complexes if organic ligand concentrations are high enough to
kinetically stabilize the Mn(111)-L complexes against further reduction by sulfide.

In addition to chemical reduction by sulfide in anoxic zones, the chemical
reduction of MnO, by Fe(Il) (Postma and Appelo, 2000; Siebecker et al., 2015), and
nitrite (Luther and Popp, 2002) can also occur in aquatic systems. The resulting
products are Fe(l11) and NOg3™ respectively, with Mn(l11) stabilized as a potential product
in the presence of strong organic ligands. The kinetics of Fe(ll) reduction are
approximately one order of magnitude greater than those for sulfide, which are greater
than an order of magnitude for nitrite [k.= 4338 M™ s for Fe(I1) (Siebecker et al.,
2015); ko, = 436 M s™* for sulfide (Yao and Millero, 1993); k, = 8.2 M s for nitrite
(Luther and Popp, 2002)]. These reactions are particularly favorable at lower pH.
Chemical reductants sulfide and nitrite are negatively charged ions, and at higher pH
MnO, also becomes negatively charged, thus repulsion between the two species may
kinetically hinder the reaction. Therefore, microbial reduction of MnOy species may be
more important than abiotic pathways at seawater pH (~8.0).

The microbial reduction of Mn oxides can be achieved directly by bacteria
(Myers and Nealson, 1988; Lovley and Phillips, 1988) or indirectly by microbial
metabolites like sulfide from sulfate-reducing bacteria in the Desulfovibrio group
(Burdige and Nealson, 1986), with these reducing reactions coupled to metabolism in
the oxidation of organic matter. Indirect reduction may be particularly important in
suboxic zones, where sulfate reduction and bacterial denitrification/nitrate reduction
occur, and where MnOy could be an important electron acceptor in the absence of O. It

has been suggested that at interfaces where O, and H,S overlap, that most of the
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Mn(1V) reduction is mediated indirectly via sulfate reducers (Nealson and Myers,
1992).

Direct catalysis (Table 1.2, Pathway #5R) has been documented for
Shewanella putrefaciens, a facultative anaerobe and obligate respirer (Myers and
Nealson, 1988), which can use Mn(1V), Fe(lll), or O, as an electron acceptor for
growth. This adaptation may be favorable in conditions where redox gradients shift with
time, like seasonally stratified basins. Nealson and Myers (1992) suggest that Mn(IV)-
reducing organisms are widespread and abundant, having isolated more than 200 strains
of manganese reducers. In a study by Lin et al., (2012), the Mn(IV)->Mn(l11) and
Mn(111)=>Mn(I1) reduction steps by Shewanella oneidensis were examined. They
showed that both reductive steps occurred on the cell surface, the first Mn(1V)->Mn(l11)
step required an initial solubilization, but only the second Mn(I11)=>Mn(Il) step
generated energy. If this is the case in many systems, then Mn(l11)-L may be a
preferable electron acceptor to MnO; because it may be easier to reduce Mn(l11)-L

complexes than to reductively dissolve MnO,.

1.1.5 The Complexation Chemistry of Soluble Manganese

Dissolved trace metals in seawater have a strong bonding affinity for organic
ligands in seawater, which are ubiquitous in marine environments. The composition of
organic ligands in seawater is not well known, though they have been found to include
degradation products of organic matter like humics and biogenically produced
siderophores. Metals form complexes with natural organic ligands, which can stabilize
metals in solution, and maintain certain oxidation states. As such, ligands can act to

govern metal speciation. Where M denotes a metal and L an organic ligand, we find:

M + nL > M(L), 1.12
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As seawater is a highly electrolytic solution, corrections to stability constants, K,
need to be made to account for the complexation of a metal to inorganic ligands like CI',
S04%, OH’, carbonate species, etc., which can bind the metal in addition to an organic
ligand. This inorganic complexation makes less free metal available for complexation,
and their side reactions are grouped as a side reaction coefficient ay,’. The conditional
stability constant (K¢ong) can then be described, where the metal side reaction coefficient
is known, M’ = oy’ [M]sree, but the side reaction coefficient is not known for L. In this
work, I give K as a conditional constant, uncorrected for M and L side reactions, which

can tell how strongly metal-ligand complexes are bound:

cond _ [ML]
KML’ M [M]free[l',] 113

Organic ligands in seawater are thus typically characterized by binding strength
into two or more classes: the L; class corresponds to the strongest binding ligand class
(high KK;)E?MM) then Ly, Ls, and so on to reflect correspondingly weaker binding
ligands. Until recently, Mn(I11)-L complexation was not considered because at high pH
(>9), Mn(I11) forms the solid manganite (MnOOH) (Murray et al., 1985) whereas in the
absence of strong complexing agents, and at lower pH, free Mn®" is unstable in seawater
and rapidly disproportionates:
2Mn3* + 2H,0 - Mn** + Mn0O, + 4H™ 1.14

However, because the donating and accepting orbitals of Mn(IV) and Mn(Il) are
spatially distinct, the reduction or oxidation between Mn(IV) and Mn(Il) must be the
result of one electron transfer processes, with Mn(I11) acting as an intermediate (Luther,
2005). Therefore, Mn(l11), though perhaps transient, can be isolated in solution and

stabilized in the right conditions.
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Based on the work presented in this dissertation, and in previous work in
suboxic (Madison et al., 2011, 2013) and anoxic (Trouwborst et al., 2006; Yakushev,
2007, 2009; Dellwig et al., 2012) seawater systems, the stabilization of dissolved
Mn(111) by ambient ligands in seawater is now thought to control the fractionation of
dissolved Mn between Mn(l1) and Mn(111). As Mn(I11) has a higher electrostatic charge
and smaller cationic radius than Mn(ll), it is predicted to form more stable complexes
with organic ligands. Because analogous dissolved Fe(l11) in seawater is up to 99.9%
complexed to strong binding ligands in seawater (van den Berg, 1995; Rue and Bruland,
1995, 1997; Wu and Luther, 1996), and Mn(l11) binds to the same lifands as Fe(lll), it is

likely that the impact of Mn(l11) complexation seawater has been underestimated.

1.2 Determination of Soluble Mn Speciation in Seawater

Historically, the speciation of soluble Mn has not been investigated, as Mn
speciation was determined operationally by filtration, where soluble Mn passed through
a 0.2 um or 0.4 um filter, and the filter retained insoluble Mn(III/IV) oxides. Soluble
Mn determination was subsequently determined using ICP-MS, ammonium pyrrolidine
extraction (e.g. Yeats et al, 1979) or the formaldoxime method (Spencer and Brewer,
1971). Trouwborst et al. (2006) developed a voltammetric method for soluble Mn
detection, which led to the first measurements of Mn(I11)-L in the environment, in the
suboxic zones of the Black Sea and Chesapeake Bay. Subsequently, a few studies have
measured soluble Mn(111)-L in the environment (Yakushev et al, 2007, 2009; Dellwig et
al, 2011) including work from Madison et al. (2011, 2013), whose method using a
soluble porphyrin addition to complex Mn is presented and updated in this dissertation.

The use of this method to determine conditional stability constants is described in
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section 1.2.1, below, and has been modified in this work for lower-level speciation, as

described in section 1.2.2.

1.2.1 Soluble Mn Speciation and Determination of K¢ong for Mn(111)-Lyeak
Conditional stability constants and corresponding ligand classes have not been
determined for natural Mn(l11)-binding ligands in seawater - a major gap in our
understanding of Mn cycling. A kinetic approach has been proven effective for
assessing conditional stability constants other metals by Wu and Luther (1996) and
Witter and Luther (1998) where the formation and dissociation constants (k; and kq) are
used to describe K¢ong (Uncorrected for side reaction coefficients of M and L):
Keona=K¢/Kg 1.14
In the work of Madison et al., (2011; 2013), a weak ligand class was
demonstrated by the kinetics of the reaction of the ambient ligands with the added
porphyrin ligand a, B, y, o-tetrakis(4-carboxyphenyl)porphine (T(4-CP)P). In this
method, seawater samples were filtered through a 0.2 pm filter, and the dissolved
fraction analyzed by UV/Vis spectroscopy. The addition of soluble porphyrin, T(4-
CP)P, rapidly complexes any dissolved Mn(ll) in solution as Mn(I1)-T(4-CP)P, and
oxygen in solution rapidly oxidizes this to Mn(I11)-T(4-CP)P, which has a sharp
absorption peak at 468 nm. The reaction is allowed to proceed for 15 minutes and, for
Mn(Il), the curve generated shows an exponential rise to a maximum, with a single two-
parameter solution:
y=a(l- e_klx) 1.15
Where “a” is the concentration of Mn(I1) and k; is the rate constant for the Mn(l1l)
growth curve. However, when Mn(l1l) is present and bound to weak ambient ligands,

the rise to a maximum has a four-parameter solution:
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y = a(l — eklx) + b(1 — ek2X) 1.16
Where “b” is the concentration of Mn(l11) and k; is the rate constant for the Mn(l11)
growth curve. In Madison et al (2013), the unknown ligands had slower kinetics than
Mn(111) bound to pyrophosphate and faster kinetics than Mn(I11) bound to
desferrioxamine-B. The kinetic data from this study and additional laboratory
experiments indicate that the conditional stability constants for Mn(111)-L are similar to
or higher than those for Fe(l11)-L complexes in organic matter decomposition zones
(Luther et al, 2015), and thus Mn(I11) may compete with Fe(ll1) for ambient ligands.
The relevant chemical reactions for egs. 1.15 and 1.16 are egs. 1.17 and 1.18,

respectively.
fastkq
Mn?* + T(4 — CP)P - Mn(IDT(4 — CP)P + 0, —— Mn(IIDT(4 — CP)P  1.17

Mn(lll) — L + T(4 — CP)P & Mn(1ID)T(4 — CP)P + L 1.18
Reaction 1.17 proceeds rapidly to the right, and the Mn(111) ligand substitution reaction
1.18 proceeds more slowly. In the presence of strong ambient ligands, reaction 1.18
does not proceed forward. A strong reducing agent, H,S or hydroxylamine, needs to be
added to reduce any Mn(l11)-L for the total dissolved Mn to be measured (Oldham et al,
2015). The concentration of Mn(l11)-L can be calculated by subtracting the measured
[Mn(I1)] from this total. In this way, we can designate strong and weak binding ligands
for dissolved Mn(l11), by categorizing them as one of the following (illustrated in Figure
1.1):

(1) A sample with weak binding ligands will exhibit a rise to a maximum with a

four-parameter solution (egs. 1.15 and 1.37).

22



(2) A sample with no Mn(l11) will show a simple two-parameter rise to a maximum
with no increase in Mn detection upon addition of excess strong reducing agent
(egs. 1.14 and 1.16).

(3) A sample with strong binding ligands will show a simple two-parameter rise to a
maximum, with an increase in Mn detection upon addition of excess strong

reducing agent.

3. y=a(l-eé¥)

Mn(T)=Mn(I)+Mn(I11)-Ly,,

1. y=a(l-ek1¥)+b(1-ek*)
Mn(T)=Mn(II)+Mn(III)-L

weakl

[Mn(IIT)-Porphyrin]

2. y=a(l-e*)
Mn(T)=Mn(II)

Time

Figure 1.1 Schematic of three kinetic curves for each one of the three
ligand scenarios outlined by the kinetics of the porphyrin complex
formation with time, as would be seen on a UV/Vis spectrophotometer
scan.
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1.2.2 Low-Level Mn Speciation

Because the method described above is only suitable for concentrations above
50 nM, a modification is required to achieve lower level speciation. As detailed in
Chapter 4, | have employed the spectrophotometric method previously optimized for the
detection of total soluble Mn, with a detection limit of 50 nM (Madison et al., 2011),
coupled with the addition of a strong reducing agent for Mn speciation, as described in
section 1.2.1 to achieve a sample detection limit of 3 nM. The detection limit was
lowered by increasing the pathlength cell length from 1 cm to 100 cm. Given the Beer-
Lambert law (where A = absorbance, € = molar absorptivity coefficient, b= pathlength
and ¢ = concentration):
A =¢bc 1.19

Thus, by increasing the cell length from 1 cm to 100 cm, the previous detection
limit (Madison et al, 2011) is theoretically increased 100-fold. Since the absorbance is
proportional to pathlength, for low levels of Mn, the reagents were diluted 100-fold to
fit into the analytical window of detection. The rate of reaction is proportional to the
concentration of reactants, and at these low levels, the reaction is slow. In this modified
method, a 1 hour heating step, in a 90 °C bath, prior to analysis is employed to increase
the reaction kinetics. Thus, the ability to kinetically assess Mn(l11)-Lyeax is lost and we
can only speciate Mn(1l) (and presumably some Mn(l11)-Lyeax reacted during the
heating step) from Mn(111)-Lswong Which are determined by the addition of an excess of a
strong reducing agent, hydroxylamine. Samples are analyzed first without
hydroxylamine, for dissolved Mn(11) and then with the addition of hydroxylamine for
total Mn (Mn(11) + Mn(111)).

Figure 1.2 shows the results from a five-point calibration for the low-level Mn

speciation method described above. Standards were measured in triplicate, and the
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molar absorptivity calculated from the Beer-Lambert Law fell within one standard
deviation of the known molar absorptivity (E= 95,4000 M™ cm™) for all data points. |
will detail the application of the low-level method in Chapters 3 and 4, along with

details on the UV/Vis spectrophotometric setup.
4 N

6 Calibration - 1 hour 90C Bath
1.
1.4 1 y = 0.0098x - 0.007
1 2 i R2 = 09994
" .
c 1
©
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Figure 1.2 Linear regression from a 9 point calibration curve, and the resulting R?
value.

1.3 Study Sites
Three study sites were selected for this study based on differing oxygen
gradients. The Chesapeake Bay, which exhibits seasonal anoxia in its bottom waters;

the St. Lawrence Estuary, where both a fjord and a hemipelagic site were studied; and
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an oxygenated wetland river system, bordered by salt marshes, that empties into the

Delaware Bay.

1.3.1 The Chesapeake Bay

The Chesapeake Bay is located on the mid-Atlantic coast of the United States,
and is the largest estuary in the United States. Thus, it plays a significant role in the
biogeochemical transformations of many nutrients at the interface of land and ocean.
This site is characterized by high productivity, and seasonal oxygen depletion. The first
reports of episodic oxygen depletion in the Chesapeake Bay were made in the 1930s
(Newcombe and Horn, 1938), and the extent of this oxygen depletion has increased
both spatially and temporally over the last several decades (Officer et al, 1984). The
decrease in oxygen is predominantly the result of anthropogenic nutrient discharge
within the watershed (Breitburg et al, 2001; Kemp et al, 2005; Kaushal et al, 2008). In
the spring, riverine export of nutrient-rich freshwater is high, which stimulates
phytoplankton productivity that subsequently sinks to deeper water and sustains
oxygen-consuming metabolism. This is enhanced by the co-occurrence of increased
stratification due to the influx of fresher water atop heavier saline water, leading to
seasonal anoxia in bottom waters. Generally, the vertical salinity gradient is the
dominating contribution to seasonal density stratification in the Chesapeake Bay
(>90%, Goodrich et al, 1987), and once this stratification is set-up in the spring, the
bottom water dissolved oxygen concentrations decline steadily as a result of nutrient
enrichment. This large volume of anoxic water has important ecological implications,
creating unsuitable habitat for many organisms, but also has many biogeochemical
implications. Non-detectable oxygen levels in bottom waters allow for the release of

reduced sulfur, which is a strong reducing agent, which can reduce many oxidized metal
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species. Thus, seasonal anoxia results in a change of many biogeochemical cycles in a
system.

Our study site was located in a 30 m depression on the eastern side and near the
Chesapeake Bay Bridge. In the summer months, dissolved Mn concentrations can
exceed 18 uM (Troubworst et al, 2006), thereby making it an ideal site for studying Mn
cycling in changing oxygenic regimes. In anoxic waters, where chemical species that
can accept or donate electrons are limited, the presence of Mn(l11) would have

important implications for other coupled redox reactions, like those with Fe, O, and S.

1.3.2 The St. Lawrence Estuary

The St. Lawrence Estuary is the largest estuary in the world, and the outlet of
the Great Lakes to the Atlantic Ocean through the Cabot Strait and the Strait of Belle
Isle. The Lower St. Lawrence Estuary (LSLE) is a long continuous trough over 300 m
deep, extending 1250 km from the continental shelf. The circulation of the estuary is
controlled by tides, exchange with the atmosphere, riverine inputs, seasonal ice cover
and inflow from its bounding straits. In the summer months, the LSLE has a three-
layered structure. Surface waters are fresher due to sea-ice melt and continental runoff,
and this surface water flows towards the Atlantic. Below (30-150 m deep) is a
permanent pycnocline of colder water known as the cold intermediate layer (CIL). Cold
(-1.8 to 0°C; Galbraith, 2006), saline Labrador shelf water currents flow into the
estuary, resulting in the formation of the CIL. Below the CIL, waters are slightly
warmer (2 to 6 °C) and more saline (32.5 — 35) waters, flowing landward. Long-term
changes in circulation patterns have led to changes in the properties of the St. Lawrence
deep waters (Bugden, 1991), including decreased dissolved oxygen concentrations

(Gilbert et al., 2005). Gilbert et al. (2005) showed that O, concentrations have
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decreased from ~130 puM in the 1930s to 60 uM at present, and indicated that 50-66%
of this decrease in oxygen could be attributed to a 1.7°C warming of the bottom waters
in the estuary from the 1930s to the 1990s, with the remaining change potentially
attributable to increased nutrient loading from land sources.

The two study sites in this study were station Saguenay 30, in the Saguenay
Fjord, and Station 23, in the LSLE. Few studies have examined soluble metals in the
water column of the St. Lawrence Estuary (Yeats et al., 1979; Yeats and Bewers, 1982;
Cossa et al., 1990; Lum et al., 1991; Quemerais et al., 1992). However, studies in the
sediments at Station 23 have indicated that Mn is a dominant redox species in the upper
sediment with MnOy concentrations exceeding 100 umol g™ of sediment (Anschutz et

al., 2000; Madison et al., 2013).

1.3.3 Delaware Salt Marsh — the Great Marsh

The study sites in the Delaware salt marsh were located along the Broadkill
River, a waterway which drains into the Delaware Bay and is bordered by salt marshes
in the Great Marsh, Delaware. The Broadkill River has surface water salinities ranging
from 0-30 and is oxygen saturated during the day. The marsh is dominated by the cord
grass Spartina alterniflora, and is only inundated during spring tides and storm surges.
During spring and summer months, productivity increases in the marsh, and in the late

summer and fall, plant degradation products are highest in concentration.

1.4 Dissertation Structure
Current chemical cycling of Mn in seawater does not consider soluble Mn(l11)
an important chemical species. However, its detection in suboxic and anoxic marine

environments demonstrates that this exclusion of Mn(111) renders previous models of
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Mn cycling incomplete. Thus, to fully incorporate Mn(l11) into present-day Mn cycling,
soluble Mn speciation must be addressed in the water column. In particular, the
reactivity of Mn(I11) and its formation pathways need to be determined. In this
dissertation, the first measurements of Mn(ll1) in oxygenated systems are presented and
include measurements in three distinctly different marine environments.

In Chapter 2, | show that Mn(l11) is stable in areas of low/no oxygen, in the
anoxic bottom waters of the Chesapeake Bay. The presence of Mn(ll1) in such
environments allows for potential pathways for metabolism by microorganisms, and for
an electron acceptor/donor to drive reactions with other elements. In particular, |
showed that Mn(111)-L complexes are kinetically stabilized against reduction in the
presence of H,S. Using laboratory experiments, | was also able to confirm that
reductive dissolution of Mn oxides by organic ligands and H,S may be important
sources of Mn(111)-L to systems like the Chesapeake Bay. These data are now published
(Oldham et al., 2015).

In Chapter 3, | expand on the work from Chapter 2 in the Chesapeake Bay to
show that Mn(l11)-L complexes are stable in the entire water column of the Chesapeake
Bay — not just in the anoxic bottom waters. In particular, I expand on the potential
formation pathways of Mn(l111) in the context of the Mn cycle. Using pump-profiling for
better spatial resolution (10 cm), and a low-level spectrophotometric modification of the
UV/Vis method used in Chapter 2, | indicate that MnOy is formed in the suboxic zone
in the absence of detectable oxygen. This MnOy is reduced at the suboxic-anoxic
interface to form Mn(l11)-L complexes. The Mn(l11)-L complexes are also detected in
the upper oxic waters, but their formation processes appear distinct from the processes

happening in the suboxic and anoxic layers. The results at this site highlight that the
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redox cycling of Mn is happening at least daily and that several physical, chemical and
biological processes are at play, concurrently.

In Chapter 4, | show that Mn(I11)-L complexes are ubiquitous in the St.
Lawrence Estuary of Quebec Canada regardless of the O, concentration. In particular, |
show that these Mn(l11)-L complexes are precipitated with humic material, and thus,
humic binding may play an important role in dissolved Mn stabilization and transport in
estuaries. Additionally, I discuss that the Mn(l11)-L complexes are non-colloidal (a size
fraction between 20 and 200 nm), unlike analogous Fe(l11)-L complexes. | evaluate
potential production pathways of Mn(l11)-L complexes at this site by examining the
profiles of Mn species at two sites in the St. Lawrence Estuary: the Saguenay Fjord and
Station 23. The Saguenay Fjord represents a more terrestrial site, whereas Station 23 is
more hemipelagic, and | indicate different potential pathways at each site based on their
respective water column properties. This work is now published (Oldham et al., 2017).

Where Chapters 2-4 focus on the ubiquity of Mn(l11)-L complexes using water
column profiles with depth, Chapter 5 focuses on the transport and fate of Mn(111)-L
complexes by looking at a surface transect of Mn speciation along a salinity gradient in
the Broadkill River. I found that Mn(l11) was stabilized by humic-type ligands coming
off of the Great Marsh. The work in this chapter highlights the importance of Mn(lll) in
systems like the Great Marsh, which dominate the East Coast of North America. | find
that this humic material may be responsible for binding up to 99 % of the dissolved Mn
in these systems, and since these complexes have not been accounted for in the past,
metal transport from estuaries to the coastal ocean may need to be reevaluated.

Chapter 6 reviews the main findings from this study, presents general

conclusions and recommends areas for future study.
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Chapter 2

EVIDENCE FOR THE PRESENCE OF STRONG MANGANESE(I11)-BINDING
LIGANDS IN THE WATER COLUMN OF THE
CHESAPEAKE BAY!

Abstract

Soluble manganese speciation was determined in suboxic and anoxic waters of
the Chesapeake Bay using a water soluble porphyrin ligand as spectrophotometric
reagent. Initial addition of the reagent detected only Mn(Il); on addition of 100 uM H,S
(excess of the expected total dissolved Mn concentration) an increase in Mn occurred,
indicating a reduction of Mn(I11). Mn(111) comprised up to 54.21 + 2.71 % of the total
dissolved Mn pool. Samples with low H,S (4.82 + 0.80 uM) had high Mn(III) (6.98 +
0.63 uM) whereas those with high H,S (38.37 = 1.70 uM) had low Mn(III) (1.12 + 0.17
uM) indicating Mn(III) is kinetically stabilized in situ by strong ligands so reduction to
Mn(I1) is not complete. Assays for MnOXx particles showed these were negligible or not
detected except near the oxic-anoxic interface, and Mn(l11) depth profiles showed peaks
below the oxic-anoxic interface. Sulfidic sediments were not a source of Mn(lll) to
overlying waters as no Mn(l11) was detected in overlying waters. These Mn(l11) profiles
likely result from the one electron reductive dissolution of solid MnO; particles formed

at the oxic-anoxic interface, which then fall into the anoxic hydrogen sulfide rich zone.

1 Chapter 2 published in Marine Chemistry: Oldham, V.E., Owings, S. M., Jones, M., Tebo, B.M., and
Luther, G.W. (2015). Evidence for the presence of strong Mn(l11)-binding ligands in the water column of
the Chesapeake Bay. Mar. Chem. 171, 58-66.
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Laboratory experiments with known ligands bound to Mn(111) confirm that Mn(l11)-L
complexes do not completely react with H,S as these are concentration dependent

reactions under kinetic control.

2.1 Introduction

The oxidation states of Mn render it important in a host of reduction and
oxidation reactions as a trace nutrient and indirectly in the cycles of other biologically
significant redox active elements. In seawater, Mn is important in photosynthetic
organisms as the metal redox center of Photosystem II, where the splitting of water
occurs (Dismukes, 1986). In this role, Mn is responsible for the accumulation of oxygen
in the atmosphere, and for much of the primary production of the ocean. Though the
importance of Mn to biogeochemical systems is well known, its cycling is not
completely described. This disjoint is largely the result of an incomplete understanding
of the speciation of manganese.

Until recently, the speciation of Mn has been operationally defined by filtration,
where the fraction passed through a 0.2 pum or 0.45 pm filter was deemed the dissolved
fraction, dominated by Mn(ll), and the unfiltered fraction was characterized as
particulate Mn(IV)/(I11) as MnOy. The importance of soluble Mn(l11) was previously
neglected because it was presumed thermodynamically unstable, and disproportionates
to Mn(I1) and Mn(IV) (Stumm and Morgan, 1996) or hydrolyzes and precipitates as
Mn(111) oxides (Klewicki and Morgan, 1998). However, Mn(l1l) is an important
component in the environment for one electron transfer reactions (Luther, 2005; 2010).
Since the orbitals (o, eg*) of Mn(1V) and Mn(11) that accept and donate electrons are
spatially distinct, the reduction or oxidation between these two species must be the

result of one electron transfer processes, with Mn(l11) acting as the intermediate
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(Luther, 2005). In the presence of ligands, Mn(l11) can be stabilized in solution as
Mn(111) complexes are much more stable than Mn(11) complexes, due to a smaller
atomic radius and higher electrostatic charge. Additionally, Mn(l11) has a strong affinity
for ligands that also bind Fe(ll1); thus, Mn(I11) could compete for siderophores and
disrupt Fe(l11) uptake (Duckworth et al., 2009), since siderophores act to increase
Fe(I11) bioavailability for microbes and plants (Kraemer, 2004).

Recent work in the suboxic water column of the Black Sea, Chesapeake Bay and
Baltic Sea as well as the pore-waters of the St. Lawrence River has shown that Mn(l11)-
ligand (Mn(l11)-L) complexes make up to 100 % of the total dissolved Mn species in
suboxic and anoxic waters, and sediment pore-waters (Madison et al., 2011, 2013,
Trouwborst et al., 2006; Yakushev, 2007, 2009). In the St. Lawrence river, dissolved
Mn(l11) was deemed an important component of diagenetic processes because Mn(l11)-
L complexes constituted up to 90 % of the total dissolved Mn pool in suboxic marine
sediments (Madison et al., 2013). Dissolved Mn(l11) has also been detected as an
intermediate in bacterial MnO; reduction (Lin et al., 2012) and in the oxidation of
Mn(I1) (Webb et al., 2005). In the Chesapeake Bay, dissolved Mn(I11)-L complexes
were detected in 2003 when the suboxic zone was well developed, but not in 2002 when
the suboxic zone was poorly developed (Troubworst et al., 2006).

The nature of these Mn(111)-L complexes is only beginning to be described
(Luther et al, 2015). For many metal-ligand complexes in seawater, Fe and Cu for
example, ligand classes have been designated based on conditional stability constants
(Keong). For Mn, Keong = Km Where Mn’ represents all dissolved inorganic forms
(aquated ions and complexes with CI', OH’, etc.) in seawater at ambient pH. Equations

2.1 and 2.1a describe the equilibrium reaction and equilibrium expression, respectively.
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The rate constant for formation of Mn'L is ks (our adopted value is 10° M™s™ based on
Jahn-Teller distortion of Mn(l11) and its water exchange rate), and the dissociation rate
constant for Mn'L is kq. In Saint Lawrence estuary porewaters Ky, was found to range
from 1.39 t0 4.35 x 10" M™. Ky, values were determined from the actual kq values
and the adopted k.

kg
Mn' + L 2 Mn'L 2.1
kq

Mn'L Ky

- 2.1
i ka :

where K.ong = Kyni, =

Higher conditional stability constants correspond to a strong-binding L; ligand
class, and lower conditional stability constants to correspondingly weaker classes: L,
L3, and so on. In the work of Madison et al., (2011 and 2013), a weak ligand class was
demonstrated by the kinetics of the reaction of the ambient ligands with the added
porphyrin ligand a, B, y, o-tetrakis(4-carboxyphenyl)porphine (T(4-CP)P). In this
method, seawater samples were filtered through a 0.2 um filter, and the filtrate was
analyzed by UV/Vis spectroscopy. The addition of soluble porphyrin, T(4-CP)P, rapidly
complexes any dissolved Mn(ll) in solution as Mn(I1)-T(4-CP)P, and oxygen in solution
rapidly oxidizes this to Mn(l11)-T(4-CP)P, which has a sharp absorption peak at 468
nm. The reaction is allowed to proceed for 15 minutes, and for Mn(l1), the curve
generated shows an exponential rise to a maximum, with a single two-parameter
solution:
y = a(l— e XX 2.2

Here, a is the concentration of Mn(ll) and k; is the rate constant for the Mn(I1)
formation curve. However, when Mn(l11) is present and bound to weak ambient ligands,

the rise to a maximum has a four-parameter solution (eq. 2):
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y = a(1 —ef1X) + b(1 — eke¥) 2.3
Here, b is the concentration of Mn(I11) and k; is the rate constant for the Mn(lI11)
formation curve. In Madison et al (2013), the unknown ligands had slower kinetics than
Mn(111) bound to pyrophosphate and faster kinetics than Mn(I11) bound to
desferrioxamine-B. Using the steady state approximation, Luther et al. (in press)
showed that k; is the dissociation rate constant, kg, for the Mn’L complex (reverse of eq.
1). The kinetic data from this study indicate that the conditional stability constants for
Mn(1)-L (KuneL) are similar to or higher than those for the formation of Fe(l11)-L
complexes in organic matter decomposition zones (Luther et al., in press). The relevant

chemical reactions for egs. 2.2 and 2.3 are egs. 2. 4 and 2.5, respectively.

k1 faStvkl
Mn2* + T(4 — CP)P = Mn(IDT(4 — CP)P + 0, —3 Mn(II))T(4 — CP)P 2.4
k
Mn(III) — L + T(4 — CP)P < Mn(IIDT(4 — CP)P + L 25

Reaction (2.4) proceeds rapidly to the right, and the Mn(111) substitution reaction
(2.4) proceeds more slowly, in the presence of weak binding ligands. In the presence of
strong ambient ligands, reaction (2.5) does not proceed forward. A strong reducing
agent, H2S or hydroxylamine, needs to be added to reduce any Mn(l11)-L for the total
dissolved Mn to be measured. The concentration of Mn(I11)-L can be calculated by
subtracting the measured [Mn(11)] from this total. In this way, it is now possible to
designate strong and weak binding ligands for dissolved Mn(l11) based on the following
distinct measurements:

(i) A sample with weak binding ligands will exhibit a rise to a maximum with a

four-parameter solution (egs. 2.3 and 2.5).
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(if) A sample with strong binding ligands will show a simple two-parameter rise
to a maximum, with an increase in Mn detection upon addition of excess strong
reducing agent.

(iii) A sample with no Mn(111) will show a simple two-parameter rise to a
maximum with no increase in Mn detection upon addition of excess strong reducing
agent (egs. 2.2 and 2.4).

In this study, this principle is demonstrated using known Mn(l11)-binding
ligands in the laboratory and unknown ligands from the environment. We find that
unknown strong binding ligands bind more strongly to Mn(l11) than the siderophore
desferrioxamine-B; that NH; functional groups reduce Mn(l11), including
desferrioxamine which binds Mn(l11) at a 1:1 ratio through the hydroxamate groups;
and that unknown weaker binding ligands are more similar to pyrophosphate. This
measurement approach of strong and weak Mn ligands was applied to natural samples
in the Chesapeake Bay.

The Chesapeake Bay exhibits seasonal anoxia as a result of intense productivity
(Boynton et al., 1982) and in the suboxic and anoxic zones, dissolved Mn
concentrations can be greater than 18 uM (Trouwborst, 2006). In suboxic and anoxic
waters, where chemical species that can accept or donate electrons are limited, the
presence of Mn(I11) would have important implications for other coupled redox
reactions, like those with Fe, O, and S.

In this study, the water column above a 30 m deep hole in the Chesapeake Bay
was sampled during August 9-13, 2013. In addition to Mn speciation, concentrations of
hydrogen sulfide (H,S defined as the sum of H,S, HS", S,%, and Sg) and O, were

determined by in situ voltammetry (Brendel and Luther, 1995; Rozan et al., 2000;
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Konovalov et al., 2003); dissolved O, was also measured during casts using the
shipboard CTD system. The results from this study demonstrate in situ H,S reduction of
Mn(I11)-L complexes over time as well as the first findings of strong Mn(l11)-L

complexes in the marine environment.
2.2 Methods:

2.2.1 Sample Collection

During a sampling campaign from August 9" to 13", 2013 at a 30 m hole South
of the Chesapeake Bay bridge (Station 848, 38°58.54” N; 076° 22.11” W), 27 seawater
samples were collected from four depths in the suboxic and anoxic zones, and were
analyzed for Mn speciation. Samples were collected into new, rinsed 50 mL falcon
tubes (Fisher Scientific) at high and low tide (slack water) from a sampling CTD rosette
system aboard the R/V Hugh R. Sharp. Sampling contamination was minimized by
wearing gloves and by using clean tubing for sample collection. The exposure of the
samples to oxygen was minimized by removing air bubbles in the tubing and in the
head-space of the collection tubes by overfilling the tubes three times before capping.
Samples were filtered within 15 minutes of collection through a 0.2 um Millipore®
syringe filter, in a glove bag with an argon atmosphere, to prevent oxygenation of the
sample prior to analysis. In the laboratory, MnO, was filtered in this way, to ensure
complete removal of MnOy from samples, and indeed, no MnO; passed through the
filters.

A sediment core using the multi-corer model MC-400 from Ocean Instruments,
Inc. was taken on August 12" and the overlying water was sampled immediately upon

recovery using a clean syringe. The sample was also filtered within 15 minutes of
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collection through a 0.2 um Millipore® syringe filter, in a glove bag with an argon
atmosphere.
Conductivity, temperature, and salinity profiles were taken during the CTD

casts, from the R/V Sharp rosette system.

2.2.2 Sulfide Measurements on Discrete Samples

Samples were filtered as above. Sulfide was then determined in triplicate using a
DLK-60 electrochemical analyzer; the flow cell (Analytical Instrument Systems Inc.)
was used in conjunction with 100 uM Au/Hg amalgam PEEK microelectrodes prepared
according to Luther et al. (2008). Cyclic voltammetry ran from -0.1 V to -1.8 V, and
back to -1.8 V at a scan rate of 2 V s-1 after conditioning at -0.9 V for 5 s then at -0.1 V
for 2 s. These electrodes are capable of measuring an array of redox active species
including oxygen, sulfide, thiosulfate, elemental sulfur, iron, and manganese (Luther et
al., 2008). The detection limit of this method is 0.2 uM for sulfide and polysulfides and

3 uM for oxygen.

2.2.3 MnOy Determination

Chesapeake Bay water was obtained directly from the CTD Niskin bottles in 50
mL centrifuge tubes. Known volumes of samples (usually 50 mL) were filtered through
Whatman 0.2 um track etched polycarbonate filters. Filters were subsequently
transferred to 5 mL vials to which 20 uM of leucoberbelin blue dye (LBB, 65 %,
Sigma-Aldrich) were added. The volumes of the sample and dye solution had a
concentration factor of usually 12.5 or 16.7. The dye color formed on oxidation by
particulate manganese or MnOx was measured in a 1 cm cuvette at 620 nm using an

Ocean Optics USB2000 spectrophotometer coupled to an HL-2000-FHSA halogen light
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source. The method is refined from that published by Altmann (1972). The LBB (410.5
g mol™) stock solution is made by dissolving the crystals in Milli-Q water to a strength
between 1 to 4 % (24 to 97 mM) and adding 40 uL of either 10 M sodium hydroxide
(NaOH) or 21 % ammonium hydroxide (NH;OH) per 10 mL of solution. This solution
is stable for greater than 1 year. Working solutions involve diluting the stock into 1%
acetic acid (made up in Mili-Q water), to a range between 0.01 to 0.04 % (240 to 970
uM). Over time a precipitate will form in the working solution. Thorough agitation
through shaking, or sonicating, will help re-dissolve the precipitate, even when present
there is no detrimental effect of this precipitate on the final measurement. Measurement
of samples on filters involves a final dilution of the LBB working solution so that the
maximum final concentration used is ~80 uM LBB.

Potassium permanganate is used to produce the calibration curves that range
between 0.2 and 10 uM KMnO,. MnOy measurements are referred to as MnOy
equivalents for two reasons. The first is due to the calibration being a different species
than the analyte as the oxidation of the LBB dye is directly proportional to the electrons
provided from the manganese species. Mn(V11) will oxidize 5 LBB molecules during its
reduction to Mn(1l) whereas Mn(1V) only oxidizes 2 LBB molecules. To produce the
equivalent LBB blue color at 620 nm, 2.5 times more Mn(1V) is required; i.e., 12.5 uM
Mn(IV) produces an equivalent color to 5 uM KMnO,. It is also probable that not all the
particulate MnOx exists as Mn(1V) because a small percentage will be as a Mn(l11)
oxide. LBB calibration curves in a 1 cm cell can become non-linear above 1 uM
KMnO,. Sample concentration was calculated using a non-linear calibration, with an r?
~ 1. The limit of detection (LoD) using a single linear calibration is around 0.085 uM

KMnQO, or 0.21 uM MnOx (99% confidence limit using a MQ water blank); correcting
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for the concentration factor (12.5) gives a LoD of ~ 0.017 puM MnOx for natural
samples. All sample filters were measured in the same media and with the same
strength LBB as the KMnOy standards. On occasion, dissolved organic material can
affect the underlying baseline of the LBB measurement. A correction was applied for
samples where excess dissolved material conflicted with the sample signal, by
calculating the underlying baseline signal at 620 nm from the slope between readings

taken at 460 and 700 nm.

2.2.4 Fe Measurements on Discrete Samples

Triplicate Fe(ll) and total iron measurements were made on filtered samples
using the method of Stookey (1970) and the UV-Vis system described below. Samples
were buffered in 2.5 M ammonium acetate prior to addition of the ferrozine reagent,
which reacts with Fe(ll) to produce an absorption at 562 nm. Hydroxylamine
hydrochloride was added as a reducing agent to separate subsamples in order to
measure total iron. The difference between the Fe total and the Fe(1l) measurements is

soluble Fe(l11).

2.2.5 Mn(Il) and Mn(l11) Determination

Samples were analyzed ship-board, in duplicate, within two days of collection.
Duplicates were within 0.005 absorbance units (AU) of each other, indicating high
method precision. Some samples were analyzed immediately, and then reanalyzed two
days later, and it was determined that the speciation did not change in the samples.
Samples were kept capped and in the dark, in a clean van, between analyses to ensure
no contamination. Samples were analyzed using the established method of a

spectrophotometric ligand ([a, B, y, o-tetrakis(4-carboxyphenyl)porphine] or T(4-CP)P
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(e= 95,400 M* cm™)) previously developed by Ishii et al., (1982) and modified by
Madison et al., (2011) to determine dissolved Mn(I1) and Mn(ll11). In this
spectrophotometric method, the initial reagent mixture contains Cd-T(4-CP)P complex
which is brought to a pH of 7.5 — 8.0 using an imidazole borate buffer. When a water
sample, which contains Mn(ll) or Mn(l11), is added to the reagent mixture the Mn(ll)
outcompetes Cd(11) to form a Mn(I1)-T(4-CP)P complex; this reaction is catalyzed by
imidazole. The Mn(ll) is rapidly oxidized to Mn(l11) by dissolved oxygen, and the
Mn(111)-T(4-CP)P exhibits an absorption peak at 468 nm by UV/Vis spectroscopy. This
peak is measured over 15 minutes to extract kinetic data; however, only the first 150 s
are used to produce an absorbance measurement when only Mn(11) and Mn(111) bound
to weak ligands are present. The sample limit of detection for this method is 50 nM. The
precision of the determination of both the Mn(1l) with and without a reductant is
typically better than 5%, as shown in Table 2.2. The addition of a strong reducing agent
(in > tenfold excess of expected Mn concentration), such as hydroxylamine or hydrogen
sulfide, prior to analysis reduces strong binding Mn(l11)-L complexes in solution (see

below); defined as complexes that do not react with the porphyrin ligand.

A Hewlett Packard 8452B diode array spectrophotometer was used, coupled
with Olis. Inc. Globalworks software for all UV/Vis measurements (2 nm wavelength
resolution). All reagents were made according to Madison et al., (2011) , and a standard
calibration was performed prior to analysis with standards ranging from 50 nM to 10
uM, made from MnCl,-4H,0 (Fisher Scientific, 97.5 % purity) into deionized water
(18.2 mQ). Samples were analyzed for Mn(II) and Mn(III) bound to weak ligands using
the method described by Madison et al., (2011). To ensure that total manganese was

determined, a strong reducing agent, hydroxylamine (NH,OH) (Fisher Scientific) was
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added in excess (1.5 mM) to an aliquot of the seawater sample and was allowed to reach
a maximum value (a minimum of 30 minutes equilibration time). The reactivity of the
porphyrin was not found to be affected by the addition of hydroxylamine. Another
separate aliquot of the seawater sample was amended with an excess of H,S (final
concentration of 100 uM) and was allowed to come to reach a maximum value (a
minimum 30 minutes equilibration time). These reduced samples, with either
hydroxylamine or H,S, were also analyzed using the same spectrophotometric method.

We have found that HS' is typically a more efficient reducing agent than
hydroxylamine, except in the case of Mn(l1l)-porphyrin, which is reduced by
hydroxylamine but not HS". The strong unknown Mn(l11)-L complexes likely have 6
ligating atoms binding Mn(l11), so the smaller HS is more efficient in reaching the
Mn(I11) center in an inner sphere one electron redox process (Luther, 2005). In the case
of the Mn(l11)-porphyrin, the superoxide bound to the Mn(I11) center stabilizes the
Mn(l111), even in the presence of HS", whereas the neutral hydroxylamine can attack the
superoxide site. Soluble porphryin concentrations are typically low in nature (McCarthy
et al., 1997), and we don’t expect them to account for a significant portion of our
Mn(l11)-L complexes, therefore HS' is likely able to reduce the Mn(111)-L in the system.

The reduced samples represent a total dissolved Mn [Mn(ll) + all Mn(l11)
forms], and the non-reduced sample represents the concentration of Mn(ll) in the
sample along with any Mn(111) bound to weak ligands. The Mn(l11), which is
operationally defined as bound to strong ligands, is determined by the difference of
these two measurements. As shown in Madison et al. (2011), Mn(l11) bound to

desferrioxamine-B does not react readily with the porphyrin ligand, rather it goes into
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the porphyrin slowly (see below); on adding a reducing agent to the Mn(l11)-

desferrioxamine-B, the resulting Mn(ll) is quantitatively measured.

2.2.6 Reductive Dissolution of Colloidal MnO,

A colloidal MnO, solution (1 mM, consisting of 50 nm nanoparticles) was
prepared as described by Perez-Benito et al., (1989). The DFOB solution was made by
dissolving solid DFOB into deionized water to a final concentration of 500 uM. The
hydrogen sulfide solution was made by dissolving solid sodium sulfide nonanhydrate
(Sigma Aldrich) into deoxygenated water, and this solution was made fresh daily to
avoid oxidation overnight. Solutions of MnO, were made to 100 uM in deionized water.
Tests were performed to examine the reductive dissolution of 100 uM MnO, and the
resulting dissolved Mn speciation, in three cases: (i) with 100 uM H,S, (ii) with 100 uM
DFOB and (iii) with both 100 uM H,S and 100 uM DFOB. The pH of these solutions
was between 8 and 9.

The solutions were tested using the Hewlett Packard 8452B diode array
spectrophotometer noted above. The absorbance peak for colloidal MnO, is measured at
362 nm, and at 310 nm for Mn(111)-DFOB. The decay of the MnO, peak over the course
of the reaction was observed by scanning every 3 seconds over the course of 15 minutes
reaction time. The growth of the Mn(111)-DFOB peak was similarly measured.
Speciation of dissolved Mn was also performed using the porphyrin method also

described in section 2.5.

2.2.7 Ligand Competition
Ligands that could bind Mn(I11) were examined in laboratory experiments

(Figure 2.1). A solution containing 250 uM Mn(III)-pyrophosphate was prepared by
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dissolving Mn(l11)-acetate (Alfa, Inc.) into deoxygenated water containing excess
dissolved sodium pyrophosphate. The Mn(l11)-pyrophosphate concentration was
determined by UV/Vis spectroscopy at its absorption peak at 484 nm (Kostka et al.,
1995). A solution of Mn(l11)-desferrioxamine-B (DFOB) was prepared by dissolving
MnCl,e 6H,0 into a solution with pH of 8 containing excess DFOB, and allowing it to
oxidize by bubbling air overnight (Madison et al., 2011). Its final concentration, of 500
uM Mn(I1I)-DFOB was determined by UV/Vis spectrophotometry at its absorption
peak at 310 nm. Other Mn(111)-L complexes were prepared by adding excess ligand to
Mn(111)-pyrophosphate, and observing the complete disappearance of the Mn(l11)-
pyrophosphate (Mn(PP)) peak at 484 nm and the formation of new peaks, indicating
conversion to the new Mn(l11)-L complexes. The general reaction is given below, and
ligand absorbance peaks are given in Table 2.1.

Mn(PP) + L > MnL + PP

Several ligands were tested and they are: Tiron (4,5-dihydroxybenzene-1,3-
disulfonate); 2,3-dihydroxybenzoic acid; (pyro)catechol (1,2-dihydroxybenzene); 2,3-
dihydroxypyridine; Dopamine (3-hydroxytyramine or 3,4-dihydroxyphenethylamine);
and Ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulphonic acid
monosodium salt hydrate). All ligands (Figure 2.1) were added in 10-fold excess to 12
uM Mn(111)-pyrophosphate.

The Mn(111)-L solutions were analyzed for classification of ligand strength using
the method of the T(4-CP)P addition, in a final solution concentration of 1 uM Mn(l11)-
L. The kinetics observed for Mn(111)-DFOB were similar to the report by Madison et al.
2011; (see Figure 2.1 for Mn(111)-DFOB structure).
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(pyro)catechol

& £

Mn(IIT) DFOB

2.3-dihydroxybenzoic acid

2,3-dihydroxypyridine

Figure 2.1 Structures of known ligands tested in this study. In
addition to pyrophosphate and DFOB, which has three hydroxamate
functional groups to bind Mn(l11), there are five compounds with the
ortho-dihydroxybenzene functional group to bind Mn(ll1). The
rectangle shows the NH; group in DFOB and dopamine that reduces

MnO.,.

Table 2.1 MnL complex absorbance peaks by UV/Vis spectrophotometry.

Ligand Absorbance Peak(s) (nm)
Pyrophosphate 484

Desferrioxamine-B 310

Tiron (4,5-dihydroxybenzene-1,3-disulfonate) 292

2,3-dihydroxybenzoic acid 410, 622

Catechol (1,2-dihydroxybenzene) 356, 654
2,3-dihydroxypyridine 520

Dopamine (3-hydroxytyramine) 302
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Ferrozine (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-
p,p’-disulphonic acid monosodium salt hydrate)

282, 316 (doublet)

2.3 Results and Discussion

In the summer months, decreased vertical mixing of the water column causes
stratification, which creates oxic, suboxic and anoxic zones in the Chesapeake Bay.
Figure 2.2 shows the water column profiles of dissolved Oy, salinity, temperature and
H,S from the first, second and fourth days of the sampling campaign. Over the course
of sampling, the interface between the suboxic and oxic zones shifted from a partially
mixed system to a more stratified system.

Depth profiles (Figure 2.2) showed that dissolved O, concentration decreased,
from the surface with depth, to the suboxic zone, which was no more than 1-2 meters
thick over the entire cruise, below which O, concentrations were near zero. Higher
temperatures and lower salinity at the surface the surface resulted in a high level of
stratification, which changed throughout the cruise as the sulfide moved up from a
water column depth of 17 m to 12 m. On the first day, less stratification was observed
and lower H,S (4.51 + 0.80 to 7.03 = 1.10 uM) concentrations along with higher
Mn(IIT)L concentrations were detected in the anoxic waters. On the last day of the
sampling campaign, a higher stratification of the water column was observed, with a
distinct O, penetration depth at approximately 10 m. In this latter profile, H,S
concentrations were more than four times higher (32.81 £ 0.39 to 39.70 £ 2.40 uM) than
those on the first day of sampling, corresponding with an increase in stratification, as
shown in the profiles of the other three parameters. The low oxygen here allowed for
the accumulation of H,S and a decrease in Mn(l11)L concentration. In the presence of

0O,, no H,S was detected.
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The concentrations of analytes measured in this study (dissolved Mn species,
MnOy, H,S and dissolved Fe(l1)) are summarized in Table 2.2, and Figure 2.2 shows

their profiles from the first, second and fourth days of the sampling campaign.
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Table 2.2 Results from August 2013 sampling. Blank spaces show where data were
not available and ‘ND’ represents measurements below the detection
limit. Time is EST, and tides are designated as ‘HS’=High Slack and
‘LS’=Low Slack. Percentage values represent the % Mn(ll1) of the
Mn(Total). Errors represent the standard deviation where n=2 or 3.

Error value for MnO,=0.01 pM, based on the limit of detection.

Date CTD | Time | Depth Total Mn Mn(l11) Mn(I1) (uM) | MnOx | H,S (UM) Fe(ll) (uM)
(m) (M) (M) (M)
August 009- 18:55 22.8 12.23+0.28 | 6.63 (54.2%) 5.60 £0.37 ND 7.03+1.10 | 2.083 £0.007
9 HS
20.9 9.88+0.25 | 3.16 (31.9%) | 6.72+0.17 ND 4.82 £0.80
18.6 15.02 +0.37 | 6.98 (46.5%) 8.04 £0.81 ND 451+0.80
15.1 0.67 +0.08 ND 0.67 +0.08 4.89
August 012- 717 22.1 6.11+0.54 1.43 (23.4%) 4.68 +0.23 ND 12.35+ 2.939 + 0.065
10 HS 1.00
18.9 6.93+021 | 1.33(19.1%) | 5.60+0.23 ND 1453 + 3.000 + 0.008
1.60
17.1 8.02£0.04 1.02 (12.7%) 7.00£0.44 ND 428+0.47 | 1.460£0.094
015- 20:11 22.6 6.53+0.18 0.78 (11.9%) 5.75+0.60 ND 14.05 +
HS 1.60
17.3 6.95+0.21 0.26 (3.7%) 6.69 +0.21 ND 13.86 +
1.10
14.5 2.06 £0.25 | 0.26 (12.4%) 1.80+£0.20 4.05
13.9 1.32+£0.46 0.73 (55.1%) 0.59+0.11 4.01
August 019- 7:27 22.4 7.25+0.06 1.09 (15.0%) 6.16 £ 0.08 ND 12.75 2.203 £ 0.031
11 HS 1.80
19.1 7.38+0.08 0.73 (9.8%) 6.65+0.28 ND 11.66 + 2.557 + 0.006
1.90
15.8 2.30£0.36 0.25 (10.7%) 2.05+0.08 ND 0.022 £ 0.020
14.2 1.61+£0.16 ND 1.61+£0.16 3.39
020- | 13:54 213 7.97+0.17 1.12 (14%) 6.85+0.14 ND 3837+
LS 1.70
17.2 8.15+0.12 0.78 (9.5%) 7.37 £0.06 ND 26.11 +
2.10
11.4 252+0.31 0.24 (9.5%) 2.28£0.09 2.54
10.5 1.74+0.26 ND 1.74+0.26 3.01
August | 023- 7:16 21.8 7.22+0.47 0.11 (1.5%) 7.11+0.03 ND 2415+ 1.885+0.031
12 HS 2.10
18.1 7.46 +0.06 0.71 (9.5%) 6.75+0.07 ND 2183+ 2.167 +0.067
1.90
133 6.84 £ 0.03 0.63 (9.2%) 6.21+£0.01 1.34 0.034 +0.089
129 158+0.25 | 0.43(27.0%) | 1.15+0.04 6.58
026- | 14:16 20.0 6.35+0.35 0.62 (9.8%) 5.73+0.40 ND 39.70 +
LS 2.40
17.0 6.18 £ 0.04 ND 6.18 £0.18 ND 3779
3.20
14.0 6.72 + 0.05 ND 6.72+0.21 ND 3281+
0.39
10.3 2.80£0.23 0.34 (12.1%) 2.46 £0.08 3.61
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Figure 2.2 Depth profiles of Mn speciation and H,S concentrations
(right panels) in bottom waters and water column profiles of
temperature, dissolved O, and salinity (left panels) from three casts
(CTDO009 = August 9, 18:55; CTD012 = August 10, 7:17; CTD29 =
August 12, 14:16). The error bars are typically smaller than the
symbols.
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Measurements were made at three depths in the anoxic zone, and for most
sampling events, at one depth in the oxic/suboxic interface. Dissolved Fe(ll) in this
study did not appear to be significantly correlated to Mn, and it ranged from non-
detectable to 3.00 £ 0.008 uM throughout the sampling period. Total dissolved Mn
[Mnyota] ranged from 0.67 £ 0.08 to 15.02 £ 0.37 puM at this site. Mnyg Was below 3
uM near the suboxic zone, but increased over time. The lower Mny, values
corresponded with higher values of MnOy, which ranged from 0.53 — 7.59 uM
throughout the water column, with higher concentrations within and just above the
suboxic zone. This inverse correlation with Mny, Suggests that the reduction of MnOy
particles acts as a source of dissolved Mn from oxic to anoxic waters. Herszage and dos
Santos Afonso (2003) performed a kinetic study and observed the reductive dissolution
of Mn(1V) oxides by H,S, but they only measured total Mn by atomic absorption
spectroscopy. The speciation results from our study indicate the potential presence of
strong binding ligands, which could support some dissolution of Mn oxides as a source
of Mn(111) to the suboxic water column.

The speciation of Mn changed over the course of this sampling campaign. On
the first day of sampling, Mn(l11) comprised 31.9 to 54.2 % of the total dissolved Mn in
the suboxic zone, whereas on the last day of sampling it ranged from below the limit of
detection to 9.5 %. This change in speciation can be explained by the reducing
conditions of the system, as highlighted by the spectrophotometric results in Figure 2.3.
This figure gives UV/Vis measurements made for two samples: one representative
sample from the first day of sampling, and another from the last day of sampling. On

the first day (Figure 2.3A), addition of the reducing agent hydroxylamine increased the
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detected Mn by more than 2 uM (25 %). Subsequent addition of H,S, an even stronger
reducing agent, to that same sample yielded a total of more than 50% the first initial
measurement. With the addition of excess reducing agent, Mn(l11) complexes are
reduced and the resulting Mn(ll) is able to be bound to the added porphyrin (T(4-CP)P)
and then detected. We found that an excess of H,S acted as an even stronger reducing
agent than hydroxylamine, which is significant because H,S is present in the anoxic
water column. On the last day of sampling (Figure 2.3B) addition of the reducing agent
to the samples did not significantly increase the Mn,. This sample already had a high
sulfide concentration, so any Mn(l11)-L complexes were already reduced in the water
column. Thus, these data indicate that strong Mn(111)-L complexes are present in the

suboxic and anoxic waters of the Chesapeake Bay.

59



16 16

August 9, 2013; 22.82 m deep August 12, 2013; 18.136 m deep
14 14
12 12{ B)
o~ o~
S:!. 10 Ei 10 -
e R
= 8 = 8
= =
6 6 |
=) =S
4 4
¢ Maq ;
218 v HA addition 5 |
" HZS addition £
0w : ; ; 0+ ; ; ;
0 100 200 300 0 100 200 300

Time (seconds) Time (seconds)

Figure 2.3 Change in kinetics plots for Mn species with and without
the addition of reducing agents. Samples from (A) the beginning of the
sampling campaign show an increase of Mn with addition of reducing
agents and (B) the end of the sampling campaign show no increase in
Mn with addition of reducing agents.

This relationship between Mn(111)-L complexes and H,S, over the course of the
sampling period, is highlighted in Figure 2.4, where the concentrations for the samples
from our lowest two depths in the anoxic zone are shown. Where sulfide measurements
were high, Mn(l11) measurements were correspondingly lower, and vice versa. Where

H,S concentrations were low, Mn(l11) was not completely reduced to Mn(ll) by H,S,
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and was stabilized in solution by strong-binding ligands as Mn(l11)-L. As the sampling
campaign progressed and H,S levels increased in the anoxic water column, Mn(l11)-L
complexes became reduced in the system, and Mn Was only present as Mn(l1). These
data suggest a coupled cycling between Mn(111)-L complexes and H,S. To determine if
Mn(I11)-L complexes were being released to the overlying waters from the sediments,
we analyzed the overlying waters from a multi-core. Mn(l11) was non-detectable as only
a two-parameter fit (eg. 2.1) was needed with and without the addition of H,S (H,S in
the overlying water was greater than 20 uM). This result suggests that sediment flux at
this time was not a significant source of Mn(l11) to the water column. These data
suggest that, in the productive summer months, manganese oxides form through the
microbial oxidation of Mn(ll) by O, allowing MnOy particle flux from the oxic/suboxic
zone to the anoxic zone. Then these particles are partially reduced by low H,S to form
Mn(111), which is then stabilized by the presence of strong-binding organic ligands as
Mn(l11)-L. When oxygen penetrates to the sediment water interface, Mn(ll) could be
oxidized in the lower water column, particularly when O, concentrations are low but
measurable. Then ambient organic ligands could stabilize Mn(l11), which accumulates
as Mn(111)-L in bottom waters. When intense stratification occurs, H,S accumulates in

the anoxic zone, completely reducing the Mn(I11)-L complexes to dissolved Mn(ll).
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Figure 2.4 Change in Mn(l11) and H,S concentrations over time at the

two bottom depths sampled (A=deepest, B=second deepest),

throughout the sampling campaign.

Duckworth and Sposito (2005) found that the ligand DFOB promotes the

dissolution of manganite (y-MnOOQOH) through reductive and nonreductive reaction

pathways at pH>6.5, followed by stabilization of the soluble complex Mn(I11)-DFOB.

In another experiment, Duckworth and Sposito (2007) found that synthetic and biogenic

Mn(III/IV) oxides (including 6-MnQO;) underwent reductive dissolution promoted by

DFOB, and that these rates were slightly higher for Mn(l11) bearing oxides, and higher

than that of Fe(hydr)oxides. Pena et al., (2007) also found that the rate of dissolution of

hausmannite (Mnz0,) increased by several orders of magnitude in the presence of
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DFOB, again forming a stable and soluble Mn(111)-DFOB complex. To test whether the
dissolution of MnOy particles was a likely source of Mn(I11) in our system, an
experiment was conducted in the laboratory where 100 uM colloidal MnO, suspensions
were prepared to test MnO; reactivity with 100 uM H»S and 100uM DFOB separately
and in combination for a reaction time of 15 minutes. The results are displayed in
Figure 2.5. All three solutions reduced MnO, to Mn(ll) alone, or Mn(ll) and
Mn(l111)DFOB. Figure 2.5A shows that Mn(111) was not detected in the presence of H,S
and MnO; alone. However, in the presence of DFOB alone (Figure 2.5C), more
Mn(111)-DFOB was stabilized than when DFOB and H,S were both present (Figure
2.5B). Figure 2.5C also indicates that DFOB reductively dissolves MnO,, and the
structure of DFOB indicates that the amine (NH,) is the likely reducing ligand group.
We also reacted MnO, with catechol and found that it was completely reduced to
Mn(I1), whereas dihydroxybenzoic acid did not dissolve MnO,. Although Mn(I11)-PP
reacted with catechol forming Mn(l11)-catechol, this complex was observed to be
reduced to Mn(ll) so the complex was not stable. Though more Mn(111)-DFOB was
stabilized in the solution containing MnO, and DFOB alone, it is significant that
Mn(I11)-DFOB was still stable in the presence of 100 uM H,S (1:1:1 ratio of all three
reactants in Figure 2.5B). These data confirm that ligands are likely stabilizing Mn(111)
as an intermediate of MnO; reduction in the Chesapeake system, despite H,S also being
present. Early in our Chesapeake Bay cruise the ratio of H,S:Mn(l11)-L complexes was
near 1 in the anoxic zone; thus, we posit that these chemical species coexist due to

kinetic considerations.
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Figure 2.5 Relative percentages of Mn(I1), Mn(111)-DFOB and MnO,
are shown after three separate additions to 100 uM MnO;: (A) 100 uM
H,S, (B) 100 uM H,S and 100 uM DFOB and (C) 100 uM DFOB.

The dissolution of MnO; (Trouwborst et al., 2006) is a likely source of Mn(l11)
to the anoxic water column. Also, the water column here is a decomposition zone in the
summer. Therefore, the flux of particulate organic matter to the suboxic and anoxic
zones is high, and the lysing of phototrophic cells could act as a source of Mn(ll1), since
Mn(l11) is an important component of photosystem I1.

To determine whether the natural ligand(s) of the Chesapeake Bay falls into a
strong, or weak binding ligand class, its kinetics with respect to the addition of T(4-
CP)P was assessed. Our adopted value for ks is 10° M*s™ based on the water exchange
rate for Mn(l11) and other Jahn-Teller distorted ions. Using the steady state

approximation, Luther et al (2015) showed that k; in eq. 3 is Kg; thus, Kcong Can be

64



evaluated with these kinetic data and eq. 1a for weaker binding ligands. First, when a
two-parameter fit followed the kinetic data (eqg. 2.2), and no reduction of a Mn(I11)-L
was observed upon addition of excess H,S, it was deemed that Mn(I11) bound to ligands
was not present in detectable concentrations (less than 50 nM). Second, when a two-
parameter fit followed the kinetic data and there was an increase in total Mn
concentration upon addition of H,S, reduction of a Mn(l11)-L was observed and a strong
binding ligand was deemed present. Third, when the four-parameter fit followed the
Kinetic data (eq. 2.3), a weak binding Mn(l1l) ligand was deemed present; however, in
this study we did not find evidence for weak binding ligands as they likely could not
compete with the stronger binding ligands. In the suboxic St. Lawrence sediment pore-
waters, a weak ligand class was determined (Madison et al., 2013), and Luther et al
(2015) determined that Ky, for those complexes ranged from 1.39 to 4.35 x 10" M™.
The data from this study indicate that the complexes in the anoxic Chesapeake Bay
waters were much stronger, even stronger than laboratory complexes with DFOB (K,
= 3.53 x 10% M™) and the other known ligands examined in this study. Table 2.3 gives
the Kinetic data for the reaction of three Mn(l11)-catecholate complexes treated with the
porphyrin method, in deionized water. The Mn(I11) complexes of Tiron, Catechol and
dihydroxybenzene have very similar reaction kinetics, and are less reactive than
Mn(I11)DFOB by a factor of 2.3 indicating that they have a value of 8.07 x 10" M™ for
Kwmn in seawater. The ligands 2,3-dihydroxypyridine, dopamine and Ferrozine bound
to Mn(I11) all had curves overlapping these catechol compounds. The Mn(l11)-2,3-
dyhydroxybenzoic acid and Mn(I11)-Tiron were stable in the lab for six weeks, but the
other Mn(l11)-L complexes degraded more rapidly. For example, the Mn(l11)-catechol

undergoes internal redox reactions to form Mn(l1) within 30 minutes, whereas the
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Mn(l11)-ferrozine and Mn(l11)-dihydroxybenzoic acid were stable for a day. The
complexes observed in the laboratory eventually were able to be substituted using the
porphyrin method here, but the Chesapeake Bay samples required reduction with H,S
before they were detectable. These data indicate that the natural ligands in the
Chesapeake Bay have higher stability constants (>8.07 x 10** M™) than the ligands we
examined in the laboratory, and are on very similar to the highest constants found for
Fe(I11) binding ligands (Gledhill and Buck, 2012). Estuarine DOC is often comprised
mostly of humic matter, and therefore it is possible that functional groups from humic

matter are responsible for stabilizing Mn(I11) in the Chesapeake Bay.

Table 2.3 The resulting kinetic constants are from the first order regression
analysis of the formation curve as in egs 2 and 3.. The Kinetic
formation constant from the ligand exchange reaction, k,, from eq. 5
represents kg from eq. 1 as shown in Luther et al (2015). The reactions
were performed in deionized water.

ID Ko=k, (s ) R’

Tiron 1.4 x 10'3 0.999
Dihydroxybenzoic Acid 14x10° 0.999
Catechol 13x10° 0.997
Desferrioxamine-B 3.2 X 10'3 0.999

2.4 Conclusion

In this study, measurements for manganese speciation were made over depth at
one location over four days in the Chesapeake Bay, which was undergoing an increase
in stratification. At the beginning of the sampling campaign, a weakly stratified zone

with low H,S in the anoxic zone had high levels of Mn(l11)-L complexes (54.2 £ 2.71 %
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of the total dissolved Mn). Four days later, an intensely stratified system was observed
with higher H,S levels in the anoxic bottom waters and lower to non-detectable levels of
Mn(I11)-L complexes were observed. These results indicate that Mn(I11)-L complexes
were reduced by the higher levels of H,S. In this study, we posit that the partial
reductive dissolution of MnO acts as a source of Mn(l1l) to the anoxic zones. The
reduction could occur from the ambient ligands, the H.,S, or a combination of the two as
demonstrated in the DFOB and H,S experiments in Figure 2.5. The Mn(l11) detected in
the Chesapeake Bay was stabilized by strong binding natural ligands. This is in contrast
with previous work by Madison et al. (2013) in suboxic and non-sulfidic pore waters of
the St. Lawrence Estuary, where only a weak ligand class was detected. The difference
between the strong and weak class was determined based on the kinetics of Mn(l11)-
porphyrin formation. Mn(l11) in the weak complexes is slowly transferred to the
porphyrin to form Mn(l11)-porphyrin chelates, whereas the Mn(I11) complexes with
strong ligands is not transferred. The results from this study highlight how Mn(l11)-L
complexes play an important role in the cycling of Mn in the water column. Here these

complexes are important in oxidizing sulfide.
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Chapter 3

OXIDATIVE AND REDUCTIVE PROCESSES CONTRIBUTING TO
MANGANESE CYCLING AT OXIC-ANOXIC INTERFACES?

Abstract

Manganese (Mn) is important in seawater as a micronutrient, scavenger and as a
reactant in the redox cycles of many other biologically important elements. In seawater,
Mn cycles between oxidized insoluble Mn(I11/1V) oxides (MnOy) and soluble Mn
(11/111) species (dMnr), which include Mn(l11)-L complexes and reduced Mn(ll). The
Mn(111)-L complexes have been shown to be stable in oxic, suboxic and anoxic systems,
but the formation pathways for these complexes have not been well described at one
location over a short timescale. In order to better understand these pathways, dissolved
and particulate Mn speciation was determined in the water column of the seasonally
stratified Chesapeake Bay basin over a 2 day period, using pump profiling for better
spatial resolution (10 cm) of redox active species and a modified, low-level
spectrophotometric method for soluble Mn speciation (detection limit = 3 nM). The
concentrations of Mn species, H,S and O, with depth were used to determine potential
pathways of Mn(I11)-L formation at the oxic-anoxic interface. Our data show that
Mn(I1) fluxes out of the anoxic sediments (bottom water total Mn: 2.23 — 3.80 uM;
Mn(ll) = 61 — 84 % of total Mn) and is oxidized to MnOy at the top of suboxic zone of

the water column at non-detectable dO; levels (< 3 uM; suboxic water total Mn: 1.51 —

2 Chapter 3 submitted to Marine Chemistry: Special Issue Honoring Frank Millero.
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3.78 uM; 9.6 — 97.7 % MnO,), probably through microbial activity. These biogenic Mn
oxides are reduced at the suboxic-anoxic interface via a combination of strong ambient
Mn(l11)-binding ligands, H,S and/or microbial activity, resulting in the disappearance of
MnOy and formation of Mn(l11)-L complexes and Mn(I1). The Mn(l1l)-L complexes are
kinetically stable against complete reduction by H,S in the presence of 10-fold excess
H,S to dMn+. The oxic water column has lower concentrations of dMn+ (0.05 - 0.18
UM), with Mn(111)-L complexes present in all oxic samples (33 — 80 % of dMn~). The
complexes in the oxic water column likely arise from processes distinct from the
suboxic and anoxic zones below. Our results highlight that redox cycling of Mn(lll) is
occurring at least daily at this site and is likely dominated by microbial Mn(I1) oxidation
at the top of the suboxic zone and MnOy reduction pathways at the base of the suboxic

Zone.

3.1 Introduction:

Manganese is an essential micronutrient that exists in oxygenated systems as
thermodynamically stable insoluble Mn(111/1V) oxides (defined as MnOy), which are
not directly available to organisms for uptake. Because Mn(IV) is an inert cation,
reductive dissolution is required to solubilize it; however, Mn(lll) is a labile cation and
can be solubilized by both reductive and non-reductive processes (Duckworth and
Sposito, 2007; Luther et al, 2015). Bioavailable soluble Mn exists as Mn(ll), which is
thermodynamically unstable in oxic waters, but due to slow abiotic oxidation of Mn(Il),
is considered to be present in most surface seawater (Landing and Bruland, 1980). In
the last decade, soluble Mn has been found to also include Mn(l1l)-L complexes. These
were first measured in suboxic (Trouwborst et al, 2006; Yakushev et al, 2007, 2009;

Dellwig et al, 2012; Madison et al, 2013) and anoxic seawater systems (Oldham et al,
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2015). However, more recently, Oldham et al, (in press) showed that Mn(111)-L
complexes can also be stabilized in oxygenated surface waters, indicating that these
complexes are likely ubiquitous in seawater. Due to the limited number of studies on
Mn(I11)-L complexes in the environment, their pathways of formation are not well
studied but are thought to be diverse. Seven potential pathways of Mn(l11)-L formation
are summarized in Table 3.1, and were adapted from Madison et al (2013) and Oldham
et al (2017): (eq. 3.1) bacterial oxidation and subsequent ligand stabilization (Parker et
al, 2004; 2007), (eq. 3.2) ligand-promoted oxidation of Mn(l1) (Duckworth and Sposito,
2005) (eq. 3.3) superoxide-promoted oxidation of Mn(ll) and ligand stabilization
(Learman et al, 2013), (eq. 3.4) bacterial reduction of Mn(1V) solid phases and ligand
stabilization (Lin et al, 2012), (eq. 3.5) non-reductive organic ligand-promoted
dissolution of Mn(lll) in MnOy (Duckworth and Sposito 2005; 2007) and (eg. 3.6)
chemical reduction of Mn(1V) in MnOy by reductants such as H,S or Fe(ll) followed by
ligand stabilization (Madison et al, 2013; Oldham et al, 2015) and (eq. 3.7) chemical
reduction of Mn(1V) in MnOy by ligands (Duckworth and Sposito, 2007; Parker et al,
2007; Oldham et al, 2015). Both oxidative and reductive reactions are likely important
in the formation of Mn(I11)-L complexes in seawater, depending on the conditions of
the marine environment. Thus, in a given system, the dominant pathway by which
Mn(111)-L complexes are formed depends on the concentration of dissolved O, (dO,),
the concentration of reductant, the bacterial community, as well as the abundance and

nature of organic ligands.
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Table 3.1 Summary of potential Mn(l11)-L formation pathways in the Chesapeake
Bay. Reactions are unbalanced. See text in the introduction for
appropriate references for each equation.

Equation | Reaction mechanism (unbalanced) Process

3.1 Mn(ID) + 0, +L Ml Mn(IID) — L Bacterial oxidation
Ligand-promoted

3.2 Mn(II) +Ly, » Mn(II) — L oxidation

33 Mn(Il)+ 0; + 2H* + L Superoxide-promoted

' - Mn(IIl) - L + H,0, oxidation

3.4 MnO, + L 25 Mn(iID) — L Bacterial reduction
Ligand-promoted non-

35 Mn(I11)0x + L — Mn(III) — L reductive dissolution

3.6 Mn(IV)Oy + H,S + L —> Mn(III) — L Chemical reduction
Ligand-promoted

31 Mn(1V) Oy + L.~ Mn(III) — L reductive dissolution

The Chesapeake Bay is an ideal model system for examining the formation of
Mn(111)-L complexes because dissolved Mn concentrations can exceed 18 uM
(Trouwborst et al, 2006); the bay is highly productive in the summer months; the bay
exhibits seasonal stratification due to density differences in the water column, resulting
in bottom water anoxia (Boynton et al, 2006); and Mn(l11)-L complexes have been
shown to make up to 54 % of the total dissolved Mn (dMnr) in the bay’s anoxic bottom
waters (Oldham et al, 2015). Therefore, many Mn(l11)-L formation pathways are
possible in this system as it is bacterially active, contains ligands capable of binding
Mn(111) and other metals, and has the conditions for chemical reduction of Mn(IV) in

MnOy by H,S in the summer months. The summer stratification of the Chesapeake is
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due to decreased vertical mixing controlled by water masses of different density:
warmer, fresher surface waters sit atop colder more saline waters, with a thin suboxic
zone between (no more than 2-3 m thick, in this study). The resulting three layers have
different chemistries due to the accumulation of different redox active species. The
surface waters are oxic and contain more oxidized chemical species. There is a
decreasing gradient in oxygen concentration to the mid-waters, with an interface
marked by the disappearance of measureable oxygen. Beneath this interface is the
suboxic mid-zone, containing neither oxygen nor hydrogen sulfide, and which is a
dynamic part of the water column as a zone of mixing. The base of the suboxic zone is
delineated by the appearance of H,S, which accumulates in the bottom waters and in the
absence of detectable O, as a result of sulfate reduction in the sediments releasing H,S.
These anoxic bottom waters are highly reducing, and chemical reduction by H,S can

result in the accumulation of other reduced species [i.e. Fe(ll) or Mn(l11)].

Previous work conducted in 2013 (Oldham et al, 2015) found Mn(l11)-L
complexes in the bottom waters of the Chesapeake Bay that were kinetically stable
against reduction by H,S, a strong reducing agent, as the two species were found to
coexist at near equimolar concentrations (4.8 UM H,S: 7.0 uM Mn(l11)-L). The
concentration of MnOy was non-detectable (< 0.21 uM) in these anoxic bottom waters,
which was interpreted to mean that the one electron reductive dissolution of Mn(IV) in
MnOy was responsible for the formation and subsequent stabilization of Mn(l11)-L in

this system (Oldham et al, 2015).
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Lin et al (2012) indicate that because the partitioning between dissolved Mn(l11)
and MnO; occurs by two separate one-electron transfers, Mn(I11)-L complexes should
be stabilized as an intermediate during the reduction of solid phases containing Mn(1V).
Mn(l111) has also been shown to be an intermediate in the bacterial oxidation of Mn(Il)
to Mn(1V) (Webb et al, 2005; Parker et al, 2007). Mn redox cycling is expected to be
most intense in systems where high concentrations of Mn(Il) encounter O, such as at
oxic-anoxic interfaces (Tebo et al, 2004, 2005). Thus the Chesapeake Bay, with the
high concentration of dissolved Mn in the summer months (Trouwborst et al, 2006) and
conditions in the water column that favor both reductive and oxidative pathways for Mn
at different depths, presents an ideal system for studying the redox cycling of Mn

between its solid and dissolved phases.

The aim of this study was to examine Mn cycling in different zones of the water
column of the Chesapeake Bay, and to use chemical profiles to assess the relative
importance of oxidative and reductive processes at redox gradients. To accomplish this,
the water column above a 25 m deep depression in the Chesapeake Bay was sampled in
August 2014. Pump cast profiling was used in this study to provide better spatial
resolution (10 cm) and real-time voltammetric profiles, which allowed for sample
selection based on redox gradients. Three pump profile casts were sampled and
measured on board ship for Mn speciation using UV-Vis spectroscopy, and for
hydrogen sulfide (defined as the sum of H,S, HS, S,*, and Sg) and dO, using
voltammetry. Pump cast profiling provides better resolution than CTD sampling, and
allows for samples to be taken based on the presence or non-detection of dO, or H,S.

Therefore, we were able to take samples above, in, and below the suboxic zone of the
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Chesapeake Bay, where we anticipated intense biogeochemical cycling. The findings
from this study provide environmental evidence for Mn(11) oxidation at the top of the
suboxic zone, at extremely low concentrations (below the voltammetric detection
limits) of oxygen, and for reductive dissolution of Mn(IV) solid phases by microbes
and/or ligands as a source for Mn(111)-L complexes at the suboxic-anoxic interface of
the Chesapeake Bay. This work also highlights the importance of Mn(l11) as an electron

acceptor and donor in low oxygen systems.
3.2 Methods

3.2.1 Sampling

During a sampling campaign from August 20" to 22", 2014, a 25 m depression
in the Chesapeake Bay (Station 848, 38°58.54' N; 076°22.22" W), three pump profile
casts were sampled for Mn speciation. A pump profiling system was used to pump
water onto the deck of the ship, where it could pass through various flow cells for
salinity, temperature and voltammetry measurements, and for water collection of
discrete samples for Mn (MacDonald et al, 2014). The pump sampling provides 10 cm
vertical resolution in the absence of wave action, as opposed to sampling from CTD
rosette bottles from the ship with a 1 meter depth resolution. The pump profiler
consisted of high pressure clear PVC tubing (30 m of 2.54 cm ID diameter) attached to
a West Marine water pump (12VDC,; flow rate of 4160 liters/hour) that was secured on
to a stainless steel cage. Total time for water to pass through all the tubing is about 1
minute. On deck, the outlet of the tubing was split so water could be collected for

discrete samples and to pass through the flow cells.
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Samples were collected during slack portions of the high and low tides to ensure
minimal tidal influence. Samples were taken from surface waters at several depths in
and near the suboxic zone, and into the anoxic zone, as determined by the oxygen and
hydrogen sulfide electrochemical profiles. Samples were collected directly from the
pump cast apparatus into new, 50 mL falcon tubes (Fisher Scientific). Sampling
contamination was minimized through the use of gloves and acid-washed tubing during
sample collection. The exposure of samples to oxygen was minimized by removing air
bubbles in the tubing and head-space of the tubes by overflowing the tubes three times,
then capping the tubes. Samples were filtered within 15 minutes of collection through a
0.2 um Millipore® syringe filter in a glove bag with an argon atmosphere to prevent

oxygenation of the sample prior to analysis.

3.2.2 Voltammetric Measurements of O, and H,S

Using the pump profiling system, sulfide and oxygen were determined in
quintuplicate at each depth using a DLK-60 electrochemical analyzer (Analytical
Instrument Systems Inc.). The flow cell was used in conjunction with a 100 um Au/Hg
amalgam PEEK microelectrode prepared according to Luther et al (2008). Cyclic
voltammetry was performed from -0.1 V to -1.8 V, and back to -1.8 V at a scan rate of 2
V s after conditioning at -0.9 V for 5 s then at -0.1 V for 2 s. These electrodes are
capable of measuring an array of redox active species including oxygen, sulfide,
thiosulfate, elemental sulfur, iron, and manganese (Luther et al, 2008). The detection

limit of this method is 0.2 uM for sulfide and polysulfides, and 3 uM for oxygen.
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3.2.3 Soluble Mn Speciation

The samples for dissolved Mn(I1) were analyzed ship-board, in triplicate, within
1 hour of collection. Total dissolved Mn was analyzed in triplicate, either within 1 hour
of collection, or the filtered sample was immediately frozen and later thawed and
analyzed in the trace metal biogeochemical laboratory at the University of Delaware.
Filtering and freezing has been shown to be a reliable storage method for soluble Mn
speciation (Oldham et al, in press). In previous work, samples were analyzed using the
established method of a spectrophotometric ligand ([a, 3, y, 6-tetrakis(4-
carboxyphenyl)porphine] or T(4-CP)P (E= 95,400 M cm™) previously developed by
Ishii et al, (1982) and modified by Madison et al (2011) to speciate dissolved Mn(Il)
and weak Mn(l11)-L. In this spectrophotometric method the sample solutionina 1 cm
pathlength cell is brought to a pH of 7.5 — 8.0, conditions where Mn(Il) outcompetes
added Cd(I1) to form a complex with T(4-CP)P when catalyzed by imidazole. The
Mn(I1) is rapidly oxidized to Mn(l11) by dissolved oxygen, and the Mn(111)-T(4-CP)P
exhibits an absorption peak at 468 nm and is measured using UV/Vis spectroscopy.
Weak Mn(111)-L complexes undergo ligand substitution with the added porphyrin
ligand, and reaction kinetics can be used to speciate Mn(l1) from weak Mn(l11)-L weak
complexes (logKcong<13.2, Luther et al, 2015). The addition of a strong reducing agent,
such as hydroxylamine or hydrogen sulfide, prior to analysis reduces any strong binding
Mn(111)-L complexes in solution (i.e. complexes that are not outcompeted by the
porphyrin ligand) allowing for a total dissolved Mn concentration; strong Mn(l11)-L
complexes can be determined from difference between the total dissolved Mn in the
presence and absence of the reducing agent (Oldham et al, 2015).

In our previous 2013 cruise (Oldham et al, 2015), we found no evidence for

Mn(111)-L weak complexes. Thus, the method was modified, as described in Oldham et
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al, (in press), for a lower detection limit to measure Mn speciation for the entire water
column since it was anticipated that dissolved Mn values would be near or below the
detection limit from the methodology used in 2013 (50 nM; Oldham et al, 2015).

We modified the method of Madison et al (2011) for water column samples to
achieve a detection limit of 0.3 nM (3x the standard deviation of a blank, 3 nM sample
detection limit with dilution) by using a 100-cm pathlength liquid waveguide capillary
cell and the addition of a heating step as well as a strong reducing agent for Mn
speciation. All chemicals were A.C.S. reagent grade, and all solutions were prepared
with deionized water (18.2 mQ). As the absorbance is proportional to the cell
pathlength, for low levels of Mn, the reagents described by Madison et al (2011) were
diluted 100-fold to fit into the analytical detection window. The [T(4-CP)P] stock
solution was 2.00 x 10™ M (final sample concentration of 2.33 x 107 M), the borate
buffer was made up to pH 8.0-8.2 using trace metal clean NaOH (final sample buffer
concentration 4.16 x 10* M), and the CdCl, stock solution was prepared to 1.20 x 10
M (final sample concentration 2.40 x 10" M). All samples were analyzed in triplicate
following 12 to 30-fold dilution into the reagents to yield a total Mn concentration in
the range of 10-100 nM.

The rate of reaction is proportional to the concentration of reactants, and at the
low levels of the modified method, the reaction is slow. Hence, a heating step, prior to
analysis, is employed to accelerate the reaction kinetics. Because the Cd(ll) in the
porphyrin reacts with chloride in seawater, seawater samples are diluted to ensure
reaction of the porphyrin with Mn(I1); thus, the practical detection limit of the method is
3.0 nM. Recovery tests with MnCl, standards were performed, and the most successful

recovery in a reasonable time period was achieved by heating at 90 °C for 1 hour (98-
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106 % recovery; Oldham et al, 2017). For Mn speciation, strong Mn(l11)-L complexes
are reduced by an excess of a strong reducing agent, hydroxylamine (at least 100-fold
expected dMnT concentration). Samples are analyzed first without hydroxylamine for
dissolved Mn(1l) and then with the addition of hydroxylamine for dMn+ (Mn(Il) +
Mn(111)-L). This method does not allow for the independent kinetic assessment of weak
Mn(111)-L complexes, and can only determine the concentration of Mn(ll) and strong
Mn(111)-L complexes. Hence, any weak Mn(l11)-L complexes would be reacted during
this heating step. Oldham et al (2015) found strong Mn(l11)-L complexes were present
in the anoxic bottom waters of the Chesapeake Bay, however, due to the different
methodology from Madison et al 2011, the data from this study doesn’t allow for
extrapolating on the presence or absence of weak Mn(l11)-L complexes.

The liquid waveguide capillary cell (World Precision Instruments) was coupled
to a UV-Vis spectrophotometer (Ocean Optics). In this spectrophotometric set up, a
mini deuterium halogen light source (DT-Mini-2-GS) was coupled to a USB2000+ fiber
optic spectrometer controlled with SpectraSuite software. The Mn(l11)-T(4-CP)P
complex was measured at its absorbance maximum (468 nm) against a reagent and
sample blank. For small peaks, peak height was determined using an algorithm adapted
to resolve small peaks with the application of linear fit tangent baseline subtraction
(ECDSOFT, which can be found at:
https://mojoblak.irb.hr/index.php/s/dxB24S8m5H6fsZW?path=%2FProMCC).

3.2.4 Particulate MnOy Measurements
Known volumes of sample (20 mL) were filtered through 20 mm diameter 0.20
pum Whatman Nucleopore track-etched polycarbonate filters. Using the method of

Altmann (1972), filters were amended with 2 mL of 0.0032 % leucoberbelin blue dye
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(LBB, 65 % diluted, Sigma-Aldrich) in 1% acetic acid. The dye color, formed on
oxidation by particulate manganese or MnOy, was measured in a 1 cm cuvette at 624
nm using the Ocean Optics spectrophotometric set-up described above except the 1 cm
cuvette holder. The LBB (410.5 g mol-1) stock solution is prepared by dissolution in
Milli-Q water to a strength of 3.2 % w/w and adding 40 pL of 10 M sodium hydroxide
(NaOH) per 10 mL of solution. Working solutions are made by diluting the stock into
1% acetic acid (made up in Milli-Q water), to 0.0032 % w/w. A calibration curve was
generated using potassium permanganate (KMnO4). We expect that to produce an
equivalent absorbance, 2.5 times more Mn(1V) is required than Mn(V1l1), since Mn(V1I)
oxidizes 5 LBB molecules, compared to 2 LBB molecules for Mn(IV). In a 100-cm

pathlength cell, the limit of detection is 2.7 nM.

3.3 Results

The profiles of Mn speciation, dissolved O,, H,S, and salinity for the water
column of the Chesapeake Bay are given in Figure 3.1 for the first two pump-casts; the
third pump-cast, which focuses more on the suboxic zone, is given in Figure 3.2.
Because the temperature gradient was minimal, it was not plotted, but data are given in
Table 2. The water column in all three casts can be broken into three zones (Table 2):
the oxic surface waters (~0 — 10 m; dO, = 273.58 uM - non-detectable; H,S = non-
detectable), the suboxic mid waters (~10 — 13 m; dO, and H,S = non-detectable) and the
anoxic bottom waters (~13 — 25 m; dO, = non-detectable; H,S = non-detectable — 23.54
MM). These three zones are also delineated by a change in salinity: low salinity (9.5 —
13.4) in the oxic zone, mid-salinity (13.4 — 16.0) in the suboxic zone, and high salinity
(16.0 — 18.2) in the anoxic zone. Thus, bottom waters represent more saline, oceanic

water flowing into the Bay and surface waters represent fresher surface waters flowing
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out of the Bay. This stratification of the Bay is more pronounced in the summer months,
predominantly due to water masses of different salinity, but also because of slightly
higher temperatures in surface waters (Table 3.2). Although all three casts show the
same three zones of vertical stratification, the depth of each interface shifted between
pump-casts. For example, from the first to second pump-cast, the suboxic-anoxic
interface shifts: In the first pump-cast, the first detectable H,S (4.01 uM) occurs at 13.4
m depth, compared to the second pump-cast, where H,S is detectable at 12.1 m and the
concentration is four times higher than in the first pump-cast (16.72 uM).

Correspondingly, the speciation of Mn is variable between each pump-cast.
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Figure 3.1 Water column Mn speciation data from August 21st (A
and B) and 22nd (C and D) at slack tide. In Panels A and C, Mn
speciation, dissolved O, and H,S concentrations are shown.
Standard deviations are given for Mn speciation measurements, and
where not visible, are smaller than the symbols. Panels B and D
show % Mn species of total Mn ([Mn species]/[MnT]*100).
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Figure 3.2 Panel A shows the suboxic zone Mn speciation data from
August the afternoon of 22" at slack tide. Mn speciation, dissolved O,
and H,S concentrations are shown. Standard deviations are given for
Mn speciation measurements, and where not visible, are smaller than
the symbols. Panel B shows the % of total Mn for each species of Mn

Total Mn (= MnOx + dMny) concentrations were between 0.51 — 3.80 uM throughout
the sampling campaign. These concentrations were lower than previous years at the
same site (up to 18 uM dMn+ in 2005, Trouwborst et al, 2006; 0.5 — 15.0 uM dMn+ in
2013, Oldham et al, 2015), which highlights the inter-annual variability of
biogeochemical cycling at this site (Lewis et al, 2007). The total Mn was below 1.50

MM in the oxic zone, increased within the suboxic zone (1.51 — 3.78 uM), and remained
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high in the anoxic zone (2.23 — 3.80 pM), for all three pump-profiles (Table 3.2).

However, the speciation of Mn changed significantly in each of the three zones.

Table 3.2 Results from the three pumpcasts sampled in August 2014. Blank spaces
show where data were not analyzed and ND represents where measurements fell
below the sample detection limit. Time is taken as local, EST. Percentage of each
Mn species represents the % of total Mn (MnT in table). Errors reported the
standard deviation where n= 3, where these = 0.00, they are smaller than 5 nM.

9 0, 0,
Date D(ers)th Salinity T(eogp' dO, (M) | HyS (M) (’m; MnO, (UM) Mn/‘(’) dMny M) |dMn(In) M) Mn(/TI) d'\("ur:\(/:;') Mnﬁ“
21Aug| 15 | 95 | 27.8 |2736 + 158 ND 051 |0.38 £ 0.07] 739 | 0.13 + 001| 0.04 + 0.00 | 7.0 010 | 192
1250 | 36 | 96 | 274 |2658+77| ND 0.62 |0.49 + 007| 80.0 | 0.12 + 0.01| 0.06 + 0.00| 9.2 007 | 109
6.7 | 104 | 273 |160.4 + 68| ND 096 |0.78 + 0.07| 820 | 0.17 + 0.04| 0.03 + 0.00| 36 014 | 144
Tide | 95 | 122 | 271 | 429 43| ND 1.25 | 1.11 + 0.07| 886 | 0.14 + 0.00| 0.04 + 0.00| 35 010 | 7.9
going | 103 | 129 | 27.1| 274+ 25| ND 1.05 | 0.79 + 0.07] 750 | 0.26 + 0.02] 0.05 + 0.00| 438 021 | 202
out | 113 | 136 | 271 | ND ND 310 [2.81 + 0.07] 90.7 | 0.29 + 0.01] 0.04  0.00 | 14 024 | 79
120 | 140 | 27.3| ND ND 181 | 113 = 007| 626 | 0.68 + 003 019 000| 1203 | o049 | 271
127 | 147 | 271 | nD ND 337 | 165 = 0.07] 49.1 | 1.71 + 0.00 051 x001| 152 | 120 | 3538
134 | 164 | 271 ND 401  069| 239 [0.18 % 0.07] 7.7 | 2.21 + 0.04| 1.46 + 0.03| 610 | 075 | 313
142 | 164 | 269| ND 8.33 + 1.64
151 168 | 271 | ND 1330 + 0.82
106] 175 | 27.1| ND 21.16 + 1.23] 223 | ND 00 | 223 003] 161+005] 726 | o061 | 274
15 | 95 | 2512739 + 11.0] ND 040 [0.32 + 0.00] 794 | 0.10 + 0.00] 005 x 0.00| 124 | 004 | 99
22-Aug| 7.3 | 114 | 254 | 782+ 40| ND 056 | 0.46 + 0.00| 824 | 0.10 + 0.00| 0.05+ 0.00| 9.6 004 | 80
645 | 83 | 120 | 254 | 568 29| ND 0.73 | 0.66 + 0.000 91.1 | 0.06 + 0.00| 0.03 + 0.00| 47 003 | 42
9.2 | 125 | 25.4 | 400 +39| ND 0.91 | 0.83 + 0.00l 91.4 | 0.08 + 0.00] 0.04 + 0.00| 47 003 | 38
Tide [ 101 | 138 | 253 | ND ND 151 | 133 = 0.00] 881 | 0.18 + 0.01| 0.18 + 0.01| 119 | 000 | 0.0
going | 11| 152 | 253 | ND ND 302 | 1.25 + 000 41.2 | 1.78 + 0.03| 175 x 0.02| 579 | 003 | 09
in | 121| 168 | 254 | ND 16.72 « 1.16| 294 | 0.17 + 000 58 | 2.77 + 020| 200 + 0.413| 711 | 068 | 231
133| 170 | 253 | ND 14.90 + 0.74
151 172 | 251 | ND 18.49 + 0.59
199| 182 | 250| ND 2354 + 057] 291 | 0.05 + 001 16 | 287 + 0.00] 234+ 011] 802 | 053 | 182
22Aug| 7.6 | 101 | 258 |146.4 « 57.3] ND 067 | 0.63 + 0.02] 928 | 0.05 + 0.00] 0.02  0.00 | 2.9 003 | 43
1750 | 9.8 | 134 | 258 | 145+ 76| ND 1.43 | 1.37 + 0.05| 96.1 | 0.06 + 0.00] 0.04 + 0.00| 26 002 | 13
103 | 140 | 258 | ND ND 212 207 + 021 97.7 | 0.05 + 0.00 0.02  0.00 | 0.9 003 | 13
Tide | 109 | 145 | 257 | ND ND 253 | 2.28 + 0.14| 904 | 0.24 + 0.00| 024 + 0.00 | 9.6 000 | 0.0
going | 116 | 155 | 257 | ND ND 378 |0.36 + 002] 96 | 342 +002| 296 001 | 782 | 046 | 122
out | 128 160 | 256 | ND 300+ 055| 380 [0.16 = 0.02] 41 | 364 = 002|322+ 002| 848 | 042 | 111
149 | 170 | 256 | ND 13.10 + 0.73

In the oxic zone, MnOy dominated total Mn speciation (73.9 — 96.1 % of total
Mn) in all three casts, whereas soluble Mn speciation changed in each cast (Table 3.2).
In the first cast, Mn(111) dominated dMn+ speciation (0.067 — 0.212 uM; 54.3 - 80.8 %
of dMnr), whereas in the second cast, Mn(I11) was lower (0.031 — 0.045 uM; 44.5 -
47.5 % of dMnry). In all three casts, the highest total Mn in the oxic zone occurred just

above the oxic suboxic interface.
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The suboxic zone had markedly higher total Mn than the overlying oxic zone, a
trend best seen in the first cast, where total Mn nearly triples (1.05 — 3.10 uM) in the 1
meter interface where dO, becomes non-detectable. The speciation of Mn in the suboxic
zone is variable between casts, but MnOy is consistently highest for each cast in this
zone. The MnO, maximum for each cast appears at the top of the suboxic zone in the
absence of detectable dO,, with a range of 1.33 — 2.81 puM MnOy (88.1 — 97.7 % of total
Mn). Soluble Mn speciation is again variable in this zone, with % Mn(l11)-L of the total
Mn ranging 7.9 — 35.8 % in the first cast, versus 0 — 0.9 % in the second cast, and 0 —
12.2 % in the third cast. Concentrations of dMn+ were low at the top of the suboxic
zone (0.05 - 0.29 uM) but increased drastically at the base of the suboxic zone (1.71 -

3.42 pM), just above the suboxic-anoxic interface.

The speciation of Mn in the anoxic zone was dominated by dMn+, with MnOy
below 0.20 uM in all samples, and making up only 0 — 7.7 % of total Mn. Soluble
speciation was dominated by Mn(I1), with Mn(I11)-L complexes ranging from 11.6 —
34.0 % of dMn+. These complexes were stable in the presence of 5-fold to 45-fold

excess H,S ([H2S] = 3.09 — 23.54 uM; [Mn(l11)-L] = 0.42 — 0.75 puM).

3.4 Discussion:

The speciation of Mn was variable throughout this sampling campaign, but
distinct trends allow for insights into the cycling of Mn: Mn(l11)-L complexes present in
in all zones (oxic, suboxic and anoxic) of the water column; MnO, accumulating at the
top of the suboxic zone; and reduction of MnOy at the suboxic-anoxic interface. The
profiles in Figure 3.1 indicate that MnOy is primarily produced within the suboxic zone,

but rapidly disappears at the base of the suboxic zone, just above the appearance of H,S.
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This is more clearly seen in Figure 3.2, which shows the results from the third pump
profile cast where sampling was focused in the suboxic zone. In this profile, MnOy is
highest at the top two depths sampled in the suboxic zone, and replaced by soluble Mn
species at the base of the suboxic zone, just above the appearance of H,S. Thus, it is
possible that partial reductive dissolution of Mn(1V) solid phases, by ambient ligands or
MnOy reducers, occurs above the appearance of H,S, and that MnOy is further reduced
by H,S below. Another possibility is small amounts of sulfide mixing upwards from the
anoxic to suboxic zone, reacting with the MnOy, leading to the absence of both H,S and
MnOy. The discrepancies between each pump profile are likely influenced by tidal
cycling and the resulting shifts of the chemical gradients. However, despite physical
mixing processes, there are distinct trends in all three profiles which provide insight into

the chemical and biological pathways occurring within the water column.

Figure 3.3 summarizes the likely biotic and abiotic pathways for Mn cycling in
the suboxic and anoxic waters of this system. High dMny in bottom waters (2.39 — 3.80
UM), predominantly as Mn(Il) (61.0 — 84.8 % of total Mn), indicates that Mn(ll) is most
probably fluxing out of the sediments (Eaton, 1979). Once this Mn(Il) enters the
suboxic zone, it is likely oxidized by Mn-oxidizing bacteria (Table 3.1, eq.3.1) to solid
MnOy phases containing Mn(IV) and/or Mn(l111) at the base of the O, gradient (Tebo et
al, 2004). The highest concentration of MnOy occurs at the top of the suboxic zone, at
concentrations of dO, <3 uM (our method detection limit). Clement et al (2009)
reported rapid Mn(ll) oxidation to MnOy phases in the suboxic zone of the Black sea,
stimulated by dO; below 3-5 uM, consistent with the short Mn(l1) residence times in

their samples (residence time < 10 days). Thus, our findings agree well with previous
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results and suggest that the production of MnOy can occur at very low dO,
concentrations. This MnOx maximum in the absence of high O, has several implications
for the importance of Mn cycling in suboxic regions, and may represent diverse
metabolic pathways in one system. For example, MnO, may play an important role as
electron acceptors in the anaerobic oxidation of organic matter (Clement et al, 2009).
Additionally, the oxidation of Mn(ll) via reactive oxygen species (ROS) has been
demonstrated in seawater (Table 3.1, eq. 3.3), even at nanomolar concentrations of ROS
(Hansard et al, 2011; Wulttig et al, 2013). Extracellular bacterially generated superoxide
has been shown to oxidize Mn(Il) in both light and dark conditions (Learman et al,
2011). Thus, in the suboxic zone in our system, this indirect bacterially-mediated

mechanism may be possible at low oxygen concentrations.

oxIC
SUBOXIC
Mn(IID-L
Mn(II) ﬁ | ANoxIC
T g E
| v SEDIMENT
Mn(IT) € MnO,

Figure 3.3 Schematic of Mn cycling in and below the suboxic zone in
the water column of the Chesapeake Bay
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We propose that these newly formed Mn oxides are removed from the water
column via three mechanisms (Figure 3.3): (A) Mn oxide particles sink to the anoxic
zone where they are chemically reduced (Table 1, egs.6 and 7; Oldham et al, 2015); (B)
Mn(111) in MnOy oxide particles are non-reductively dissolved at the base of the suboxic
zone via ambient ligands (Table 3.1, eq. 3.5; Duckworth and Sposito, 2007; Oldham et
al, 2015; see next paragraph); or (C) MnOy reducing microorganisms are active at the
base of the suboxic zone (Table 3.1, eq. 3.4; Lin et al, 2012). The products of these
reactions are Mn(I11)-L complexes and Mn(1l). The concentration of MnOy was low in
the presence of H,S, indicating that the reductive dissolution of Mn oxides by H,S is
likely in the anoxic zone. Additionally, the percentage of Mn(l11) in anoxic bottom
waters was lower than in oxic surface waters, indicating that H,S reduces strong

Mn(111)-L complexes, but not as rapidly as H,S reduces MnOsx.

These field results agree well with laboratory results from 2013 reported by
Oldham et al, (2015) where MnO, was reduced to Mn(Il) in the presence of 1:1 ratio of
H,S, but was partially stabilized as Mn(111)-DFOB (an equal molarity of DFOB and
MnO,). In the 2013 study (Oldham et al, 2015), when ambient concentrations of H,S in
the Chesapeake Bay were 100 times greater than concentrations of dissolved Mn, dMn+
was completely reduced to Mn(ll), even in the presence of strong Mn(l11)-binding
ligands. In this study, bottom water H,S concentrations reach a near 10-fold excess of
dMnr, but Mn(l11)-L complexes are still partially stabilized (~30 % of dMnr). This
likely means that strong ligands (logKong > 13.2) that can kinetically stabilize Mn(111)
against H,S reduction, are present, and/or that the rate of Mn(l11) formed from

Mn(I11,1V) oxide dissolution exceeds the rate of Mn(l11) reduction. That the dissolution
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of Mn oxides occurs above the appearance of H,S in all profiles suggests the latter
possibility is unlikely. Rather it indicates that tidal mixing allows for sulfide mixing
and reacting rapidly in the suboxic zone; or that the strong ligands are participating in
the reductive dissolution of Mn oxides, and partially stabilizing the Mn as Mn(l11)-L
complexes; and/or that the microbial reduction of MnOy is occurring. Tebo et al (1991)
documented evidence for the presence of both microbial Mn(I1) oxidation and MnOx
reduction just above the appearance of sulfide in the suboxic zone of the Black Sea.
They indicated that Mn(l1) oxidation and Mn(1V) reduction can occur simultaneously at
low oxygen levels when H,S is not detectable, and they highlight that 60 % of their
MnOy reductive capacity was still present in filtered samples. Tebo et al (1991)
attributed this discrepancy to non-microbial reduction mechanisms for Mn(I1V); thus we
predict that reduction of Mn(IV) by ligands in their system is likely, as we see in this

study for the Chesapeake Bay.

The chemical reduction of MnO, (Table 3.1, eq. 3.6) can occur via reduction by
Fe(ll) in seconds (Siebecker et al, 2015) and H,S in minutes (Burdige and Nealson,
1986; Yao and Millero, 1993), with Mn(l1) as the known product. In the presence of the
siderophore desferrioxamine-B (DFOB), Mn(111) was shown to be stabilized in
freshwater as the Mn(111)-DFOB complex during the reduction of MnO in the presence
of H,S (Oldham et al, 2015) and Fe(ll) (Madison et al, 2013; Siebecker et al, 2015).
MnOy can also be dissolved by DFOB and other organic compounds including natural
organic matter (Table 3.1, egs. 3.5 and 3.7) (Duckworth and Sposito, 2007). Whether
the reduction of Mn(1V) in MnOxy in the Chesapeake Bay occurs as a result of the

reductant H,S (Table 1, eq.6, Oldham et al., 2015) or via the ambient ligand (Table 3.1,
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eq. 3.7, Duckworth and Sposito 2005; 2007; Parker et al, 2007; Oldham et al, 2015)
may be difficult to discern. Likely, a combination of these pathways is responsible
because during the reductive dissolution of MnOy, surface protonation occurs which

facilitates electron transfer, further favoring reductive dissolution.

The microbial reduction of metal oxides and (oxy)hydroxides (Table 3.1, eq.
3.4) often occurs in stratified environments with high organic matter input, like the
Chesapeake Bay. In such environments, after O, depletion, anaerobic degradation of
organic matter dominates (Nealson et al, 1991). Mn(IV) can be an important anaerobic
oxidant, and the reduction of MnOy has been coupled with the degradation of organic
matter (Canfield et al, 1993a, b) with some microbes capable of using either Mn(I11) or
Mn(IV) oxides as terminal electron acceptors (Kostka et al, 1995; Lin et al, 2012). It has
also been shown that microbial Mn(IV) reduction requires solubilization of Mn(1V) to
Mn(I11), which increases Mn bioavailability (Lin et al, 2012), and may thus favor the
production of Mn(I11)-L complexes when ambient ligands are abundant. Indirect
microbial reduction of MnOy has been reported for some organisms, including sulfate
reducers of the Desulfovibrio group. This group produces sulfide in their metabolism,
which chemically reduces Mn(1V) to Mn(ll) (Burdige and Nealson, 1986), a pathway of

particular interest for systems like the Chesapeake Bay.

Mn(l11)-L complexes were detected in all parts of the water column, including
oxygenated samples, indicating that they are stable in oxic waters, as previously
reported (Oldham et al, 2017). There is no discernable trend in the soluble Mn

speciation in oxic waters, however, total Mn is higher at the base of the oxic zone in all
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samples (0.91 — 1.43 uM) compared to the rest of the oxic zone (0.51 — 1.25 pM). Our
measurements of Mn(111)-L complexes, ranging from 0.018 — 0.212 puM are consistent
with measurements in other coastal waters (Oldham et al, 2017). Some Mn may be
fluxing from the suboxic zone to the oxic zone, as Mn(l11)-L or Mn(ll), via tidal mixing.
Because MnOy is higher in the suboxic zone, it is likely that larger MnOy particles are
sinking to the suboxic zone from the oxic zone, rather than the reverse. It does not
appear that dissolved Mn species are fluxing across the oxic-suboxic interface, as there
is no enrichment of either Mn(I1) or Mn(l11)-L complexes at this interface. Thus, the
mechanisms driving Mn cycling in the oxic water column are distinct from those

controlling Mn cycling in the suboxic and anoxic zones of the water column.

These fresher and oxygenated surface waters represent a water mass where
Mn(111)-L complexes may originate via different pathways than those driving the
formation of Mn(l11)-L in the anoxic and suboxic zones. It is possible that Mn(I11)-L is
being stabilized via ligand exudates from microorganisms in this zone (Tebo et al,
2004), as these oxic waters experience intense primary productivity in the summer
months. The stabilization of Mn(l11)-L by terrestrial ligands may also be a source of
Mn(I11)-L to this site. It has been shown that terrestrial ligands from freshwater sources
bind Mn(l11) strongly (Oldham et al, 2017); given the high terrestrial load of organic
matter to the Chesapeake Bay, it is not surprising that dMn would be stabilized as

organic complexes.

Finally, we note that at each depth, there is variability in the concentrations of

Mn(I1) oxidation or MnOy reduction products and reactants, indicating that there may
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be different Mn redox reactions occurring at different pump-casts, as well as mixing
during tidal cycling. For example, in the first pumpcast, Mn oxidation products
dominate at the base of the suboxic zone, whereas at the same tidal cycle, a day later,
Mn reduction products dominate. That is, in the first pump-cast at the base of the
suboxic zone (Figure 3.1A, 12.7 m), the concentration of MnOy (1.65 uM, 49.1 % of
total Mn) is triple that of Mn(Il) (0.51 pM, 15.2 % of total Mn), and the concentration
of Mn(111)-L (1.20 uM, 25.8 % of total Mn) is double that of Mn(I1). Comparatively, at
the same interface, in the third cast (Figure 3.2A, 11.6 m), one day later during the same
tidal phase, there is nearly a 10-fold excess of Mn(l1) to MnOy ([Mn(11)] = 2.96 uM,
78.2 % of total Mn; [MnOy] = 0.36 uM, 9.6 % of total Mn) with 0.46 uM Mn(l11)-L
(12.2 % of total Mn). Given that H,S and dO, are not detectable in these samples,
ligand reduction and/or high microbial activity is likely. Tidal mixing, a lateral process,
is also likely important at this site. As fluids of different density flow across each other,
shear and advective mixing likely occur, and the suboxic zone shifts in depth. Our study
site is in a 25 m depression, and thus we expect not only vertical fluxes from the
sediments, but also lateral fluxes along the sides of the depression. Associated with this
shift in depth, there may be upwelling of H,S across the suboxic/anoxic interface,
resulting in the reductive dissolution of MnOy at the base of the suboxic zone. Thus,
redox cycling occurs on the order of hours for Mn, and indicates that other variables
including tide, winds, and terrestrial inputs of organic matter, likely impact the

speciation of Mn at sites like the Chesapeake Bay.

3.5 Conclusions:
Results from this study suggest that Mn(l1) fluxes out of the sediments into the

anoxic bottom waters of the Chesapeake Bay, and that this Mn(I1) is microbially
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oxidized to MnOy at the top of the suboxic zone, at oxygen concentrations below 3 uM.
At the base of the suboxic zone, the appearance of strong Mn(I11)-L complexes (log K >
13.2) coincided with the disappearance of MnOy, just above the appearance of H,S,
indicating that Mn oxides are acting as a source of dissolved Mn(l11)-L to the anoxic
bottom waters of the Chesapeake Bay by non-reductive and reductive dissolution by
strong ambient ligands, or reductive dissolution by H,S below our 0.2 uM detection
limit, or by microbes, or a combination thereof. The Mn(l11)-L in the oxic zone does not
likely originate from MnOjy fluxing from the suboxic zone to the oxic zone, but rather
from biological activity or via terrestrial inputs. The three pump cast profiles also
exhibit variability over the course of 6 — 12 hours between sampling events. The
suboxic zone exhibited the most change, with the concentrations of all three Mn species
shifting in each cast. Redox conditions in systems like the Chesapeake Bay that are
influenced by tides, winds and terrestrial inputs are thus driven by a combination of
biological, chemical and physical processes. Mn cycling appears to be most intense at
the suboxic-anoxic interface of this site, given the high total Mn and the presence of all
three Mn species (Mn(I1), Mn(111)-L and MnOy). Under these conditions the Mn cycle
may be a key driver in the biogeochemical cycling of other elements. Reduced Mn(l1)
contributes to O, consumption; ligands stabilize soluble Mn as Mn(l1l)-L, which may
then act as an electron acceptor with Fe(ll) and H,S or as an electron donor with Oy;
and MnOy may act as an oxidant for reduced sulfur and serve as an electron acceptor in
the remineralization of organic matter. Neither O, nor H,S are present; therefore,
microorganisms that use electron acceptors other than O, or sulfate and/or reduced

inorganic or organic electron donors can occur in the suboxic zone. This presents the
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possibility that both Mn reducers (able to use Mn(1V) and Mn(l11)) and Mn oxidizers

(able to use Mn(l1) and Mn(l11)) may coexist at the same depth in the suboxic zone.
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Chapter 4

SOLUBLE MANGANESE(I11)-L COMPLEXES ARE ABUNDANT IN
OXYGENATED WATERS AND STABILIZED BY HUMIC LIGANDS3

Abstract
Dissolved Mn (dMny) is thought to be dominated by metastable Mn(Il) in the presence
of oxygen, as the stable form is insoluble Mn(IV). We show, for the first time, that
Mn(l11) is also stable as a soluble species in the oxygenated water column, when
stabilized by organic ligands as Mn(l11)-L complexes. We measured Mn(l11)-L
complexes in the oxygenated waters of a coastal fjord and a hemipelagic system where
they make up to 86 % of the dMn+. Although Mn(111) forms similar complexes to
Fe(I11), unlike most of the analogous Fe(ll1)-L complexes, the Mn(l11)-L complexes are
not colloidal, as they pass through both 0.20 pum and 0.02 um filters. Depending on the
kinetic stability of the Mn(111) complexes and the microbial community of a given
system, these Mn(l11)-L complexes are capable of donating or accepting electrons and
may therefore serve as both reductants or oxidants, can be biologically available, and
can thus participate in a multitude of redox reactions and biogeochemical processes.
Furthermore, sample acidification experiments revealed that Mn(l11) binding to humic
ligands is responsible for up to 100 % of this complexation, which can influence the

formation of other metal complexes including Fe(l11) and thus impact nutrient

3 Chapter 4 published in Geochimica et Cosmochimica Acta: Oldham, V.E., Mucci, A., Tebo, B.M.,
Luther, G.W. (2017). Soluble Mn(I11)-L complexes are abundant in oxygenated waters and stabilized by
humic ligands. Geochim. Cosmochim. Acta. 199, 238-246.
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availability and uptake. Hence, humic ligands may play a greater role in dissolved Mn

transport from coastal areas to the ocean than previously thought.

4.1 Introduction

Manganese (Mn) is ubiquitous in the global ocean, where it is an essential trace
nutrient in the electron transfer processes of several metallo-enzymes - notably in
photosystem 11 for photosynthetic organisms. In its solid oxidized form, it serves as an
electron acceptor in the bacterial decomposition of sedimentary organic matter and acts
as an important scavenger for many trace elements and radionuclides. The chemical
speciation of Mn in marine systems governs its diverse functions and is ultimately
controlled by the redox conditions of the environment and the microbial community.
The favorable oxidation state of Mn in oxic waters is Mn(IV), and thus Mn in
oxygenated waters is primarily bound to oxygen as solid Mn(I11/IV)-oxides (MnOy).
However, soluble Mn(l1) is metastable in oxygenated waters because the oxidation of
Mn(H,0)s** to MnO, by O in an one electron transfer is thermodynamically
unfavorable and the two electron transfer is kinetically slow (Luther 2010), unless
facilitated by microbes, surface catalysis or superoxide-promotion (Stumm and Morgan,

1996).

In the last decade, soluble manganese (dMnr) speciation has been re-evaluated
to include soluble Mn(I11) bound to ligands (Mn(l11)-L complexes) in low oxygen
environments. Mn(111)-L complexes have been measured in the suboxic porewaters of
the St. Lawrence Estuary (Madison et al., 2013), the suboxic waters of the Black Sea

(Yakushev et al., 2007, 2009; Trouwborst et al., 2006) and the Baltic Sea (Dellwig et
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al., 2012) as well as the anoxic bottom waters of the Chesapeake Bay (Trouwborst et
al., 2006; Oldham et al., 2015). Because Mn(l11)-L complexes can donate or accept
electrons, they can potentially have a profound impact on the redox chemistry of a
given environment. In addition to their reactivity, Mn(l11)-L complexes can affect the
uptake of other metals due to metal-ligand competition reactions (Luther et al., 2015).
For example, the siderophore pyoverdine from the Mn(ll)-oxidizing Pseudomonas
putida GB-1 has a higher affinity for Mn(I11) than for Fe(l11) (Parker et al., 2004).
Likewise, kinetic experimentation, using known laboratory ligands (desferrioxamine-B,
pyrophosphate, to name two) and suboxic porewater samples from the St. Lawrence
Estuary also indicate that Mn(I11) may bind more strongly than Fe(l11) to the same
ligands (Luther et al., 2015). These findings are important given that many
microorganisms use Fe(l11)-binding ligands for Fe uptake. However, the impact of this
ligand competition is poorly described because the presence of Mn(l11)-L has not yet
been documented in oxygenated marine environments as dMny concentrations in these
environments are typically lower than the detection limits of current speciation methods
(50 nM, Madison et al., 2011). Consequently, thus far, dMny speciation in oxygenated

systems has been thought to be dominated by Mn(ll) (e.g. Landing and Bruland, 1986).

Using a modification of the UV-Vis method of Madison et al. (2011), we show
for the first time that, like Fe(111)-L complexes which account for up to 99.9% of dFer
(e.g. Gledhill and van den Berg, 1994) in oxygenated marine waters, Mn(l11)-L
complexes are present in the oxygenated waters of both a coastal fjord and in the
hemipelagic waters of the St. Lawrence Estuary, the largest enclosed estuary in the

world. These Mn(111)-L complexes account for most of the dMn+, but, unlike most
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Fe(l11)-L complexes (Schlosser et al., 2013), are not colloidal (operational size class
between 20 to 200 nm). Finally, our findings indicate that binding to humic ligands is

responsible for up to 100 % of the Mn(I11)-L in these waters.

4.2 Materials and Methods

4.2.1 Water Column Sample Processing

Water column samples were collected in September 2014 from two sites in the
St. Lawrence Estuary (Figure 4.1; Station 23 [~350 m depth]: 48°42.29°N, 68°38.83’W,
and Station SAG-30 [~260 m depth]: 48°21.72’N, 70°23.71’W) into 12 x 12 L Niskin
PVC bottles mounted on the CTD-rosette. Contamination was avoided by sampling
through a trace metal clean tube into clean 50 mL polypropylene centrifuge tubes
(Falcon), which were overflowed three times before filling. Water samples were
immediately filtered through 0.20 pum syringe filters (Nylon, Whatman), in a fume hood
aboard the R/V Coriolis Il, into new 50 mL centrifuge tubes, and were kept in the dark
until analysis. Aliquots were frozen at -20 °C in 50 mL centrifuge tubes for future

analyses.
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Figure 4.1 Map of the two study sites in the St. Lawrence Estuary.

To obtain true bottom-water samples, undisturbed sediment multi-cores were
recovered at Station 23 using a Bowers & Connelly Multicorer and 10-cm diameter
clear plastic barrels. The overlying water at the sediment-water interface was
withdrawn from the barrels with a trace metal clean polypropylene syringe, filtered and
handled as above. The water analyzed is termed overlying sediment-core water and its
composition, relative to waters above it, provides insights on the direction and

magnitude of the flux of chemical species across the sediment-water interface.

4.2.2 Dissolved Mn Speciation
All samples were analyzed for soluble Mn speciation within two hours of

collection following the addition of a soluble porphyrin ligand [a, B, v, d-tetrakis(4-
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carboxyphenyl)porphine (T(4-CP)P)] , according to the method described by Madison
et al. (2011). The method allows for the subsequent spectrophotometric determination
of both Mn(11) and Mn(111)-Lyeak (Mn(I11)-Lyeax can be outcompeted by the added
porphyrin ligand, and has logK.ng<13.2; Oldham et al., 2015; Luther et al., 2015) using
the differential kinetics of the reaction between Mn and the added porphyrin which is
initially complexed to Cd(11). The Mn(Il) displaces the Cd(l1) and reacts rapidly with
the porphyrin, forming a Mn(l11)-porphyrin complex as Mn(ll) oxidizes in the presence
of oxygen, whereas the Mn(l11)-Lyeax Undergoes a ligand substitution reaction with the
porphyrin to form the Mn(l11)-porphyrin complex (logK¢ong <13.2, Oldham et al., 2015;
Luther et al., 2015). The complex yields a sharp Soret band at 468 nm (¢ = 94,600 mol™
cm™), which can be measured by UV-Vis spectrophotometry. To measure Mn(111)-
Lstrong (Cannot be outcompeted by the added porphyrin ligand, logKcong >13.2; Oldham
et al., 2015), a reducing agent (hydroxylamine, 100-fold excess of expected dMnr, does
not dissociate the Mn-porphyrin complex at this concentration due to abundant O,) is
added to the filtered sample, converting all Mn(111)-L to Mn(l1), and the sample is
reanalyzed for dMny. The difference between the reduced (dMn+) and non-reduced
(dMn(11) + dMn(111)-Lweax) sample gives the concentration of Mn(11)-Lstrong.
Laboratory-synthesized colloidal MnO; does not react with the porphyrin (Madison et
al., 2011). The detection limit for this method is 50 nM, which is sufficiently low for

porewater analysis, but not low enough for water column samples.
We modified the method of Madison et al. (2011) for water column samples to

achieve a detection limit of 0.3 nM (3 times the standard deviation of a blank) by using

a 100-cm liquid waveguide capillary cell and the addition of a heating step as well as a
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strong reducing agent for Mn speciation. All chemicals were A.C.S. reagent grade, and
all solutions were prepared with deionized water (18.2 mQ). As the absorbance is
proportional to the cell pathlength, for low levels of Mn, the reagents described by
Madison et al. (2011) were diluted 100-fold to fit into the analytical detection window.
The [T(4-CP)P] stock solution was 2.00 x 10™* M (final sample concentration of 2.33 x
107" M), the borate buffer was made up to pH 8.0-8.2 using trace metal clean NaOH
(final sample buffer concentration 4.16 x 10 M), and the CdCl, stock solution was
prepared to 1.20 x 10™ M (final sample concentration 2.40 x 107 M). All samples were
analyzed in triplicate following 12 to 30-fold dilution into the reagents to yield a total

Mn concentration in the range of 10-100 nM.

The rate of reaction is proportional to the concentration of reactants, and at the
low levels of the modified method, the reaction is slow. Hence, a heating step, prior to
analysis, is employed to accelerate the reaction kinetics. Because the Cd(ll) in the
porphyrin reacts with chloride in seawater, seawater samples are diluted to ensure
reaction of the porphyrin with Mn(I1); thus, the practical detection limit of the method is
3.0 nM. Recovery tests with MnCl, standards were performed, and the most successful
recovery in a reasonable time period was achieved by heating at 90 °C for 1 hour (98-
106 % recovery, Table 4.1). A NASS-6 seawater standard was tested for recovery using
this heating step, and a triplicate measurement was within 1 standard deviation of the
known value of the standard [dMn+] (Table 4.1). For Mn speciation, strong Mn(l11)-L
complexes are reduced by an excess of a strong reducing agent, hydroxylamine (at least
100-fold expected dMn+ concentration). Samples are analyzed first without

hydroxylamine for dissolved Mn(11) and then with the addition of hydroxylamine for

109



dMnt (Mn(I1) + Mn(111)-L). This method does not allow for the independent kinetic
assessment of weak Mn(111)-L complexes and can only determine the concentration of
Mn(I1) and strong Mn(I11)-L complexes. Hence, the Mn(I1) fraction reported in Table

4.2 likely includes weak Mn(l11)-L complexes that react during the heating step.

Table 4.1 Recovery tests of dMnt measured using a 100-cm cell coupled to a
UV/Vis spectrophotometer following a heating step. Standard
deviations for recovery were + 5 % based on a standard calibration
curve and the standard deviation for the NASS-6 seawater standard
was based on triplicate analyses.

Treatment dMnT(known) | dMnT(measured) %
(nM) (nM) Recovery
60 minutes 5 0.6 +0.03 12.3
in 60 °C 10 2.3+0.17 23.4
bath 25 12.6 +0.63 50.3
30 minutes 5 1.7 £0.09 34.7
in80°C 10 5.0+0.25 50.0
bath 25 19.8+0.10 79.4
15 minutes 5 21+0.1 42.6
in 90 °C 10 8.6 £0.43 86.4
bath 25 17.3+0.9 69.4
60 minutes 5 52+0.25 104.9
in 90 °C 10 9.8+ 0.50 98.0
bath 25 266+1.3 106.4
NASS-6 6.1+0.6 58+0.7 95.1
Seawater
Standard

The liquid waveguide capillary cell (World Precision Instruments) was coupled
to a UV-Vis spectrophotometer (Ocean Optics). In this spectrophotometric set up, a

mini deuterium halogen light source (DT-Mini-2-GS) was coupled to a USB2000+ fiber
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optic spectrometer controlled with SpectraSuite software. The Mn(l11)-T(4-CP)P
complex was measured at its absorbance maximum (468 nm) against a reagent and
sample blank. For small peaks, peak height was determined using an algorithm adapted
to resolve small peaks with the application of linear fit tangent baseline subtraction
(ECDSOFT, which can be found at:
https://mojoblak.irb.hr/index.php/s/dxB24S8m5H6fsZW?path=%2FProMCC).

4.2.3 MnOy Measurements

Known volumes of sample (265 mL) were filtered through 47 mm diameter 0.20
pum Whatman Nucleopore track-etched polycarbonate filters. Using the method of
Altmann (1972), filters were amended with 2 mL of 0.0032 % leucoberbelin blue dye
(LBB, 65 % diluted, Sigma-Aldrich). The dye color, formed on oxidation by particulate
manganese or MnOy, was measured in a 100-cm liquid waveguide capillary cell at 620
nm using the Ocean Optics spectrophotometric set-up described above. The LBB (410.5
g mol™) stock solution is prepared by dissolution in Milli-Q water to 4 % w/w and the
addition of 40 pL of 10 M sodium hydroxide (NaOH) per 10 mL of solution. Working
solutions are made by diluting the stock into 1% acetic acid (made up in Milli-Q water),
to 0.04 % w/w. A calibration curve was generated using potassium permanganate
(KMnOg,). We expect that to produce an equivalent absorbance, 2.5 times more Mn(1V)
is required than Mn(V11), since Mn(VI11) oxidizes 5 LBB molecules, compared to 2
LBB molecules for Mn(1V). In a 100-cm pathlength cell, the limit of detection is 0.05
nM.
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4.3 Results

At the hemipelagic site, Station 23 (Figure 4.2A), the water column is
characterized by the presence of three water masses: (1) a 25 — 50 m thick surface layer
of low salinity (27 — 32) that flows seaward, (2) an intermediate layer of cold water (—1°
to 2°C with intermediate salinity; 32) that extends to about 150 m depth and flows
landward from the Gulf, and (3) an underlying deep layer with warmer (4° to 6°C) and
saltier (34 — 34.6) water (Figure 4.2B) that flows landward and originates in the
northwestern Atlantic Ocean. Concentrations of dissolved O, (dO;) decreased from the
surface (339 uM) to the bottom (55 uM) (Figure 4.2B) whereas dMn+ increased almost
monotonically with depth, reaching the highest concentrations in the deepest sample
recovered by the CTD-rosette (289 nM ~5-10 m above bottom) and in the overlying
sediment-core water (2.93 uM) (Figure 4.2A). The dMn+ speciation (Figure 4.2A) is
dominated by Mn(I11)-L between 150-300 m (52 — 86 % of dMn+ ) whereas the %
Mn(111)-L was lower in surface (17.6 %) and bottom waters (2.0 %). In the two deepest
samples, dMnt was dominated by Mn(ll), indicating that dMn+ escapes from the

sediment to the overlying waters as Mn(l1).
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Figure 4.2 Water column Mn speciation data from Station 23 (2A)
and SAG-30 (2C), with dMnT, Mn(ll), and % Mn(l11) determined by
their difference, and MnOx measured by leucoberbelin blue (LBB) on
solids collected onto a 0.20 um filter. Physical parameters are given
for Station 23 (2B) and for SAG-30 (2D) with salinity and temperature
measured using the CTD-rosette system, pH measured
spectrophotometrically or potentiometrically (NBS scale) on discrete
samples and dO2 determined on discrete samples by Winkler
titration. Standard deviations are given for Mn speciation
measurements, and where not visible, are smaller than the symbols.
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The water column in the Saguenay Fjord (SAG-30) is fully oxygenated (228-
302 uM dOy). The practical salinity (Sp) of the 3 to 10-m surface-water wedge was 14.6
—24.8 at SAG-30 at the time of sampling, whereas more saline waters (Sp = 28.2 —
30.8) originating from the St. Lawrence Estuary are found below. Evidence of Mn(ll)
oxidation to Mn(lll)-L (see egs. 1 — 4 below) and to MnOxy in the water column is also
observed here (Figure 4.2C). Like Station 23, the highest dMn+ concentrations were
measured in the bottom waters. Mn(l11)-L accounted for 9.5 - 70 % of dMnr in the
water column (Table 4.2), but the speciation profile was shaped differently than at
Station 23. At SAG-30, the highest fractions of Mn(l11)-L (65-70 %) are observed in the
bottom and surface waters. Mn(11) accounted for 100% of the dMn+ speciation in the
overlying sediment-core water, its concentration (2.28 uM) being higher than in the

bottom waters at Station 23.
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Table 4.2 Water column speciation results from both stations. Concentrations of
Mn species are in nM. The dO; is from the recalibrated CTD probe
(uM; Seabird SBE-43), and salinity by CTD probe (Seabird SBE-911).
% Mn(I11) represents the difference between measure dMn+t and

Mn(ll).
Station|Depth (m) Mn (1) dMnt  |% Mn(ll1)-L MnOx [ dOz2 |Salinity | Temperature (°C) | pH
23 3| 66.7 + 19| 809 + 34 17.6 42 + 0.0 | 339 27.78 7.89 8.15
201 69.1 + 25| 86.0 + 06 19.6 18.1 £ 0.2 | 277 | 29.96 4.15 8.00
50[ 51.8 + 27| 108.1 + 27.3] 521 10.7 £ 0.0 | 304 | 31.86 0.80 8.04
80| 45.2 + 0.6| 1258 + 158 64.1 9.2 + 02 |299| 32.25 0.32 8.02
100] 470 + 35| 1028 + 4.8 54.3 242 £ 0.0 [235] 32.92 1.55 7.92
150| 352 + 55| 2530 + 55 86.1 55.1 + 0.2 | 134 33.73 3.69 7.80
200 332 + 882221 + 52 85.0 171.2 £ 0.0 |83.4| 34.14 4.65 7.78
250| 625 + 33|2995 + 137 791 2959 + 2.4 |68.5| 34.34 5.08 7.74
300] 993 + 6.8| 2949 + 98 66.3 473.3 £ 3.4 |59.6| 34.46 5.33 7.74
340 289.2 + 15.4| 295.1 + 16.5 2.0 1073 + 11.2{54.8| 34.49 5.41 7.75
Overlyingl 2930 + 25.0] 2930 + 25.0 0.0
SAG30 10| 298 + 35| 852 + 48 65.0 59 + 0.3 | 287 24.77 7.15 7.96
201 414 + 26| 823 + 28 49.7 13.7 £ 0.3 | 298| 28.16 5.38 8.02
50[ 396 + 92| 556 + 14 28.8 18.1 + 0.3 | 293 29.09 3.56 8.00
100[ 164.3 + 22| 2062 + 2.2 20.3 133 £ 0.3 | 281 29.60 2.55 7.97
125 135.7 + 43| 1706 + 150 205 155 + 0.3 | 276 | 29.87 2.84 7.97
150| 152.0 + 52| 175.7 + 8.6 135 18.3 + 0.3 | 272| 30.03 2.20 7.94
200| 269.5 + 10.1) 297.7 + 6.7 9.5 21.6 £ 0.3 | 251 30.60 1.86 7.89
250| 207.8 + 7.7| 691.9 + 76 70.0 12.8 + 0.3 | 230 30.83 1.79 7.84
Overlyingl 2280 + 19.5[ 2280 + 19.5 0.0

Previous studies may have neglected a fraction of the dMnT in natural waters
since nearly all dissolved metal studies employ an acidification step for sample storage
which would precipitate humic substances. To test this hypothesis, three frozen, filtered
samples were thawed and amended with concentrated HCI (Optima) to pH < 1.5 to
precipitate Mn(l11)-humic complexes. After 1 hour, the acidified sample was
centrifuged, to remove the humic precipitate, and the Mn speciation of the centrifuged
supernatant was subsequently determined (Table 4.3). The % Mn(lI1)-humic is
calculated as the difference between the original shipboard dMn+ and shore-based
analysis after freezing, thawing and acidification (removal of precipitated humic

material). The % Mn(l11)-humic agreed with the original shipboard % Mn(I11)-L,
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indicating that the acidification step removed all of the Mn(l11)-L and that the Mn(l11)-L

was in the form of humic complexes. In the bottom waters of the Saguenay Fjord, most

of the Mn(111)-L complexes were also lost upon acidification, with ~75 % of the

Mn(l11)-L (53.4 % of dMn+ ) lost in the 250-m sample (Table 4.3).

Table 4.3 A comparison of the original speciation results from the shipboard
porphyrin method analysis (dMnnacidifiedy aNd MN(1)unacidified) tO

samples analyzed 13 months later, after freezing, thawing,

acidification, and centrifuging (dMnr (acidifiea)); all concentrations are
reported in nM. The % Mn(l11)-L = 100*(original dMn+nacidiied) -
Mn (11 unacidgified) Shipboard measurements. The % Humic =
100*(original shipboard dMntunacidified) - dMNT(acidified)) @analyzed 13
months later after freezing, thawing, and acidifying. The %Mn(l11)-
Lumic= 100*(% Mn(111)-L / % Humic) and indicates what % of the
Mn(111)-L is the result of humic complexation.

Original, shipboard, unacidifed

13 Months later, frozen, acidifed

Station|Depth (m)| dM ntwnacidified) | Mn(I1unacidified)| % Mn(I11)-L | dMnracidified) | % Humic [% Mn(I11)-LHumic
23 3| 809 +34 66.7 £ 1.9 17.6 66.7 £7.2 17.6 99.9
100[ 102.8 +4.8 47.0 £35 54.3 49.7 £ 3.7 51.6 95.1
300[ 294.9 £98 99.3+£6.8 66.3 99.6 £ 6.8 66.2 99.8
340[ 295.1 + 16,5 289.2 £ 15.4 2.0 288.1+1.8 2.4 120.2
SAG30 250 691.9 +7.6 2078 £ 7.7 70.0 322.6 + 26.6 53.4 76.3

We additionally performed analysis on frozen samples and compared them to

original shipboard measurements, to show that freezing filtered samples is suitable for

Mn speciation preservation. Three frozen, filtered water column samples from Station

23 and two samples from SAG-30 were thawed in October 2015, filtered through 0.02

pm filters (Anatop), and the dMn speciation analyses repeated. The 0.02 pm filtered

samples had the same concentrations and speciation at both sites as the original 0.20 pum

filtered samples analyzed shipboard (Table 4.4), even at basal depths where particulate

MnOx concentrations were high. Thus, we conclude that the measured Mn(ll1l) is not
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colloidal and that freezing filtered samples is suitable for storage of soluble Mn samples

destined for total and speciation analyses.

4.4 Discussion

Mn(111)-L complexes were detected at both Station 23 in the Lower St.
Lawrence Estuary (LSLE) and in the Saguenay Fjord, indicating for the first time that
Mn(111)-L complexes are stable in oxic waters (Figure 4.2, Table 4.2). The
concentration of dO2, the bacterial community and the abundance as well as the nature
of Mn(l11)-binding ligands at each site are responsible for the formation and
stabilization of Mn(l1l)-L, via the following potential oxidative (egs. 1-4) and reductive

(egs. 5-6) pathways (unbalanced):

surface catalysis

Mn(II) + surface +L Mn(IIl) — L 4.1
bacteria
Mn(ID) + 0, +L —— Mn(lII) — L 4.2
L + oxidizer — L,y ; Mn(II) +L,, » Mn(III) — L 4.3
dark
Mn(Il) + 0; + 2H* + L — Mn(Ill) — L + H,0, 4.4
bacteria
MnO, + L —— Mn(IIl) — L 4.5
MnO, + Lypeq > Mn(11I) — L 4.6

The high dMn+ in bottom waters was predominantly in the form of Mn(ll) at
both sites, indicating that dMn escapes mostly in the form of Mn(11) from the sediments

to the overlying water. Madison et al., (2013) showed that the sediment porewaters in

117



the St. Lawrence Estuary are rich in Mn(l11)-L complexes, which are concentrated at the
oxic-suboxic interface, and that oxidation of Mn(ll) by O, accounts for up to 100 % of
the Mn(l11) inventory. We propose that Mn(11) diffusing up from the sediment anoxic
zone is responsible for the Mn(l11)-L production in the suboxic porewaters, and that
these complexes may be recycled to Mn(Il) upon burial or oxidized to MnOy in the oxic
zone. Upward diffusion of porewater Mn(I1) and/or advection of Mn(ll)-bearing
particles by bioturbation (Richard et al., 2013) likely supply Mn(ll) to the overlying
water column from the sediments. Associated with the flux of Mn(ll) to the bottom
waters at Station 23, we also observed a maximum [MnO] (1070 nM) in bottom waters
(340 m, Figure 4.2A), indicating the oxidation of Mn(ll) to MnOy, is the dominant
prominent sink of the soluble Mn. The large fraction of dMnT (66.3 %) in the form of
Mn(l11)-L at 300 m may result from the oxidation of Mn(ll) escaping from the sediment
(egs. 4.1 — 4.4) or the reductive dissolution of sinking or advected authigenic Mn oxides
(egs. 4.5 and 4.6), but likely represents a residual species from the dominant oxidation
of Mn(I) to MnOy in bottom waters. The abiotic oxidation of Mn(ll) by O; is slow, but
can be accelerated by adsorption onto mineral surfaces (eq.4.1; Davies and Morgan,
1989), through bacterial mediation (eq.4.2; Tebo et al., 1997), and/or via in situ ligand-
promoted oxidation by an oxidizing ligand such as photo-altered dissolved organic
matter or a ligand in the presence of oxygen, such has been shown for the formation of
Mn(111) with desferrioxamine-B (eg.4.3; Duckworth and Sposito, 2005; Parker et al.,
2007). In the St. Lawrence Estuary, particle concentrations are greater in surface waters
(2.5 - 2.7 mg L) than in bottom waters (1.2 — 1.5 mg L™; Bourgoin and Tremblay,
2010), and we predict that surface-catalyzed oxidation (eq.4.1) is not the dominant

oxidizing mechanism at this site, particularly as our highest MnOy concentrations were
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measured in bottom water samples. Bacterial oxidation rates of Mn(ll) are ~5 times
faster than surface-catalyzed oxidation rates in most seawater systems (Tebo et al.,
2004), thus bacterial oxidation may dominate MnOy formation at this site. As there is no
light penetration at the depth of our deep samples, these measurements could also be a
manifestation of dark production of reactive oxygen species, such as O,", and their

reaction with Mn(ll) (eq.4.4; Hansard et al., 2011; Learman et al., 2011).

At station SAG-30, the abundance of Mn(Il), coupled with the appearance of
Mn(l11)-L within 5 m above the sediment-water interface (our deepest Niskin bottle
sample) is also interpreted as evidence of the oxidation of Mn(ll) fluxing out of the
sediment. Furthermore, the much lower MnO, concentrations (5.9 — 21.6 nM) in the
water column at SAG-30 than at Station 23 (Figure 4.2) may reflect the greater
abundance of terrestrially-derived ligands, inhibiting the complete oxidation of Mn(ll)
to MnOy or reductively dissolving MnOy to produce Mn(l11)-L complexes (egs. 4.5 and
4.6) as shown in Oldham et al. (2015). It is also possible that the lower [MnQO,] in the
Saguenay Fjord could be attributed to the greater particulate load of the Saguenay Fjord
relative to Station 23 (Bourgoin and Tremblay, 2010) rendering MnOy removal by
scavenging more likely.

Given its dimensions and tributary inputs, the dissolved and particulate load in
the Saguenay Fjord carries a greater terrestrial signature than the Lower St. Lawrence
Estuary (LSLE). As in most estuaries, the humic substances originate from terrestrial
runoff and humification of marine organic matter in the water column and sediments
(Beck et al., 1974). Humic substances make up to 62 - 100% of the sedimentary organic

matter at our study site in the Saguenay Fjord (Tremblay and Gagné, 2007), and these
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are mostly terrigenous. Shiller et al., (2006) indicated that the presence of photofresh,
riverine allochthonous dissolved organic matter promotes stronger metal complexation
than photodegraded material found downstream, consistent with our surface water
speciation data from SAG-30 relative to surface water at Station 23. Tremblay and
Gagné (2007) report dissolved organic matter concentrations ([DOM]) in the water
column at each of our study sites, and find that DOM concentrations are nearly three
times larger in the surface waters of the Saguenay Fjord (~13.0 mg L™) than the surface
waters of Station 23 (~2.6 mg L™). This is consistent with our observation of high %
Mn(l11)-L complexation in the surface waters of the Saguenay Fjord compared to
Station 23. Accordingly, we propose that Mn(111)-binding terrigenous ligands enter the
Saguenay Fjord from surface runoff and nearby wetlands, and ultimately accumulate in

the sediments.

In Figure 4.3, we compare our dMn+ speciation results from 2014 at Station 23
to the extractable-dMn+ results (measured by sample acidification and subsequent
ammonium pyrollidine dithiocarbamate (APDC) extraction) on samples collected in
May of 1974 by Yeats et al (1979) at their Station 63, within 0.5 km from our Station
23. The salinities of our 2014 samples are within £ 1.0 of the salinities reported by
Yeats et al (1979) for similar depth intervals, and thus we feel the water masses are
comparable. The 2014 profile for Mn(l11) follows the shape of the extractable-dMn+
obtained in 1974, with higher dMnt measured at all depths in 2014. The accumulation
of dMn+ in the water column since 1974 may have resulted from decreased dO, (Gilbert
et al., 2005), but the 2014 dMn~ is significantly higher at all depths (irrespective of

dOy), except in the bottom waters where 2014 dMn+ is almost entirely Mn(11). We
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attribute the difference to the presence of Mn(l11)-L complexes, and propose that the
extractable fraction of dMnr analyzed in 1974 (Yeats et al., 1979) is missing most of the
Mn(l11)-L. We postulate that the acidification step (pH<2), employed in the APDC
extraction applied by Yeats et al (1979), resulted in the precipitation of humic Mn(l11)-L
complexes. Furthermore, Yeats et al (1979) explicitly state that the APDC-extractable
Mn is defined by the availability to the chelating agent and stability at storage pH. The
loss of Mn(l11)-L upon acidification is supported by our finding that our
dMn-(acidified) corresponds to Mn(ll) in the 2014 samples as well as the shape of the
1974 acidified extractable Mn profile (Yeats et al., 1979).
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Figure 4.3 A comparison of dMnT from 1974 at Station 63 (Yeats et
al., 1979) and the data from this study at Station 23. The Yeats et al.
(1979) water samples were collected, filtered, acidified, and analyzed
following an ammonium pyrollidine dithiocarbamate (APDC)
extraction. Our samples were analyzed immediately after filtration
using the porphyrin addition method.

Several research groups have shown that Fe(I11)-humic complexation is also
important in coastal environments (Laglera and van den Berg, 2009; Abualhaija et al.,
2015; Krachler et al., 2015). Mn(l11) binds to the same ligands as dissolved Fe(ll1) and
their thermodynamic stability constants are greater or similar to Fe(I11) complexes
(Kostka et al., 1995; Klewicki and Morgan, 1998; Parker et al., 2004; Duckworth and
Sposito, 2007; Luther et al., 2015). Because many microorganisms use complexed

Fe(I1) to facilitate Fe uptake (Goyne and Carpenter, 1974; Trick, 1989), the presence of
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excess Mn(l11) could affect Fe(ll1) bioavailability by competing for the same ligands,
especially where Fe(l11) may be a limiting nutrient for some microorganisms.
Furthermore, because dMn+ is generally not limiting in surface waters compared to
dFer (Morel and Price 2003), we anticipate that humic binding and competition for

these ligands has been underestimated.

Aliquots of 5 samples (Table 4.4) were filtered shipboard, frozen and stored for
future analyses. Figure 4.4 shows the linear correlation between samples analyzed
shipboard (x-axis) and samples analyzed after preservation (y-axis, filtered, frozen and
thawed 12 months later). Thawed samples (closed circles) were compared to thawed
and further filtered samples (0.02 um, open squares). Given the near 1:1 slope in
relation to shipboard measurements, the excellent R? values, and the overlap between
thawed 0.20 um-filtered and thawed 0.02 pum-filtered samples, we conclude that
freezing filtered samples is suitable for sample preservation. Moreover, the Mn(I11)-L
complexes we measured at this site are not operationally colloidal (size class between
20 to 200 nm), unlike Fe(l1)-L species for which up to 90 % are found in the colloidal
fraction (Schlosser et al., 2013). One possible interpretation of these results is that that
Mn(l11)-L species are more mobile and transported farther than their Fe(l11)-L
counterparts. Mn redox reactivity in a given system will vary pending the stability of
the complex, which depends on many factors including ligand concentration,
photochemical effects and microbial mediation. Mn(l11)-L complexes formed at sites
like the St. Lawrence Estuary are likely kinetically (meta)stable, and their long range
transport may be sustained by high fluxes of Mn from the coast. Because Mn(l1l) can

donate or accept electrons, upon transport from coastal to oceanic environments, these
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Mn(111)-L complexes may eventually act as important redox active species in the

cycling of other elements.

Table 4.4 Comparison of dMnt (nM) from shipboard analyses (Sept. 2014)
following filtration through a 0.20 um membrane, laboratory analyses
13 months later after filtration through a 0.20 pm membrane, and
laboratory analyses one year later following filtration through a 0.02
um membrane.

Station |Depth (m) dMnT1 0.2 um dMnT0.2 um - Oct. 2015 | dMnT0.02 um - Oct. 2015
23 3 809+3.4 71.2+1.8 73.7+9.6
100 102.8 +4.8 99.9 1.7 92.7+3.7
340 295.1+16.5 310.4+5.6 306.9 +19.2
SAG30 50 55.6+1.4 55.2 +13.2 59.0 + 2.0
250 691.9+7.6 683.0+ 4.5 635.2 + 59.5
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Figure 4.4 Linear correlation of total dissolved Mn from samples
analyzed shipboard (x-axis) and samples analyzed 12 months after
sampling, stored by filtering and freezing. Closed circles represent
samples which were thawed and reanalyzed, open squares represent
samples that were thawed, and filtered again through 0.02 um filters.
Standard deviations of triplicate measurements are shown as error
bars.

4.5 Conclusions

Our findings have broad implications for understanding the cycling of Mn in the
global ocean. We demonstrate that Mn(l11)-L complexes are present in oxygenated
waters, and are thus likely ubiquitous in the marine environment. The presence of
Mn(l1)-L in the marine environment can have a profound impact on the mobility and
uptake of other nutrients (Kostka et al., 1995). In the Lower St. Lawrence Estuary
(LSLE), the fate (oxidation and complexation to Mn(l11)-L or oxidation to MnOXx) of

Mn(I1) fluxing out of the sediments is critical in determining the transport and residence
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time of dMny in the water column (Mucci et al., 2003). The rate of Mn(ll) oxidation is a
function of the flux of dMny out of the sediments, the nature of the ligand(s) in the
water column, the abundance of particles in the water column, and the dO,. Mn(IlI)
escapes from the sediments to the overlying waters at both study sites, and the
appearance of Mn oxides and Mn(l11)-L in bottom waters is clear evidence of Mn(Il)
oxidation in the water column (Sundby et al., 1981; Richard et al., 2013). In the deep
waters at Station 23, the Mn(l1) is oxidized to MnOy, whereas, in the Saguenay Fjord,
[Mn(I11)-L] >> [MnOy]. We attribute this difference to the presence of stronger
terrestrially-derived ligands that prevent the complete oxidation of Mn(ll) to MnOy in
the Saguenay Fjord, and/or higher reductive dissolution rates of authigenic MnOy. At
Station 23, the initial fate of Mn(l1) fluxing from sediments is its oxidation to MnOy in
bottom waters. Nevertheless, we still observe Mn(l11)-L in the water column indicating
that reduction of MnOy and stabilization of Mn(l11)-L may be an important formation
pathway of Mn(l11). It is also possible that Mn(I11) is a residual product of the two-step
oxidation of Mn(ll) to Mn(IV), and stabilized as Mn(l11)-L by ambient ligands. Our
findings suggest that the development of hypoxic bottom waters in the LSLE may have
led to increased dMn+ at Station 23, and that this additional dMn is stabilized as
Mn(l11)-L complexes in the presence of strong organic ligands (with logKcong >13.2).
Mn speciation studies need to include the measurement of Mn(l11)-L complexes, which
cannot be accomplished upon acidification for sample storage, as acidification
precipitates Mn(111)-L humic complexes, a previously overlooked class of Mn species.
Finally, our data highlight the importance of humic ligands to the coastal ocean, and
provide evidence of a neglected potential pathway for the transport of dissolved metal-

organic complexes to the global ocean.
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Chapter 5

THE CYCLING OF MANGANESE AND IRON: REVISITING METAL
REMOVAL IN ESTUARIES4

Abstract
Metal removal by estuarine mixing has been studied for several decades, but few studies
emphasize dissolved metal speciation and organic ligand complexation. Findings from
the last decade indicate that metal-humic complexation can be significant for dissolved
metals including Cu(ll), AI(I11) and Fe(l11), but little consideration is given to the
precipitation of these complexes with humic material at pH<2. Given that total soluble
metal analysis involves an acidification step for sample preservation, we show that Mn
and other metal concentrations may have been underestimated in estuaries, especially
when humic substance concentrations are high. A competitive ligand assay of selected
samples from our study site, a coastal waterway bordered by wetlands (Broadkill River,
DE), showed that Mn(I11)-humic complexation is significant, and that some Mn(l1l)-L
complexes precipitate during acidification. In the oxygenated surface waters of the
Broadkill River, total dissolved Mn (dMn+) was up to 100 % complexed to ambient
ligands as Mn(l11)-L, and we present evidence for humic-type Mn(l11)-L complexes.
The Mn(111) complexes were kinetically stabilized against Fe(l1) reduction, even when
[Fe(I)] was 17 times higher than [dMn+]. Unlike typical oceanic surface waters,

[Fe(ID]>[Fe(l11)-L] in surface waters, which may be attributed to high rates of

4 Chapter 5 submitted to Geochimica et Cosmochimica Acta.
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photoreduction of Fe(l11)-L complexes. Total [Mn(l11)-L] ranged from 0.22 — 8.4 uM,
in excess of solid MnOy (below 0.28 uM in all samples). Filtration of samples through
0.02 um filters indicated that all Mn(111)-L complexes pass through the filters and were
not colloidal species in contrast to dissolved Fe. Incubation experiments indicated that
the reductive dissolution of solid MnOy by ambient ligands may be responsible for
Mn(111) formation in this system. Unlike previous studies of estuarine mixing, which
demonstrated metal removal during mixing, we show significant export of dMn and
dissolved Fe (dFe) in the summer and fall of 2015. Thus, we propose seasonal cycling

of estuarine removal and export for dMn and dFe.

5.1 Introduction

Considerable attention has been given to the transformations of dissolved and
particulate material during estuarine mixing because these transformations impact the
transport of terrestrially derived organic matter (OM) to the ocean, and the cycling of
important nutrients and trace elements. Estuarine environments, including coastal salt
marshes and waterways, have high OM content because of high primary productivity
and influx of terrestrial OM (Hedges et al, 1997). This OM is cycled such that only
some is discharged to the ocean while the rest is precipitated to the sediment (Hedges et
al, 1997). In particular, riverine OM can be rich in humic acids and negatively charged
functional groups capable of binding metal ions. Thus, during estuarine mixing, riverine
OM interacts with marine metal cations, including trace metals leading to
flocculation/aggregation and the transformation of trace metals from the dissolved to
particulate phase. It has been suggested that up to 50-95 % of total dissolved iron (dFet)
and 25-45 % of total dissolved manganese (dMny) is transformed in this way in coastal

riverine systems (Boyle et al, 1977; Sholkovitz et al, 1978).
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Several studies have examined the cycling and removal of dFet (Coonley et al,
1971; Windom et al, 1971; Boyle et al, 1974, 1977; Moore et al, 1979; Eastman and
Church, 1984) and dMn+ (Windom et al, 1971; Boyle et al, 1974; Graham et al, 1976;
Moore et al, 1979; Eastman and Church, 1984) at sites of estuarine mixing, but
considerably fewer studies have been conducted for dFe speciation (Batchelli et al,
2010; Buck et al, 2007; Gledhill and van den Berg, 1994; Rijkenberg, et al, 2006;
Sander et al, 2015; van den Berg, 1995) and none, to our knowledge, on the speciation
of dMn. In natural waters, Mn and Fe undergo a variety of redox transformations
between soluble uncomplexed species (Fe(H,0)s>*, Mn(H20)s>"), soluble complexed
species (Fe(1)-L, Fe(l11)-L, and Mn(l11)-L) and insoluble metal (hydr)oxides.
Historically, speciation studies of Mn in natural waters have focused on soluble Mn(ll)
(operationally defined as passed through a 0.20 um filter) and solid Mn(I11/1V) oxides
(retained onto a 0.20 um filter), neglecting the intermediate soluble Mn(l11)-L
complexes. However, speciation studies have shown that Mn(l11)-L complexes can
make up to 90 % of the dMn+ pool in the suboxic water column of Black Sea
(Trouwborst et al, 2006; Yakushev et al, 2007, 2009) and Baltic Seas (Dellwig et al,
2012; Yakushev et al, 2007, 2009), the anoxic water column of the Chesapeake Bay
(Oldham et al, 2015), and in suboxic pore-waters of the St. Lawrence (Madison et al,
2011, 2013). Whereas Mn(l11) complexation has only recently been measured in
oxygenated surface waters in the St. Lawrence Estuary (Oldham et al, 2017), dFet has
been shown to be predominantly complexed to organic ligands as Fe(l11)-L (Buck et al,
2007; Sander et al, 2015) with dFet transport and bioavailability linked to

complexation. Laboratory studies have shown that Mn(l11) is stabilized by the same
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ligands binding Fe(l11) in the presence of oxygen (Luther et al, 2015; Parker et al, 2004,
2007) and that Mn(111)-L can be formed by Mn(l1) oxidation (Parker et al, 2004) or by
MnO; reduction (Duckworth and Sposito, 2007; Oldham et al, 2015). Thus, we predict
that Mn(I11)-L complexes should be present in all coastal systems with high organic
matter concentrations, including our study site, the Broadkill River estuary of the
Delaware Bay. The coupled cycling of Mn and Fe in such environments is of interest
because they may be competing for the same ligands, and the presence of excess Mn
could affect the complexation of Fe. In this study, we show that Mn(l11)-L complexes
are present in oxygenated surface waters and that Mn(l11)-L complexes likely bind the
same ambient ligands as Fe(l1l). In particular, we show that Mn(I11) binds to humic
material, which is consistent with findings of humic Mn(l11) complexation in the St.

Lawrence Estuary (Oldham et al, 2017).

Our study site, the Broadkill River Estuary runs through the Great Marsh into
the lower Delaware Bay (Fig. 5.1). The Great Marsh is a saline, high marsh site which
undergoes complete inundation only during spring tides and storm surges (Stumpf,
1983). The site is dominated by the cord grass Spartina alterniflora which dominates
many salt marshes of the East coast of the United States. S. alterniflora (and emergent
vegetation in general) is the principle source of organic matter in the soils of salt
marshes, releasing approximately 330 kg of Spartina-related humic substances per
hectare annually (Filip and Alberts, 1989). Studies examining estuarine mixing of Mn
and Fe have typically employed acidification (pH<1.5) to stabilize dissolved metals.
However, humic acids operationally precipitate at pH<2. Thus, a primary goal of this

study is to show that previous work may have underestimated the soluble fraction of
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these metals due to precipitation of metals bound to humic acids during the acidification
step prior to analyses. Here we present findings concerning the seasonal relationship
between dissolved humic acids, dFe speciation, and dMn speciation in the Broadkill

River.

5.2 Methods

Samples were collected over 9 sampling events from April 2015 to February
2016. The October 7™ sampling occurred 2 days after severe coastal flooding from
Hurricane Joaquin. For each sampling event, 4 or 8 sample sites (Fig. 5.1) were selected
based on an increasing surface salinity gradient. A YSI (Model 350) probe was used to
measure temperature and salinity. Water samples were collected from a small boat into
acid-washed 500 mL PTFE bottles, by opening and filling bottles beneath the surface to
avoid surface microfilm contamination. The samples were immediately filtered in the
field using nylon luer-lock syringe filters (Millipore, 0.20 um) into clean Falcon tubes.
One aliquot of filtered water was amended immediately with 1 mM hydroxylamine
hydrochloride, to reduce Mn(I11)-L in order to determine total dissolved Mn. Filters
were saved for MnOy analysis, for each sample site, on June 23", July 7", July 21, and

October 7" 2015.
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Figure 5.1 Site map from the June 23" sampling event, which is
representative of the locations for the 8 sampling sites for each
sampling. Site #1 represents the fresh end-member and Site #8 is at
the mouth of the Broadkill River within the Delaware Bay, the saline
end-member.

In this work, all samples were filtered within 5 minutes of collection, and were
analyzed for Mn speciation (no acidification step) within two hours of collection.
Samples were taken for Fe speciation from June 2015 to February 2016, and these were
acidified after filtration, in the field, with concentrated HCI (Fisher, Optima Grade) to a
pH of 2; they were analyzed within 1 day of collection. On July 21% and October 7"
additional samples were filtered on site, but not acidified to assess whether acidification

resulted in a difference in Fe speciation.

On October 7™, all Mn speciation and unacidified Fe speciation samples were
also filtered through 0.02 um filters (Anatop) and reanalyzed for speciation to
determine into which of three size fractions the metal species were found [<0.02 um, or
0.02 - 0.20 pum, or >0.20 um]. We operationally define the 0.02 - 0.20 pm class as

colloidal to be consistent with recent Fe research (e.g. Fitzsimmons et al, 2015).
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5.2.1 Dissolved Mn Analysis

Each sample was analyzed within two hours of collection, and 3-6 replicates
were performed for each sample to determine dissolved Mn(11), Mn(HIT)L eak and
dMn+. Samples were kept capped, and in the dark, between analyses to ensure no
degradation. Samples were analyzed using the established method of a
spectrophotometric ligand addition ([a, B, v, 6-tetrakis(4-carboxyphenyl)porphine] or
T(4-CP)P (e= 95,400 M™* cm™)) previously developed by Ishii et al, (1982) and
modified by Madison et al, (2011) to speciate dissolved Mn(I1) and Mn(l1)-Lyeax. In
this method, the kinetics of the reaction of Mn(I1) + Mn(I11)-Lyeak With the added
porphyrin allows for the speciation of the two species. Through differential kinetics, we
obtain the kinetic dissociation constant, kg, of the Mn(I11)-Lyeak complex (Luther et al,
2015). We then can estimate a conditional stability constant, Kcong for weak Mn(l11)-L
complexes, based on kg and an estimated kinetic metal- ligand formation constant, ks.
The upper limit for the Mn(I11)-Lyea complex in seawater is logKcong = 13.2 (Luther et
al, 2015). This Kcong is uncorrected for the side reaction coefficients for Mn(l11) and the

unknown ligand.

The addition of a strong reducing agent, such as hydroxylamine, prior to
analysis, reduces any Mn(l11)-Lswong COMplexes in solution so that total dissolved Mn
can be determined. The difference between the sample treated with and without
hydroxylamine is the concentration of the Mn(111)-Lsong. These strong complexes are
not outcompeted by the added porphyrin ligand so their logKconq exceeds 13.2 (Luther et
al, 2015, Oldham et al, 2015). We therefore can operationally define two ligand classes
(MN(11)-Leak, MN(11)-Ltrong)-
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A Hewlett Packard 8452B diode array spectrophotometer was coupled with
Olis. Inc. Globalworks software for all UV/Vis measurements (2 nm wavelength
resolution). All reagents were made according to Madison et al, (2011), and a standard
calibration was performed prior to analysis with standards ranging from 50 nM to 10

uM, made from MnCl,-4H,0 (Fisher Scientific) into deionized water (18.2 mQ).

5.2.2 MnOy Analyses

Known volumes of sample (25 — 30 mL) were filtered through 0.20 um
Millipore nylon syringe filters in triplicate. Filters were amended with 20 uM of
leucoberbelin blue dye (LBB, 65 %, Sigma-Aldrich) by pushing 3 mL of the LBB
solution back and forth through the filter with two syringes. The filters sat overnight
with the dye, before filtering the dye solution for analysis. The dye color, formed on
oxidation by particulate manganese or MnOy, was measured in a 1 cm cuvette at 620
nm using the spectrophotometric protocol described above (Altmann, 1972). The LBB
(410.5 g mol™) stock solution was made by dissolving it in Milli-Q water to a
concentration of 4 % and adding 40 pL of 10 M sodium hydroxide (NaOH) per 10 mL
of LBB solution. Working solutions are made by diluting the stock into 1% acetic acid
(made up in Mili-Q water), to 0.04 %. A calibration curve was generated using
potassium permanganate (0.2 — 10 uM KMnQ,) and using a soluble MnO, made in the
lab (Perez-Benito et al, 1996). To produce equivalent absorbance, 2.5 times more
Mn(1V) is required than Mn(V1I), as Mn(VI1) oxidizes 5 LBB molecules, compared to 2
LBB molecules for Mn(1V). After this consideration, however, we find that MnO,
produces ~10% higher molar absorptivity, likely due to the oxidation and destruction of

some of the LBB dye by KMnQO,. The molar absorptivity of MnO,, then, better
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reproduces the molar absorptivity reported by Altman (1972) than KMnQ4 (e = 110,
000 mol™ at Amax = 623 NM).

5.2.3 Dissolved Fe Analyses

Triplicate Fe(ll) and dFet measurements were made on filtered acidified
samples within 1 day of collection, and within 2 hours of collection for unacidified
samples, using the method of Stookey (1970) and the UV-Vis system described above.
Samples were buffered in 2.5 M ammonium acetate, prior to addition of the ferrozine
reagent, which reacts with Fe(ll) to produce an absorption at 562 nm. Hydroxylamine
hydrochloride was added as a reducing agent to separate aliquots of samples in order to
measure dFet. The difference between dFer and the Fe(ll) measurements gives soluble

Fe(I).

5.2.4 Characteristic Humic Absorbance Measurements

Characteristic humic acid absorption peaks in filtered samples were measured
within one day of sample collection using the 1 cm spectrophotometric set-up described
above. Triplicate scans of the sample were taken from 200 — 800 nm, and absorbances
were recorded at 258 and 280 (characteristic of average humic and fulvic acids; the
result of m — m * electron transfer for a number of aromatic substances) as well as at
400 nm, which is characteristic of a Mn complex containing 1 Mn bound to 1 catechol

(Sever and Wilker, 2004).

5.2.5 Competitive Ligand Assay
Experiments were performed on two samples, from the July 7™ sampling event,
to determine whether humic acids were responsible for binding Mn(l11). Filtered

samples from our sites with 0 ppt salinity and 15 ppt salinity were subsampled. For
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each, one aliquot was amended with concentrated HCI (Fisher, Optima Grade), to
pH<1.5 to precipitate humic material; the solution was then centrifuged, and decanted.
The resulting supernatant was brought back up to pH=8 with trace metal grade 1 M
NaOH (Luther et al, 2011). The second aliquot was untreated, thereby keeping the
humic material in solution. Both treatments (with and without humic material) were
then amended with Mn(111)-pyrophosphate (Mn(I11)-PP, enax=484 nm), and allowed to
react for 15 minutes. Any change in the Mn(l11)-PP absorbance is due to ligand

substitution with ambient ligands.

5.2.6 MnO; Reductive Dissolution

A sample was collected on July 28™ from our low salinity site (1.8 ppt salinity)
into a 1 L trace metal clean PTFE bottle, after triple rinsing with sample. The sample
was filtered on site using a hand-syringe through a 0.20 um Nylon filter (Millipore),
into another clean 1 L PTFE bottle. The sample was analyzed in triplicate for initial Mn
speciation using the porphyrin method in section 2.1 and LBB method in section 2.2.
Afterwards, the sample was amended with 10 uM MnO, (prepared as in Perez-Benito et
al, 1996). The sample was reanalyzed, in triplicate, for MnO, and dMn speciation at 4
subsequent time points (30 minutes, 1 hour, 3 hours and 21 hours) to observe any
reductive dissolution of MnO, by ambient ligands in the water sample as previously

shown in laboratory experiments by Oldham et al (2015).
5.3 Results

5.3.1 Soluble Mn Speciation Along a Salinity Gradient
The speciation of dMn along the salinity gradient in the Broadkill River (Figure
5.2, Table 5.1) changed seasonally from April 2015 to February 2016. However, dMn+
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did not follow expected conservative mixing nor estuarine removal, but rather it was
exported in all sampling events. For example, Figure 5.2 shows the speciation of dMny
from spring (Fig. 5.2A), summer (Fig. 5.2B), fall (Fig. 5.2C) and winter (Fig. 5.2D)
samplings. In the spring, dMnt was higher at mid-salinities, at sites corresponding to
the presence of large creeks, which acts as a source of dMnr, ligands and/or Mn(I11)-L
to the system. In all samplings, dMn+ was exported from the system to the Delaware
Bay as Mn(l11)-L, and this export was most pronounced in the summer and fall. Soluble
Mn(I1) concentrations were low during all sampling events, relative to Mn(111)-L
concentrations. There were only two samples where % Mn(I1) > % Mn(l11)-L,

throughout the entire sampling campaign, both at the site of maximum salinity.
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Figure 5.2 The speciation of dMn+ along the salinity gradient from

(A) April 13" 2015; (B) June 23", 2015; (C) October 7™, 2015; and

(D) February 2", 2016. Mn(lI11)-L complexes are in red, with

symbols and lines differing for Total, Strong and Weak complexes.

The total dMnt (Mn(ID+Mn(111)-Ltota) IS in black. Where error

bars are not visible, they are smaller than the symbols.

In October 2014, dMn+ was <50 nM in the surface waters of the Delaware Bay

indicating that the Bay is not a Mn source. In all Broadkill River samples, dMn+ was

predominantly in the form of Mn(l11)-L complexes, with Mn(l11)-L ranging from 57.1

% (O ppt salinity) to 99.5 % (20 ppt salinity) in the spring sampling and from 76.7% (0

ppt salinity) to 100 % (1.4 ppt salinity) in the summer sampling. The highest dMnt

concentrations (5.32 — 7.72 pM) were measured on October 7, two days after

hurricane Joaquin hit the region, resulting in complete flooding of the Great Marsh.

Additionally, maximum senescence occurs around October in this region, and higher

release of OM from decaying plants may also contribute to the maximum values we
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observed in October. In the winter, we observe lower dMn+ concentrations (0.88 — 1.53
pHM) but Mn(111)-L complexation still dominated, with Mn(l11)-L complexes making up
58.5 % (24.5 salinity) to 95.8 % (7.3 salinity) of the dMnr.

144



Table 5.1 Sample salinity, dMn speciation and % for each ligand class. All
speciation measurements were in 3-6 replicates.

Date  [S(ppt)] Mn(T) Mn(1)  [Mn(ll)-Lweak % [Mn(I11)-Lstrong % |[MN(LD-Lotal %
April13 | 0.2 [1.26+008 [056+003 [0.44+001 35 [0.28+0.09 22 [072£009 57
2015 0.3 [1.35+0.06 [0.51+0.02 [0.72+0.03 53 [0.15+0.08 11 [0.87+0.09 64

29 |1.62+0.07 |0.12+0.01 |1.31+0.03 81 [0.23 +0.08 14 [1.54 £ 0.09 95
54 [1.70+0.08 [0.07+0.01 |1.52+0.05 90 |0.15+0.10 9 |1.67£0.11 98
10 (2.02+0.04 [0.45+0.01 (1.44+0.02 71 [0.13 +0.05 7 11.58+£0.05 78
8.6 |1.64+0.01 |0.14+0.00 |1.43+0.00 88 [0.10+0.01 6 |1.53+0.02 93
15 |1.27+0.06 ]0.07+0.00 |1.21+0.06 95 10.03 £ 0.09 1.23+0.11 97

N

20 10.88+0.02 [0.00+0.00 [0.75+0.01 86 [0.12 +0.02 14 10.87 £ 0.02 99
May 27 0.2 [0.28+0.02 [0.04+0.02 |0.23+0.02 83 |0.01 +£0.02 2 10.24£0.03 85
2015 0.5 |0.22+0.02 |0.00+0.02 |0.21+0.00 98 [0.00 +0.02 2 10.22+0.02 100
1.2 |0.43+0.02 |0.08+0.02 [0.34+0.01 79 10.01 £0.02 2 ]0.35+0.02 81
5.6 |0.92+0.01 |0.02+0.01 |0.88+0.01 95 [0.02 +0.01 2 10.89 +0.02 97
10 (0.96+0.02 [0.07+0.12 (0.87+0.12 91 [0.02+0.12 2 10.89+0.16 93
14 10.97+£0.01 ]0.01+0.02 |0.96+0.01 99 |0.00 +0.02 0 ]0.96 +0.02 99
18 (0.94+0.02 [0.15+0.08 [0.77 +0.07 82 [0.02 +0.08 2 [0.79+0.11 84
21 ]0.80+0.03 ]0.00+0.02 [0.78+0.00 98 10.02 +0.03 2 10.80+0.03 100
June 11 0.8 |0.89+0.01 |0.37+0.05 |0.52+0.06 58 [0.03 +0.04 4 10.55+0.07 62

2015 1.7 ]1.14+£0.15 [0.35+0.03 |0.79+0.13 69 [0.21+0.13
3.8 |1.17+0.00 |0.03+0.02 |1.14+0.02 98 [0.19+0.01
7.6 |1.18+0.00 |0.00+0.00 |1.16+0.00 98 [0.00 +0.01
12 |1.23+0.00 ]0.16+£0.03 |1.07 £0.04 87 10.38 £ 0.02
17 (1.13+0.07 [0.04+0.04 (1.09+0.09 96 [0.00 +0.00
20 |1.10+0.05 [0.19+0.07 [0.87+0.02 79 10.01 £ 0.05
24 10.84+0.02 [0.18+0.05 [0.65+0.07 78 [0.15+0.15
June 23 05 |1.21+0.02 |0.30+0.06 |0.62+0.06 52 [0.30+0.03
2015 14 ]1.33+0.07 [0.04+0.04 [1.21+0.03 91 0.12+0.00
43 [1.48+0.04 [0.00+0.00 (1.23+0.03 83 [0.22 +0.02
85 [1.76 £0.07 [0.00+0.00 |1.46+0.01 83 |0.27 £ 0.07
12 (1.96+0.14 [0.00+0.00 (1.02+0.01 52 [0.91+0.13
16 |3.66+0.28 ]0.01+0.01 |1.69+0.08 46 |1.92+0.29
18 (3.51+0.18 [0.20+0.28 [1.46+0.04 42 [1.81+0.46
24 13.03+0.05 [0.08+0.09 [0.86+0.12 28 [2.07 +0.05

=
©

0.92+0.19 80
1.15+0.03 99
1.16+0.01 98
1.09+0.04 88
1.09 +£0.09 97
0.93 £+ 0.06 84
0.81+0.17 96
0.93 £ 0.07 7
1.33+0.03 100
1.45+0.04 98
1.73+0.07 98
1.93+0.13 99
3.61+0.30 99
3.27 £ 0.47 93
2.93+0.13 97

= w =
BroRRokh

D GOIR R R N
P WO aa®a

July 7 0.5 |1.54+0.19 |0.50+0.15 |0.37+0.15 24 10.68 +0.19 44 11.05+0.24 68
2015 1.2 |1.66+0.19 [0.04+0.03 [1.03+0.02 62 [0.62 +0.19 37 [1.65+0.19 99
38 [2.77+0.45 ([0.00+0.00 |1.16+0.01 42 1157 £ 0.46 57 |2.74 £ 0.47 99
10 (2.43+0.02 [0.00+0.00 (1.11+0.02 46 [1.31+0.05 54 [2.42+0.05 100

15 |2.21£0.05 ]0.00+0.00 |0.76 +0.05 34 |1.49 +£0.09
18 (2.58+0.35 [0.02+0.02 (1.78+0.04 69 [0.76 + 0.40

[}
J

225+0.11 100
254+040 98

N
©

21 ]1.98+0.08 [0.07+0.00 [1.91+0.05 96 [0.00 +0.00 0 [1.91+0.05 96

28 [1.13+0.07 [0.10+0.10 [1.01+0.15 89 [0.00 +0.00 0 |1.01+0.15 89

July 21 1 ]0.93+0.05 (0.02+0.03 [0.93+0.04 100 0.93+0.04 100
2015 19 |1.01+0.05 |0.00+0.00 [1.02+0.06 100 1.02+0.06 100
45 [1.06 +0.02 [0.00+0.00 (1.05=+0.03 99 1.05 +0.03 99

7 [1.00+0.05 ([0.00+0.00 |1.01+0.03 100 1.01+£0.03 100

9.8 |1.11+£0.08 |0.00+0.00 |1.08+0.08 97 1.08 + 0.08 97

145 (0.82+0.03 [0.04+0.03 [0.76 +0.04 93 0.76 £0.04 93

19.2 (2.27+£0.08 [0.20+0.12 (2.05+0.12 90 2.05+0.12 90

27.8 1046+0.29 ]0.23+0.11 ]0.22+0.39 49 0.22+0.39 49

October] 4.7 [5.82+0.16 |0.00+0.00 [5.58+0.06 96 |0.15+0.14 3 |5.73+£0.11 99
2015 115 (6.88+0.41 [0.00+0.00 (5.45+0.33 79 [1.33+0.11 19 [6.79+0.24 99
153 |7.72+0.10 ]0.00+0.00 |5.22+0.11 68 |2.35+0.01 30 |7.57+0.08 98
19.5 [5.32+0.37 |1.02+0.08 [2.38 +0.06 45 [1.83+0.34 34 [421+024 79
Novembe| 0.8 |5.44+0.37 ]0.38+0.17 |0.36 +0.06 7 |4.67+0.20 86 |5.03+0.15 92
2015 53 |3.70 % 0.33+0.07 [0.77 +0.05 21 [2.50 68 [3.27 +0.04 88
17.8 (3.26 +0.06 [0.04+0.07 (0.91+0.11 28 [2.38+0.17 73 [3.28+0.14 100
28.8 |2.38+0.37 ]1.48+0.50 ]0.84+0.30 35 ]0.00 +0.00 0 10.84+0.21 35

February| 2.7 |1.15+0.01 [0.10+0.10 ([1.04+0.07 90 [0.00 +0.00 0 |[1.04 +0.05 90
2016 7.3 (0.88+0.09 ([0.01+£0.02 |0.79+0.11 90 |0.05 +0.06 6 [0.84+0.09 96
13.2 (1.53+0.16 [0.13+0.21 (1.36+0.18 89 [0.00 +0.00 0 [1.36+0.13 89

245 (1.28+0.10 ]0.51+0.19 ]0.44+0.01 34 10.31+0.31 24 10.75+0.22 58
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5.3.2 The Strength and Stability of Mn(I111)-L Complexes

Weak Mn(111)-L complexes in this system had kinetic conditional stability
constants (log Kcong) ranging from 11.23 — 11.88. This range is higher than the range
reported in the sediment porewaters of the lower St. Lawrence Estuary (11.1 — 11.6;
Madison et al, 2013; Luther et al, 2015). Additionally, these values are higher than the
conditional stability constants (also uncorrected for the side reaction coefficients of M
and L) reported by Abualhaija et al, (2015) for Fe(l111)-humic complexes along a salinity
gradient (4 — 35) in the Mersey Estuary (UK), which had an average log Kcong Of 11.2.

We detected two Mn(I11)-binding ligand classes present for all sampling events.
Strong complexes, requiring reduction with NH,OH before detection (logKcong>13.2),
made up to 22.4 % of the dMn in the first two spring sampling events, and up to 68.4
% of dMny in the summer and fall sampling events. Thus, there is an increase in strong
binding ligands in the system as the summer and fall progress, resulting from the
increased production of OM within the system, due to enhanced productivity and

degradation of terrestrial plant and estuarine algal material.

5.3.3 Solid and Colloidal Species

Solid MnOx was measured from samplings occurring on June 23", July 7, July
21% and October 7™, 2015. The measured MnO, was below 0.27 uM in June and July,
decreasing from fresh to saline water, and below 0.04 puM in October. The MnOy was

significantly lower than dMn+ in all samples.
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Figure 5.3 The results from an incubation of a fresh end-member
sample (1.8 ppt salinity) taken on July 28". This figure shows the
change in Mn speciation after an amendment of 10 pM
nanoparticulate MnO; to the filtered sample. Error bars for

triplicate measurements were smaller than the data symbols.

To test for the reductive dissolution of Mn(1V) in MnOy, a sample was taken on
July 28" at a low salinity site (1.8 ppt salinity). The sample was filtered on site and
brought back to the lab where 10 uM MnO, was amended to the sample. The sample
was analyzed at 30 minutes, 1 hour, 3 hours, and 21 hours after the amendment to test
whether ambient ligands were reductively dissolving the MnO, (Figure 5.3). Within 3
hours, the added MnO, concentration decreased to 80% of the original concentration

(loss of 2 uM MnO,) which corresponded to an increase in dMnt of 2 uM (99.5 % as
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Mn(l11)-L). After 21 hours, MnO; had decreased to 60 % of the original concentration
(loss of 4 uM), corresponding to an increase in dMny of 3 uM (99.5 % as Mn(l11)-L).
The 1 uM loss of total Mn after 21 hours (MnO, + dMn+ should be 10 M) may be due
to MnO;, precipitation or absorption onto the container walls. Additionally, in the initial
sample, there was no Mn(Il), but after 1 hour, 0.08 uM Mn(Il) was detected, indicating
a minor amount of complete reduction of the MnO,, as most Mn form MnO; was
stabilized as Mn(l11)-L, supporting the reductive dissolution of Mn(1V) in MnOy by

ambient ligands in this system.

Measurements of MnOy on the 0.20 um filters from samples collected in June
and July, revealed detectable MnOy (0.11-0.16 puM) but the MnOy remained
approximately constant at all salinities, and well below soluble Mn concentrations. We
also performed experiments to ensure that the porphyrin analysis was not recovering
colloidal MnOy < 0.2 um, as shown by Madison et al, (2011) where the porphyrin was

unreactive towards MnO..

In Figure 5.4, we compare Mn and Fe speciation on samples collected October
7" after filtration through 0.2 pm and 0.02 pm filters. Panels 5.4A and 5.4B represent
Mn speciation, and show that speciation was not significantly different after the second
0.02 pm filtration. The sample at ~10 ppt salinity showed the most significant decrease
of dMn+ (=15 %), corresponding to loss of Mn(I11)-Lsyong. Additionally, the larger error
bars on dMny for the 0.02 pm filtered samples is also related to the Mn(111)-Lstrong
complexes. It is possible that some Mn(l11)-L complexes interacted with the alumina-

based Anatop filters, or that some of the Mn(I11)-Lsong IS in a colloidal fraction
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(perhaps bound to colloids). In contrast, dFer decreased from 80 — 95% after filtration
through the 0.02 um filter (panels 5.4C and 5.4D), indicating that the dFey in this
system is largely colloidal, and that Fe(Il) may be bound to Fe(ll1)-L

complexes/colloids.
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Figure 5.4 The speciation of dissolved Mn (top: A and B) and
dissolved Fe (bottom: C and D) from October 8", comparing
filtration though 0.2 um (left: A and C) with filtration through 0.02

pum (right: B and D). Fe results are from unacidified treatments.
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5.3.4 Fe Speciation Along a Salinity Gradient

Dissolved Fer concentrations ranged from 0.4 — 18.8 uM (concentrations for
sites 1, 5 and 8 given in Table 5.2), falling within the range of previous dFert
concentrations in estuarine environments (Boyle et al, 1977). Figure 5.5 shows the
speciation of dFe along the salinity gradient of the Broadkill River from 4 sampling
dates. On June 23" 2015, dFer decreased threefold from the first, freshwater site to the
next site (salinity = 1.4), and then steadily decreased to the mouth of the river,
exhibiting typical estuarine removal. However, on July 21% 2015, October 7" 2015 and
February 2" 2016, dFer does not follow estuarine removal but rather, export on July

21st and near-conservative mixing on October 7" and February 2.

20

(A) June 23,2015 | {B) July 21, 2015 (C) October 7, 2015 {D) February 2, 2016
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Figure 5.5 The speciation of dFet along the salinity gradient from
(A) June 23" 2015; (B) July 21%, 2015; (C) October 7, 2015; and
(D) February 2", 2016. Where error bars are not visible, they are

smaller than the symbols.
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The speciation of dFe was dominated by Fe(ll) for all sampling events, in
contrast to previous estuarine work, where dFet was predominantly complexed as

Fe(ll)-L (Buck et al, 2007; Sander et al, 2015).

Table 5.2 Comparing dMn speciation to characteristic humic absorbances (258,
280 and 400 nm), % humic absorbance lost after acidification, dFe
speciation and solid MnOy. Where values are blank, no measurements

were made.
. % Mn(111)- % % %
Site #| Date (S (ppt)| Mn(T) L Total abszss abszss |abszeo  abszeo |abSae  absao Fe(T) Fe(ll)
lost lost lost
1 |13-Apr| 0.2 |1.26 +0.08 57 0.071 0.057 0.007
27-May| 0.2 |0.28 £0.02 85 0.071 0.057
11-Jun| 0.8 |0.89 £0.01 62 0.122 0.0
23-Jun| 0.5 (1.21 £0.02 77 0.173 13 |0.126 9.0 [0.021 295 (1838 17.8

7-Jul 0.5 |1.54 £0.19 68 0.162 1.1 |0.126 10.9 [ 0.016 49.1 |15.1 +3.97(14.6 + 3.83
21-Jul 1 ]0.93+0.05 100 0.146 0.0 [0.114 84 (0.012 23.7 | 58+ 0.15 3.9 +0.03
7-Oct | 4.7 |5.82 £0.16 99 0.208 -0.6 | 0.155 9.2 [0.003 27.7 |15.8 +0.50(13.4+0.19

17-Nov| 0.8 |[5.44 +0.37 92 0.141 0.114 0.023 144 £ 0.15|11.2 £ 0.19

2-Feb | 2.7 [1.15+0.01 90 0.109 0.087 0.015 10.7 £ 0.70f 7.9 + 0.58
5 |[13-Apr| 10.2 |2.02 +£0.04 78 0.119 0.093 0.011

27-May| 10.1 |0.96 +0.02 93 0.119 0.093

11-Jun | 12.4 {1.23 £0.00 88 0121 7.0

23-Jun| 11.7 |1.96 £0.14 99 0.198 2.8 [0.141 10.1 [ 0.027 425 |3.34 2.06

7-Jul 15 |2.21 +£0.05 102 0.218 22.5|0.168 30.5 (0.031 855 | 51+0.56( 51+0.29
21-Jul | 9.8 [1.11 £0.08 97 0.241 1.7 |0.182 11.1 (0.019 284 | 4.3+ 0.04 3.3+0.05
7-Oct | 15.3 [7.72 £0.10 98 0.187 -53 [0.135 5.6 [0.000 38.6 |10.9+ 0.10 8.2+ 0.58

17-Nov| 17.8 |3.26 +£0.06 101 0.133 0.100 0.018 4.4 +0.64( 2.8 +0.20
2-Feb | 13.2 |1.53 £0.16 89 0.144 0.117 0.025 5.37 £ 0.22|3.61 + 0.46
8 |[13-Apr| 19.6 |0.88 £0.02 99 0.033 0.025 0.000

27-May| 20.6 [0.80 £0.03 100 0.033 0.025

11-Jun | 23.9 |0.84 +0.02 96 0.082 3.2

23-Jun | 23.7 |3.03 £0.05 97 0.114 -59 |0.079 19 [(0.017 351 |1.85 0.14

7-Jul | 27.6 (1.13 £0.07 89 0.074 35.2 [ 0.063 53.2 (0.018 100.0| 0.8+ 0.43| 0.3+0.20
21-Jul | 27.8 [0.46 +0.29 49 0.037 0.0 | 0.027 0.0 [0.000 0.4 +£0.26( 1.5+ 1.39
7-Oct | 19.5 |5.32 £0.37 79 0.162 -4.3 | 0.115 10.5 [ 0.002 73.3 | 4.6 +£0.24 3.3+ 0.27
17-Nov| 28.8 [2.38 +0.37 35 0.012 0.007 0.000 0.43 + 0.08(0.22 + 0.18
2-Feb | 24.5 [1.28 £0.10 58 0.055 0.042 0.006 0.64 £ 0.15]0.25 + 0.22

5.3.5 Humic Absorbance and Metal Complexation
To test the positive correlation between humic material and Mn(l11)-L

complexation, we measured characteristic UV/Vis absorbances for humic substances at
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254 nm, 280 nm and 400 nm (Rodriguez et al, 2016). Figure 5.6 examines Mn
speciation and humic absorbance at 280 nm over the course of the 9 sampling events.
Three sites are represented: low salinity (site #1), mid salinity (site #5) and the mouth of
the river, into Delaware Bay, with high salinity (site #8). At all sites, humic absorbance
increased over the summer and fall months, corresponding to an increase in the

concentration of Mn(111)-L.
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Figure 5.6 The seasonal change in Mn speciation and humic
absorbance (280 nm) for three sampling sites: Site #1: low salinity,
Site #5: mid-salinity, and Site #8: high salinity. Where error bars are
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To further examine the relationship between humic material and Mn(l11), we
performed a competitive ligand experiment on a sample collected on July 7". A sample
with low humic absorption (abs,g,=0.126, 0 ppt salinity) and a sample with high humic
absorption (abszg=0.168, 15 ppt salinity) were compared. Each sample was filtered and
separated into two aliquots (4 total tests, summarized in Table 5.3): an acidified aliquot
to precipitate humic material (pH<1.5, centrifuged, decanted, brought back to pH=8
with NaOH) and a non-acidified aliquot. All 4 treatments were amended with 100 pM
Mn(l11)-pyrophosphate (a weak Mn(I11)-L complex). The absorbance of this complex
(484 nm) was observed for 15 minutes. The four tests showed the following types of

reactivity:

Table 5.3 A matrix of Mn-humic complexation tests from July 7, 2015. Two
filtered samples were compared for a change in absorbance peak of
added Mn(l11)-pyrophosphate, each with and without acidification.

Salinity Acid No Acid
0 (low humics) no change no change
15 (high humics) no change peak change

Test #1 (low humic, acidified): Mn(I11)-PP + Lnon-humic = NO reaction
Test #2 (low humic, no acid): Mn(l11)-PP + Lpon-humic = NO reaction

Test #3 (high humic, acidified): Mn(I111)-PP + Lyon-humic = NO reaction
Test #4 (high humic, no acid): Mn(111)-PP + Lyymic 2 Mn(H1)-Lpymic + PP

In three of the four tests (both acidified samples, and the non-acidified low-humic

sample), there was no change in the absorbance of Mn(l11)-pyrophosphate (484 nm)

after 15 minutes. However, in the non-acidified sample with high humics, the
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absorbance peak of Mn(l11)-pyrophosphate decreased and was replaced by a broad peak
at 400 nm where [Mn(catecholate)] complexes absorb (Sever and Wilker, 2004), and we

observed a change in color from pale-pink (Mn(l11)-pyrophosphate) to yellow.

Thus, the ambient excess humic ligands outcompeted the pyrophosphate for
Mn(l11). To the sample with the new broad peak at 400 nm (“Mn(111)-Lhymic”), excess
desferrioxamine-B (DFOB; 500 uM) was added. Within 1 minute, 86 % of the Mn
added as Mn(111)-pyrophophate was recovered as Mn(l11)-DFOB (based on the
absorbance of Mn(111)-DFOB at 310 nm).

Test #4b (high humic, no acid): Mn(l11)-Lpymic + DFOB (excess) = Mn(l11)-DFOB +

I—humic

Because we were able to recover the originally added Mn in Mn(111)-PP by
outcompeting the new Mn(l11)-Lnumic With excess DFOB, these data indicate that humic

material is responsible for some metal complexes in this system.

Additionally, before any amendments were made to the acidified solution, the
supernatant was decanted and re-analyzed for Mn speciation after pH re-adjustment to
8. We found that 62% of the dMnt was recovered as Mn(lI1)L. The remaining humic
precipitate, which was 38 % of the original dMn+ , was re-dissolved into pH 8 Milli-Q
water (brought up with trace metal clean NaOH). We recovered all of the Mn in the

precipitated humic material as Mn(l11)L. These data indicate that there are diverse
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ligands binding Mn(111), including both humic- and non-humic-type ligands, in this

system.

On July 21% and October 7™ we measured Fe speciation with and without

acidification, to test whether the acidification step could be also precipitating Fe(ll1)-

humic complexes. These results are summarized in Table 5.4, with bold values

indicating higher dFer without acidification. Although dFer is higher in nearly all

acidified samples, Fe(l11) is often higher in unacidified samples. Additionally, the

standard deviations for unacidified samples are generally better than for acidified

samples. Given that we measured a significant amount of “colloidal Fe (0.02 — 0.20

um)” in our October 7" assay, it is possible that acidification results in the partial

dissolution of colloidal species, resulting in variable Fe results.

Table 5.4 The speciation of dissolved Fe from acidified and non-acidified samples.
Bolded values are those where unacidified measurements were higher

than acidified measurements.

Date |Sa|inity abs280 [ Fe(Tunacidified [ Fe(IDunacidified [Fe (11 Dunacidified) Fe(Tacidified | Fe(ll)acidified | Fe(l11)acidified
21-Jul 1.00 0.11| 4.29 £0.40 3.89 £0.39 0.40 +0.56 5.83 +0.15 3.95 +0.03 1.88 £0.14
2015 1.90 0.17| 4.41+0.15 3.78 £ 0.06 0.62 +0.16 441 +£0.73 4.50 £1.16 0.32 +£0.45
4.50 0.16| 4.37 £0.10 3.65 £0.04 0.72 £0.11 4.19 £0.28 3.08 £0.14 1.11 +£0.38
7.00 0.18| 5.20 £0.13 4.38 +£0.18 0.82 +0.22 5.27 +0.65 4.24 £1.03 1.02 £0.38
9.80 0.18| 5.65+0.21 3.94 £0.06 1.71 £0.22 4.30 £0.04 3.30 £0.05 1.00 £0.09
14.5 0.16] 4.93 £0.10 3.52 £0.04 141 £0.11 3.95 £0.27 3.23 £0.09 0.72 +£0.30
19.2 0.14| 3.12 £0.05 2.96 +0.04 0.17 +0.06 5.08 +1.65 4.36 +£1.08 0.84 +£0.73
27.8 0.03| 1.18 £0.05 0.68 +0.08 0.49 +0.09 0.43 +0.26 0.66 +0.03 0.23 +0.40
7-Oct] 4.70 0.14| 12.36 £0.12 8.34 +0.38 4.02+£0.39 |[ 15.75+0.50 | 13.35+0.19 2.40 £0.38
2015 115 0.13| 9.26 £0.93 5.37 £0.19 3.89+0.69 | 13.15+0.16 | 10.95 + 2.20+£0.11
15.3 0.13| 7.14 £0.22 4.36 +£0.14 2.78 £0.21 | 10.95 £0.10 8.22 +0.58 2.73 £0.42
19.5 0.10[ 4.04 £0.72 1.46 £0.10 2.57 +0.52 4.59 +0.24 3.32 +0.27 1.28 £0.25
17-Nov 0.80 0.11| 7.81 £0.20 2.30 £0.07 5.51 +0.15 14.37 £0.15 11.25 £0.19 3.12 £0.34
2015 5.30 0.14| 6.43+0.12 3.48 £0.25 2.96 +0.20 6.61 +2.85 3.24 +1.23 337 +161
17.8 0.10| 1.29 +0.06 0.67 +0.04 0.62 +0.05 4.44 +0.64 2.81+£0.20 1.64 +£0.46
28.8 0.01| 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.43 +0.08 0.22 +0.18 0.00 +£0.10
2-Feb 2.70 0.09| 4.39 £0.01 1.48 £0.10 2.92 +0.07 | 10.67 £0.70 7.87 +0.58 2.80 +0.47
2016 7.30 0.10| 1.45+0.03 0.46 +0.10 0.99 +0.07 8.53 £0.09 5.56 +0.19 2.96 +0.26
13.2 0.12| 1.27 £0.05 1.27 £0.04 0.00 +£0.05 5.37 £0.22 3.61 +0.46 1.76 £0.33
24.5 0.04| 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.64 +0.15 0.25 +0.22 0.00 +0.09
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5.4 Discussion

The reduced metal states of Fe and Mn, dissolved Fe(Il) and Mn(ll), enter
estuarine systems via freshwater rock weathering processes (Chester, 1990). These
species are not stable in the presence of O,, and in oxic systems at seawater pH, Fe(l1)
and Mn(I11/1V) oxides can dominate. However, Fe and Mn oxides are susceptible to
reduction and their solubility is influenced by light, the pH, surface reactivity, and
organic matter. Therefore, in systems where freshwater and seawater meet, many
chemical species of both Fe and Mn can coexist and rapidly cycle. For the following
discussion, we write 20 possible reactions or pathways for iron and manganese cycling
in our given system. The schematic in Figure 5.7 describes the essence of the Fe and

Mn cycles described herein, with equations 1-20 given and described in the text below.
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Figure 5.7 The proposed cycling mechanisms of Fe and Mn in the
Broadkill River system. Pathways in blue represent oxidative

pathways and those in red, reductive pathways.

5.4.1 Abiotic Oxidation

Equations 5.1 and 5.2 describe the abiotic formation of metal-ligand complexes
with an ambient organic ligand. Equation 5.1 describes non-redox complexation of an
organic ligand to a metal hexaaquo species, and this reaction could be followed by
equation 5.2, where the formed M?*-L complex is oxidized to a M**-L complex in the
presence of dissolved oxygen. This mechanism is likely more important for Fe?* than
Mn** because Fe?* bind ligands better than Mn?* based on the logK;, which follows the

charge to size ratio for the metal ion (Z/r).
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M(H,0)¢*" + L - M?** — L 5.1

(0]
M2+ — L 3 M3 — L 5.2

The abiotic oxidation of Mn?* with O, is several orders of magnitude slower
than for Fe** at seawater pH (Stumm and Morgan, 1996) because the first electron
transfer for Mn(H,0)s** with O, (eq. 5.3) is thermodynamically unfavorable (Luther,
2010). The oxidation of Fe®* proceeds via an outer sphere mechanism, whereas for
Mn?* is inner sphere, and at higher pH is autocatalytic (eq. 5.4). Thus, the abiotic
oxidation of Mn?* by O, to MnO; can be expressed by the following mechanism

(unbalanced):

slow
Mn?t + 0, — MnOOH(s) 5.3
fast
Mn?* + MnOOH(s) +0, — MnOOH(s) 5.4
slow
MnOOH(s) + 0, — 2Mn0,(s) 55

5.4.2 Biological oxidation

The Mn oxidation mechanism above (eg. 5.3-5.5) is accelerated in the presence
of abundant particles, but in most marine systems bacterial oxidation of Mn®* dominates
(Tebo et al, 2004). Microbial Fe** oxidation is also well documented (Weber et al,
2006), though abiotic oxidation likely dominates most surface waters for Fe. The
reactions below summarize biotic oxidation pathways, including the formation of

intermediate M**-L complexes, and solid phases.
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0,,bacteria

M(H,0)*t + L ———— M3+ — L 5.6

2+ 0,,bacteria

M(HZO)G M(”I; IV)(hydr)oxide 3.7
Reaction 5.7 can proceed via a one-electron transfer for Mn(11) and Fe(ll),
forming FeOOH or MnOOH; via a two-electron transfer for Mn(l1l), forming MnO; (as

in egs. 5.3-5.5); or via a one electron transfer for Mn(111)-L, forming MnO; (eg. 5.8).

Mt — 1 0,,bacteria Mno, -
5.4.3 Photochemical Reactions

In our Broadkill River system, we do not observe abundant MnOy particles
(Table 5.2), suggesting that they are not formed as Mn(l11) is being trapped as a
complex during oxidation, and/or that the rate of MnOy reduction exceeds Mn(Il)
oxidation. Although we do not report Fe (hydr)oxide values, we do observe that Fe(ll)
concentrations generally exceed Fe(ll1)-L concentrations (Table 5.2), which is unusual
for surface waters, and may also indicate that reductive processes are dominating Fe
speciation. The abundance of soluble species may be the result of photochemical
reactions in this system. Photochemical reactions can dissociate metal ligand complexes

non-reductively (eq. 5.9) or reductively (eq. 5.10):

h
M2t — 5 M2 4L 59

M3+ — [ e 5.10
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Fe(I11)-L complexes are more readily photoreduced (eq. 5.10) than Mn(l11)-L
complexes because Mn(l11)-L photoreduction involves L,-M, or ligand = to metal ¢
electron transfer, whereas Fe(l11)-L photoreduction involves L,-M; or ligand = to metal
n electron transfer. In Fe(l11)-L photoreduction, the ligand absorbs a photon which
excites an electron to a higher energy state. As the « orbitals of Fe(lll) have better
overlap with the & orbitals of the donating ligand than the ¢ orbitals of Mn(III),
photoreduction is more favorable. This would also help to explain the abundant

Mn(l11)-L in the presence of Fe(Il) in our samples.

5.4.4 Chemical Reduction of Oxidized Mn by Fe(ll)

The stabilized Fe(ll) in the surface waters in the Broadkill River is particularly
interesting in light of the abundance of Mn(l11)-L complexes. We expect a negative
correlation between Mn(l11)-L and Fe(ll) given the following possible one electron

transfer reaction:

fast
Mn3* — L+ Fe?+ 225 Mn2* 4 Fe3* — I 511

Dissolved Fe(ll) is a strong reducing agent, and has been shown to rapidly
reduce Mn oxides in an inner sphere redox process as Fe(ll) and Mn(l11,1V) species
have an orbital symmetry mismatch (Siebecker et al, 2015), and should also reduce
Mn(l11)-L complexes. However, there are two plausible explanations for the inhibition
of Mn(111)-L reduction by Fe(Il), which could be occurring simultaneously in the
Broadkill River system. The first involves kinetic inhibition due to a ligand binding
Fe(I1), and the second involves kinetic inhibition due to a ligand binding Mn(l11). In the

first scenario, Fe(ll) does not reduce Mn(l11)-L because it is complexed. Complexed
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Fe(ll)-L is not as good a reducing agent as Fe(ll) because the organic complexation
sterically prevents it from reducing Mn(l11)-L complexes, even when Fe(I1)-L is in
excess of Mn(l11)-L. Thus, equation 5.10 and the discussion in section 5.3 may explain
why high concentrations of Mn(I11)-Lrotar (MN(I)-Lweak + Mn(I11)-Lstrong) COMplexes
were found in all samples despite the presence of Fe(ll) (often in excess), and still made
up 76.7% of the dMn+ on June 23", in the presence of 17.8 uM Fe(Il) (~17 x excess of
dMnr).

The second possibility is that the complexed Mn(l11) is kinetically inhibiting
reduction by Fe(Il). The strong complexes in the surface waters of the Broadkill River
compare with those found in the anoxic waters of the Chesapeake Bay (Oldham et al,
2015), another system with high productivity and terrestrially influenced OM from
nearby wetlands. In the Chesapeake Bay, Mn(l11)-Lstong made up to 54 % of the dMn+
and were formed by the reductive dissolution of MnOy (Oldham et al, 2015). In the
Chesapeake Bay, strong Mn(l11)-L complexes were Kinetically stabilized against
reduction by equimolar HS’, and could only be titrated out of the system when HS™ was

>10-fold in excess of the Mn(l11)-L concentration.

5.4.5 Bacterially Catalyzed and Ligand-promoted Reduction and Dissolution of
MnOy

The stability of Fe and Mn oxides in the water column is governed by reduction
and by surface-catalyzed reactions. In systems such as the Broadkill River, with high
biological activity and organic matter concentrations, the stability of Fe and Mn oxides
may be greatly influenced not only by photoreductive processes, but also by

biologically- and/or ligand-promoted reductive dissolution (Stone and Morgan, 1984;
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Zinder et al, 1986). Given that MnOy concentrations were << dMny concentrations at all
salinities, it is likely that as Mn oxides form, they react rapidly such that they do not

accumulate in the Broadkill River system.

Bacterially catalyzed reduction has been documented for both Mn and Fe
(reviewed by Nealson and Myers, 1992). This reduction can proceed via a 1 electron
mechanism for MnOOH and FeOOH or via a two electron mechanism for MnO,, as

summarized by equation 5.12:

bacteria

MUILIV) (hyaryoxize ——> M(H20)6%" 5.12

The mineral-oxide reduction can also be catalyzed by organic ligands, with or
without bacterial mediation, for both Mn (i.e. Duckworth and Sposito, 2005) and for Fe
(Arnold et al, 1988). Equations 5.13 and 5.14 below can therefore proceed as written, or

be bacterially catalyzed.

M(I”)(hydr)oxide +L- M2+ —L 5.13

MnO, + L - Mn3* — L 5.14

There is also the potential for non-reductive dissolution of mineral oxides by
ambient ligands. In this case, the ligand is adsorbed to an Fe(ll1) or Mn(I11) at the
mineral oxide, and the complex subsequently dissociates. This mechanism is given in

equations 5.15-5.16 below, where “>" denotes a particle:
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adsorbtion

> M(”I; IV)hydr(oxide) M+ ——> M(”Ir IV)hydr(oxide) - M3~
5.15

dissociation

> M(”I: IV)hydr(oxide) M3 — [ ——> M(”I' IV)hydr(oxide) + M3t — L
5.16

When we added 10 uM MnQO;, to a filtered freshwater sample from our system,
we observed the loss of 4 uM MnO,, after 21 hours, and formation of Mn(I11)-L,
indicating rapid cycling of MnO, with Mn(l11)-L complexes as the preferred product
(eqg. 5.14). The reductive dissolution of Mn oxides by humic and fulvic acids is well
documented, in the context of organic matter degradation (Sunda et al, 1983; Waite et
al, 1988; Sunda and Kieber, 1994); however, less is understood about the manganese
products in the reaction. Based on data from figure 5.3, Mn(lI1)-humic complexes are a
likely intermediate, if not a (meta)stable product, in the oxidative degradation of humic

material by Mn oxides.

5.4.6 Aggregation and Removal of Soluble Fe and Mn

The principle removal mechanism of soluble Fe and Mn species when
freshwater encounters seawater has been shown to be precipitation upon flocculation
onto organic matter and solid metal oxides (Sholkovitz, 1978). Although biological
oxidation of Fe(ll) and Mn(Il) is ubiquitous in natural waters (Fig. 5.7, eqns. 5.6-5.8),
physical aggregation processes are particularly important in estuarine mixing zones,
some of these are described in equations 5.17-5.20. The zero point of charge (ZPC) for
a metal surface indicates the point at which that half the surface sites are protonated,
and the surface is neutral. This can be expressed as pHzpc, as the pH where the solid

surface is neutral. When the pH of a solution is greater than the pHzpc for a solid, that
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solid surface is negatively charged and acts as a base. In estuarine mixing, flocculation
will occur when the divalent cations in seawater aggregate on negatively charged metal
surfaces, inducing flocculation of positively charged soluble Fe and Mn. Given that the
pPHzpc 0f MNO;, is 4.6, compared to that of FeOOH at 9.7 (Xu and Schoonen, 2000), Mn
oxides are more basic in estuarine systems, and thus more reactive to dissolved metal
ions. Thus, equations 5.17-5.20 are likely more dominant for MnO, surfaces, but
adsorption to Fe oxides is also possible (FesO4 has pHzpc = 6.5, for example; Xu and
Schoonen, 2000). In equation 5.17, redox occurs between both metal centers at the

surface, and if M?* is Mn, this is known as a comproportionation reaction.

> Mn(IV)0, + M?* = > Mn(I11)0, — M3* 5.17

Adsorption can also occur non-reductively, shown in equation 5.18, which is

essentially the reverse of the process in equations 5.15 and 5.16:

> M(”I: IV)hydr(oxide) + Mt > > M(”I' IV)hydr(oxide) - M?* 5.18

Metal ligand complexes may also be adsorbed to surfaces, which may or may
not be hindered by the ligand, depending on the ligand charge. The adsorption could
thus occur via the metal centers (redox at the metal centers is also possible here, but not
shown) as in equation 5.19, or via a bridging ligand as in equation 5.20. Note that
equations 5.19 and 5.20 are also possible for M**-L, and again, represent the reverse of

the process described in equations 5.15 and 5.16.
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> Mn(IV)0, + M3* —L - > Mn0, — M3+ — | 5.19

> Mn(IV)0, + M3* —L - > Mn0, — L — M3* 5.20

Additionally, in our system, we observed a greater loss or removal of dissolved
Fe from the freshwater end-member to the Delaware Bay than for dissolved Mn, for all
sampling events. The abiotic reaction of Fe(H,0)s*" with O, to form Fe oxides is at
least 10° times faster than Mn(H,0)s”* with oxygen (Grassian, 2005); thus, we predict
that Fe solids will precipitate more rapidly than Mn solids. Additionally, given that the
Mn we measure in the Broadkill River is largely non-colloidal (Section 5.3, Fig. 5.4), it
seems that aggregation processes (eqs 5.17-5.20) are less important for soluble Mn than

for soluble Fe, which was predominantly in the colloidal fraction (0.02 to 0.20 pum).

Our observations in the Broadkill River indicate that soluble Mn and Fe loss
mechanisms (egs. 5.17-5.20) occur predominantly in the absence of high organic matter
concentrations, as in winter and spring sampling events. Under summer and fall
conditions, it is likely that processes like equations 5.15-5.16 dominate, in the presence

of abundant organic ligands.

5.4.7 Revisiting Estuarine Removal

In our system, we observe high concentrations of soluble Mn(l11)-L complexes
and Fe(l1) species, both of which appear to be seasonally exported from the Broadkill
marsh system to the Delaware Bay in summer and fall months. These observations are
in contrast to previous observations of estuarine mixing where metal removal processes

(egs. 5.17-5.20) have been shown to dominate (Coonley et al, 1971; Windom et al,
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1971; Boyle et al, 1974, 1977; Graham et al, 1976; Moore et al, 1979; Eastman and
Church, 1984).

Unlike earlier work that showed removal behavior in property-property plots of
dissolved Fe and Mn along the estuarine freshwater and saltwater transects; in some
months, we observe export of dMn rather than conservative mixing, and conservative
mixing of dFe rather than removal. This is particularly evident for dMn in the summer
and fall months, where dMn, in the form of Mn(l11)-L complexes, is higher at salinities
>10 than at salinities <10 (Fig. 5.2). Dissolved Fe also does not show typical estuarine
removal as it shows conservative behavior in some samplings (Fig. 5.5). A source of
dFe appears at mid-salinities in all sampling events (Fig. 5.5). We propose that organic
matter production form marshes and metal-organic complexation (egs. 5.1, 5.2, 5.6,
5.13-5.15) in the Broadkill River explains the high Mn(l11)-L complexation and export

along the salinity gradient, and the non-conservative mixing of dFe.

The dMnt and dFer profiles from this study indicate that Mn(111) binds ambient
ligands more strongly than Fe(l11). Although Fe(ll) decreased with increasing salinity
on June 23", [~100-fold decrease from 0 ppt to mouth (~25-30 ppt)], Fe(I11) increased
1.7-fold from O ppt salinity to the mouth of the river. Since both Fe(lll) and Mn(l11)
increase along the salinity gradient on this day, similar ligands may be binding both
metals. However, it seems that the Mn(l11)-L complexes are more stable than the
Fe(l11)-L complexes, because [Mn(l11)-L] >> [Fe(l11)-L] and Mn(I11)-L are less

susceptible to photoreduction (eq. 5.10). This finding suggests that Mn(l11) may have a
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higher affinity for the ambient humic-type ligands in coastal mixing zones such as the

Broadkill River.

Additionally, the dissolved organic compounds found in coastal waters such as
the Broadkill River are higher in overall concentration than in oceanic environments,
and are present as a complicated mixture with varied composition (Morel and Hering,
1993). Also, coastal organic matter contains a range of functional groups that may
interact differently with Fe and Mn. This organic matter is both variable in origin, and
can be transformed by biology, redox chemistry and photochemistry. Thus, given the
variable inputs and transformations of organic matter in coastal systems, changes in
organic matter reactivity and composition may occur faster than complexation reactions
and therefore equilibrium may not be reached (Rose and Waite, 2003). Both soluble Mn
and Fe can interact with oxygen and/or organic matter to form metal-organic complexes

(Fig. 5.7, egs. 5.1-5.2), which can prevent formation of crystalline Mn and Fe oxides.

5.4.8 Humic Complexation of Dissolved Mn

Although previous studies of estuarine removal have noted the correlation
between metal removal and humic material removal (Sholkovitz, 1976), none have
clearly shown that metal complexation to humic material occurs and may be important
for transport and removal processes. In this study, high % Mn(l11)-L corresponded to
locations where the intersection of large creeks with the Broadkill river occurred,
indicating that the wetland is acting as a source of ligands to the system through the
degradation of plant material and release of humic material. Figure 6 examines Mn
speciation and humic absorbance at 280 nm over the course of the 9 sampling events.

Three sites are represented: low salinity (site #1), mid salinity (site #5) and the mouth of
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the river, into Delaware Bay, with high salinity (site #8). At all sites, humic absorbance
and Mn(I11)-Lyot increased over the summer and fall months. Humic absorbance was
generally highest at mid-salinities where we observe the highest density of small salt
marsh creeks and a high abundance of S. alterniflora. Figure 5.6 also shows that the
Broadkill River likely acts as a source of Mn(l11)-L to the Delaware Bay, as the total
dMn at the mouth of the river increases through the summer and into the fall. Our
sampling on October 7" represents speciation after hurricane Joaquin, where the marsh
was completely flooded. This corresponded to exceptionally high dMn+y and humic
material. In the acid precipitation experiment detailed in section 5.3.3, we confirm that
humic complexes are important in the Broadkill system by comparing an aliquot of a
sample where humic acids were acid precipitated to another aliquot where excess humic
materials were left in the sample. We recovered 38 % of the total dissolved Mn as
Mn(111) from precipitated humic material, thereby indicating that humic complexation
of Mn(111) is important in this system. We also showed that the ambient humic ligand
was able to outcompete added pyrophosphate for Mn(l11), only when the sample was
not acidified. In particular, this finding may have implications for previous metal
studies in coastal areas with high humic matter concentrations, which employed an

acidification step for soluble metal preservation.

Previous studies have also found that humic type ligands can complex metals in
natural waters. For example, Mantoura et al, (1978) found that Cu and Hg were 99.97 %
and 100 % complexed as metal-humic species in a freshwater system. Although copper
is likely the most thoroughly researched metal binding to humic substances (e.g. Alberts

and Filip, 1998), more recently, Fe(l11) has been shown to complex well to humic
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material in fresh and saline samples (Abualhaija et al, 2015; Batchelli et al, 2010;
Rijkenberg, et al, 2006). In a study examining the competition for copper binding sites
by Fe(I11) and Al(I11), Alberts and Filip (1998) used the copper binding capacity
(CuBC) to assess the effect of other elements on the CuBC of estuarine fulvic and
humic acids. They found that Al and Fe decreased the CuBC of humic acids by 43%.
Abualhaija et al, (2015) also found that Fe(l11) competed for the same ligands as Cu(ll),
and that Fe(l11)-humic complexes had similar conditional stability constants to Cu-
humic complexes. Since we know that Mn(I11) and Fe(ll1) can have similar binding
strengths for the same known ligands, it is likely that humic binding is significant for
both these elements, and that Mn(l11) is competing for the same humic binding sites as

Fe(l11).

5.5 Conclusions

Mass balances in oceanic environments have been given considerable attention,
and input from continental weathering by river and ocean mixing has been the best
characterized. For many trace metals, including Fe and Mn, estuarine removal and/or
conservative mixing during estuarine mixing is now assumed (Windom et al, 1971;
Holiday and Liss, 1976; Sholkovitz, 1976; Boyle et al, 1977; Moore et al, 1979;
Eastman and Church, 1984). The classic examples of estuarine removal of dFer are the
summer and fall values reported by Boyle et al, (1977) where about 90 % of dFer was
removed, as measured by the Ferrozine assay, 4 days after sample collection and
acidification. However, river water DOM is largely composed of humic substances
(Lamar, 1968; Beck et al, 1974), and these precipitate at pH<2. Because humic binding
of many trace metals (Mn, Co, Ni, Cu, Zn, Cd, Hg, Fe, Al) has been shown to be

significant (Mantoura et al, 1978), acidification may lead to an underestimate of total
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dissolved metals. Our findings indicate that acidification precipitates Mn(111)-humic
complexes in the Broadkill river. Thus, previous measurements may have missed
dissolved trace metal export from estuaries to the coastal ocean, because acidification

was used to preserve the soluble metal fraction.

We show that the metal-organic matter interactions in estuarine mixing are more
important and complicated than previously shown, in particular, metal interactions with
humic acids. Wetlands analogous to our Great Marsh system are the predominant
feature of both the East and Gulf coasts of the United States. The decomposition of S.
alterniflora, the dominant plant species along the entire East and Gulf coast of the
United States produces humic acids; thus, humification is enriched during
decomposition periods (Filip and Alberts, 1988, 1989). When decomposition is high in
the summer and fall, and organic matter concentrations are high, we predict export of
metal-organic complexes. When productivity is low in the winter, and there is little
organic matter available for complexation, metal removal processes likely dominate in
estuarine systems. Thus, seasonal changes in plant growth and decay determine whether
estuarine systems show net removal or export of metal-organic complexes. This can be
seen by our finding that organic Mn(l11)-L complexes increased in concentration from
April to October, and were notably higher at the mouth of the river, suggesting export.
Our findings in the Broadkill River are likely representative of other similar wetland
sites, which dominate the East and Gulf Coasts of the U.S., and indicate that coastal
metal removal processes need to be revisited. Metal complexation may be an important

factor in not only the export of dissolved metals to the coastal ocean, but also organic
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matter, and thus our findings have significant implications for nutrient delivery from the

coast to the ocean.
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Chapter 6

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Soluble Mn(111) species have been detected in several suboxic marine
environments (Trouwborst et al., 2006; Yakushev et al., 2009; Dellwig et al., 2012;
Madison et al., 2013), and in this work, Mn(l11) was detected in sulfidic waters and oxic
waters. Thus, it is likely that soluble Mn(I11) is ubiquitous in the marine environment.
This dissertation describes the distribution of Mn(l11)-L complexes in three distinct
systems: the Chesapeake Bay- a seasonally anoxic basin; the St. Lawrence Estuary — a
hemipelagic system with hypoxia developing in its bottom waters, and a fjord; as well
as the Broadkill River — a tributary to the Delaware Bay bordered by a salt marsh. In
each system, the objective was to describe Mn(l11)-L formation and removal pathways
and to shed light on the biogeochemical implications of Mn(l11)-L. The results
presented in this dissertation provide evidence for diverse formation pathways for
Mn(I11)-L complexes based on: (1) the concentration and nature of ambient ligands; (2)
the oxygen content and gradient; and (3) the presence of reducing agents.

In the sections below, | highlight the major results and conclusions from this
dissertation and indicate several areas for potential future research on dissolved Mn(l1l)
in seawater. Given the rapid pace human-induced global climate change, it is important
to provide a baseline for the state of Mn speciation in the global ocean. In particular, the
distribution and speciation of Mn affects not only Mn bioavailability, but also the cycles

and bioavailability of other essential nutrients. Thus, a complete understanding of Mn
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cycling is essential for our understanding of changing primary productivity in the global

ocean.

6.1 The impact of manganese speciation on iron bioavailability

Luther et al (2015) demonstrated that the thermodynamic conditional formation
constants of Mn(l11)-L and Fe(l11)-L (uncorrected for side reaction coefficients) are
similar in organic matter decomposition zones. In Chapter 2, | addressed the stability of
several known Mn(l11)-L complexes, and compared them to the strong ligands in the
anoxic bottom waters of the Chesapeake Bay. The complexes stabilized in the
Chesapeake Bay were found to be stronger (logKcong>13.2) than known laboratory
Mn(I11)-L complexes, such as desferrioxamine-B (I0gKcong<13.2). Known Mn(l11)-L
complexes have been shown to have similar (or larger) thermodynamic stability
constants (Kinerm) as the same Fe(l11)-L complexes (Harrington et al., 2012). Therefore,
it is likely that in most marine systems, Mn(l11) and Fe(ll1) will compete for the same
ambient ligands.

Competition between Fe(l11) and Mn(l11) for the same ligands is important in the
context of oceanic primary productivity. Like Mn, Fe is a necessary nutrient for
phytoplankton growth, and many other biological processes; but unlike Mn, Fe is the
limiting nutrient in large regions of the global ocean. Phytoplankton make up the base
of the marine food web and are principle drivers in the global carbon cycling and play a
crucial role in the mediation of human-induced global climate change (Martin, 1990).
The primary source of Fe to the ocean is dust deposition, and ~30% of the global ocean
does not receive significant dust inputs, resulting in extremely low concentrations of Fe
(Moore et al., 2013). The concentration of Fe is so low in these regions that

phytoplankton productivity is limited and the regions are known as high nitrate-low
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chlorophyll (HNLC) waters. It has been argued that Fe is the most limiting nutrient in
the ocean due to its critical role in phytoplankton growth processes, but also due to the
decreasing abundance of Fe as a result of oxygenic photosynthesis over geological
timescales (Sunda and Huntsman, 2015). Sunda and Huntsman (2015) also argue that
on shorter timescales, Fe will not only be limiting in HNLC regions of the ocean, but
also in the deep chlorophyll maximum (DCM; usually near the base of the photic zone,
> 50 m) of thermally stratified regions of the ocean such as subtropical mid-ocean gyres
that occupy most of the remaining ~70 % of non-HNLC oceanic waters. The DCM of
many regions is predicted to increase in size with increased temperatures, and Sunda
and Huntsman (2015) point out that by affecting the community structure of
phytoplankton in these regions, Fe will have a significant impact on primary
productivity.

Organic complexation enhances Fe(I11) solubility in seawater, as in the absence
of complexation, Fe(lll) hydrolyzes and precipitates rapidly. Some phytoplankton are
adapted to low-Fe regions of the ocean via the production of unknown organic ligands
to increase the bioavailable Fe pool (Maldonado and Price, 2001). Thus, if Mn(111)
binds the organic ligands intended for Fe(l1l) the uptake, Fe(lll) uptake may be
inhibited, which may decrease oceanic primary productivity.

The results from this dissertation raise several questions with respect to Mn(l11)-
binding ligands, and the competition between Mn(I11) and Fe(ll1) for the same ligands:
What is the composition and reactivity of these organic ligands? Can organisms produce
ligands specific to Fe(l11) that do not bind Mn(111)? Can organisms respond to

[Mn(II]>>[Fe(111)]?
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We know little on the speciation of Fe in ambient seawater and even less on the
speciation of Mn. Moreover, the complexation of Fe(l1) and Mn(lIl) by organic ligands
has yet to be ruled out. Sensitive methods to discern the redox state of metal complexes,
as well as their size and reactivity, need to be developed. In particular, the nature of the
unknown ligands in seawater needs to be investigated. The work from this dissertation,
on the precipitation of Mn with humic material, may provide a starting point for assays
on humic-type ligands. If the precipitate is isolated, its composition could be determined
via HPLC methods, to tell about the humic-type ligands that bind Mn(l11) in coastal
systems.

Experiments with Mn(111) and Fe(111) competing for the same biologically-
produced ligands have not yet been conducted. Such experiments would be useful in
monitoring the speciation of each respective metal, and on the growth of specific
organisms known to produce ligands in response to Fe-stress. It would also be useful to
enrich naturally Fe-limited samples with Mn(111) [as a weak Mn(I11)-L complex, since
adding Mn(111) hexaaquo is not trivial (Luther et al, 2015)], especially since Mn is
known to replace Fe in some enzymes. This would serve to indicate whether increased

levels of Mn(I11) have an impact on already Fe-limited systems.

6.2 The Influence of Changing Oxygen Content of Seawater on Manganese
Speciation

Under current global climate change conditions, regions of low dissolved
oxygen (dO,) at mid-depths in the ocean (oxygen minimum zones = OMZs) are
predicted to increase, resulting in an overall decline in oceanic dO, (Stramma et al.,
2010). Despite the importance of redox chemistry on trace metal speciation,

investigations into the influence of decreasing oceanic dO, on marine processes and
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studies on trace metal biogeochemistry still appear as isolated disciplines. Given that
the reduction potential of the ocean (pe), driven by dO; is a master variable in
determining which chemical species exist in a given environment, it is surprising that
trace metal speciation in the context of OMZ formation has not been given much
attention. For the purpose of this discussion, the speciation of Fe and Mn in oxic
systems can be simplified by the following unbalanced pathways:

Fe: Fe (hydr)oxides (s) <> Fe(111)-L complexes (aq) <> Fe(H»0)s** (aq)

Mn : Mn oxides (s) <> Mn(I11)-L complexes (aq) <> Mn(H-0)s** (aq)

These pathways shift to the left as seawater gets saturated with dO, and to the right as
dO; decreases. In the absence of sulfide, decreasing dO, serves to increase the solubility
of Fe and Mn mineral oxide phases, which consequently solubilizes other metals,
trapped within their metal lattices.

In Chapters 2, 3 and 4, | characterized the speciation of Mn in different dO,
regimes. Based on the findings in Chapter 4, | concluded that lower dO; in the bottom
waters of the St. Lawrence was likely contributing to higher total dissolved Mn (dMn~)
concentrations in 2014 than in 1974. In particular, up to 86 % of this dMn was
stabilized as Mn(l11)-L complexes, indicating that lower dO, regimes may provide more
formation pathways for Mn(I11)-L complexes. Chapters 2 and 3 indicated that Mn(l11)-L
complexes were stable in the absence of detectable oxygen. Chapter 2 focused on the
anoxic waters of the Chesapeake Bay and indicated that Mn(l11)-L complexes could be
stabilized in the absence of detectable dO,, and that these complexes were kinetically
stabilized against reduction by H,S. Given these findings, it is likely that in OMZs such
as the Arabian Sea and the eastern Equatorial Pacific Ocean, Mn(l11)-L complexes

should be stable if Mn(l11)-binding ligands are present.

183



For future work, simple laboratory experiments that aim to trap Mn(I11)-L
during incubations of known microbial Mn oxidizers and reducers would be useful in
evaluating the rates of these processes in changing dO, regimes, and in the presence or
absence of H,S. The information gained in these laboratory studies could be applied to
predicted changes in oceanic dO; levels and used to determine the corresponding
change in metal speciation. It would also be useful to produce a time-course of Mn
speciation in a system like the Chesapeake Bay, over a full seasonal cycle. This could

lend insight into how Mn speciation changes in natural systems as dO, decreases.

6.3 Rethinking terrestrial inputs of dissolved metals

Chapter 5 of this dissertation examined the impact of estuarine mixing on the
speciation of Mn and Fe in the Broadkill River, a tributary to the Delaware Bay. |
showed that soluble Mn and Fe were not completely removed during estuarine mixing,
as previously thought. Instead, due to organic complexation, soluble Mn and Fe were
seasonally exported in the late summer and fall. In particular, soluble Mn(111) export
and complexation was much more pronounced than for Fe(l1l), indicating that the
ligands in the Broadkill River may complex Mn(l11) more strongly than Fe(lll). The
complexation arises predominantly due to the influx of organic exudates during the
degradation of plant material in the late summer and fall. Some of the Mn complexation
in the St. Lawrence Estuary and Broadkill River was shown to be humic. Given that
many previous soluble metal assays involved an acidification step for sample
preservation, and that humic material precipitates at pH<2 (Chapter 4), it is likely that a
significant fraction of soluble metals remains unaccounted for in coastal systems where
humic concentrations are high. In particular, seasonal export of many metals is possible,

given that organic metal complexation is not exclusive to Mn and Fe.
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Coastal transport of dissolved metals to the open ocean was considered to be a
well-understood process, but may in fact be more complicated than previously thought.
It is important to provide a baseline of metal transport from the terrestrial systems in
estuaries, then to the coastal and the open ocean, particularly in light of human-induced
global climate change. Many aspects of oceanic chemistry in coastal systems are
predicted to change, including increased surface temperatures and vertical stratification,
decreased oxygen content, sea level rise and changing circulation patterns — to name a
few. In particular, the predicted increase in sea level rise and changing circulation
patterns may lead to greater terrestrial inputs due to a greater surface area of seawater in
contact with wetland sediments, which could lead to further intensification of coastal
oxygen minimum zones due to increased primary productivity.

Klinkhammer et al (2009) examined increased dissolved terrestrial inputs to the
coastal ocean during the last deglaciation, as a result of sea-level rise. Because Mn has a
high crustal abundance and a short residence time in seawater (~50 years), it can be
used as a sensitive tracer of terrestrial inputs to the ocean, by looking at the Mn/Ca
ratios of planktonic and benthic foraminiferal calcite. Using Mn/Ca ratios,
Klinkhammer et al (2009) observed that terrestrial inputs were ~1.5 times higher than
they are today during the last deglaciation due to sea-level rise. These results were
interpreted to mean greater productivity during this time, because enhanced terrestrial
input of Mn means enhanced inputs of other important terrestrially derived nutrients
like Fe; and indeed, this is consistent with widespread observations of increased
denitrification during the interglacial period (e.g. Robinson et al, 2007). This process
may be mimicked today on a much shorter timescale due to human-induced sea-level

rise. Because increased productivity leads to intensification of oceanic OMZs, enhanced

185



terrestrial input of dissolved metals due to sea-level rise may act as a negative feedback
mechanism: higher sea level will lead to greater fluxes of dissolved metals, which will
enhance primary productivity, consequently expanding ocean OMZs. Moreover,
decreasing dissolved oxygen content of seawater will act to solubilize many trace
elements including Fe and Mn, leading to greater primary productivity, further
expanding oceanic OMZs. To understand the extent of this possible scenario, it is
imperative to obtain current “baseline” or near-baseline fluxes of metals from coastal
systems to the global ocean, and to assess how these fluxes will change in in response to

varying levels of dO..

6.4 The Role of Mn(l11) in the Redox Cycles of Other Elements

Throughout this dissertation, a principle role of soluble Mn(I11) in seawater has
been as a redox active species in the coupled cycling of many other elements. In
particular, I examined the relationship of Mn with sulfur as sulfide (H,S), dissolved
oxygen (dO,), carbon in the form of organic ligands and humic material, and iron (Fe).

In Chapter 2, I discussed the kinetic stability of natural strong Mn(I11)-L
complexes against reduction with H,S in the anoxic bottom waters of the Chesapeake
Bay. I also show that Mn(I11)-DFOB can be stabilized in the presence of equimolar H,S
in the laboratory. Thus, Mn(I11)-L may play an important role in anoxic systems as an
electron acceptor where other electron acceptors like oxygen and MnOy are not present.

In Chapter 3, I discussed the oxidation of Mn(ll) to Mn(l11)-L and MnOy in the
suboxic zone of the Chesapeake Bay at non-detectable dissolved oxygen (dO) levels.
Given a predicted decrease in oceanic dO,, it would be useful to discern the limiting
concentration of dO, at which Mn-oxidizing bacteria are capable of oxidizing Mn, and

whether this oxidation process derives energy or breaks down organic matter. This
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could be achieved with simple incubations of known Mn-oxidizers at set dO, conditions
with Mn(I1) and Mn(I11)-L additions as well as diverse organic carbon sources. It would
also be useful to measure Mn oxidation rates over the course of a seasonal cycle of
anoxia in a system like the Chesapeake Bay.

Chapter 5 examined potential reactions between dissolved Mn and Fe in the
Broadkill River, DE. | proposed that the Mn(I11)-L complexes in the Broadkill River
were stabilized against reduction by excess dissolved Fe(ll) because Fe(ll) was
complexed, and thus sterically hindered against oxidation. In addition, | observed that
soluble Fe was removed more readily during estuarine mixing than dissolved Mn. This
is because reaction of Fe(H,0)s”>" with O, to form Fe oxides is at least 10° times faster
than Mn(H,0)s** with oxygen (Grassian, 2005); thus, Fe solids precipitate more rapidly
than Mn solids. Another important finding in Chapters 4 and 5 was that the dissolved
Mn was non-colloidal (< 20 nm), unlike many “dissolved” Fe species, which can be up
to 90 % colloidal (size fraction between 20 and 200 nm; Shlosser et al., 2009).
Therefore, aggregation processes may be less important for Mn than for Fe.

There are many coupled cycles of Mn with other biologically relevant elements
aside from the coupled cycles of Mn described in this dissertation. These include Mn
reactivity with nitrogen (N), chromium (Cr), cobalt (Co), and zinc (Zn), to name a few.
The importance of Mn(I11)-L in the context of Mn cycling with these other elements
warrants further study. For example, the reactions of many Mn species with N species
are thermodynamically favorable (Luther et al, 1997), including the oxidation of NH3
and organic-N to N3 in sediments by MnO, in the presence of O,. This effectively
would sidestep the traditional nitrification/denitrification process in the nitrogen cycle

and could explain the formation of N in oxic sediments (Luther et al, 1997). Hulth et al
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(1999) also investigated coupled nitrification and manganese reduction, showing that
NOj3" can be produced during Mn oxide reduction in anoxic sediments. The coupling of
the Mn and N cycles was also suggested by Tebo et al (1991), who proposed that
Mn(I1) oxidation by bacteria in the Black Sea may be mediated by NO3". However,
these studies do not account for intermediate Mn(l11)-L species, and have not been

directly studied in seawater.

6.5 Final Thoughts

The work in this dissertation expands our knowledge of the widespread
environmental occurrence of soluble Mn(I11), and the importance of abiotic and biotic
Mn redox cycling for the cycling of carbon, as well as the fate of nutrients. However,
there is a paucity in knowledge regarding the mechanisms and pathways of electron
transfer from Mn(I1) <>Mn(l11) «<>Mn(IV). This dissertation lends insight into the
potential mechanisms of Mn(l11)-L formation as an intermediate in oxidative and
reductive pathways. These pathways can be microbially or chemically mediated, but the
rates and magnitudes of these pathways are still unknown. In particular, these pathways
are undoubtedly occurring concurrently and at different rates in diverse systems and in
changing oceanic conditions. Thus, understanding the relative magnitude and
importance of each mechanism in seawater is not trivial.

One clear, current challenge is to discern abiotic from microbially-mediated Mn
redox cycling. Future experimental design should emphasize not only sterile treatments
as a control, but also the potential for microbial products to participate in abiotic
reactions. For example, the biotic formation of H,S followed by the abiotic reduction of

MnO,.
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Field sampling of different redox species concurrently is also crucial in
understanding redox processes of a given system. For example, studies examining Mn
speciation, Fe speciation and reactive oxygen species in surface waters at one site would
provide much more insight than studies examining one of these three things and many
sites - which finally, emphasizes the importance of process oriented field studies. Given
the heterogeneity of metal-organic interactions in seawater, process-based approaches
are imperative because studies examining only elemental distributions cannot tell about
reactivity and therefore they cannot truly tell about biogeochemical changes in a

changing ocean.
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