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Abstract Manganese (Mn) is distributed widely throughout the global ocean, where it cycles between
three oxidation states that each play important biogeochemical roles. The speciation of Mn in seawater
was previously operationally defined on filtration, with soluble Mn presumed to be Mn(II) and solid‐phase
Mn as Mn(III/IV) oxides. Recent findings of abundant soluble Mn(III) complexes (Mn(III)‐L) highlights the
need to reexamine the redox cycling of Mn, as these complexes can donate or accept electrons. To better
understand the complex cycling of Mn in coastal waters, the distribution of Mn species at four Northwest
Atlantic sites with different characteristics was examined. Diurnal influences on Mn speciation were
investigated within a productive site. At all sites, Mn(III)‐L complexes dominated, particularly in surface
waters, and Mn oxides were low in abundance in surface waters but high in bottom waters. Despite intrasite
similarities, Mn speciation was highly variable between our stations, emphasizing the diverse processes
that impact Mn redox. Diel Mn measurements revealed that the cycling of Mn is also highly variable over
time, even on time scales as short as hours. We observed a change of over 100 nM total Mn over 17 hrs
and find that speciation changed drastically. These changes could include contributions from biological,
light‐mediated, and/or abiotic mechanisms but more likely point to the importance of lateral mixing at
coastal sites. This exploration demonstrates the spatial and temporal variability of the Mn redox cycle and
indicates that single timepoint vertical profiling is not sufficient when describing the geochemistry of
dynamic coastal systems.

Plain Language Summary Manganese (Mn) is an essential micronutrient in seawater and an
important player in the reactions of many other biologically relevant elements. The role of Mn in
seawater is governed by its speciation: oxidation state (+2 to +4 in natural systems) and coordination
environment. Manganese speciation is dominated by three species: soluble Mn(II), soluble Mn(III)‐ligand
complexes, and solid Mn oxides. Most studies of Mn in seawater focus only on solid versus soluble phase
speciation, but this does not adequately describe the redox cycling of Mn because each species has unique
chemistry in seawater. Here, we add to the limited studies that examine the speciation of Mn in seawater
and find that Mn(III)‐ligand complexes dominate our four coastal sites. This is important because Mn(III)
can donate or accept electrons, making it particularly reactive and versatile. The complex cycle of Mn in
coastal waters is dominated by each site's unique biology, the light regime, and water mixing processes. In
addition, we examine the speciation of Mn over a diel cycle and find that Mn speciation changes
dramatically from day to night, likely a mixing response. Thus, we find that the cycling of Mn is more
variable over space and time than previously thought.

1. Introduction
Manganese (Mn) is an essential micronutrient, including in seawater, where it serves as a redox mediator
and cofactor in enzymes necessary for photosynthesis, antioxidant activity, and other physiological pro-
cesses (Hansel et al., 2017; Geszvain et al., 2013). Manganese is also a potent redox reactant within the envir-
onment and participates in the cycling of other bioactive elements including carbon (C), nitrogen (N),
oxygen (O), sulfur (S), and iron (Fe), to name a few (Tebo et al, 2004; Hansel & Learman, 2015). Reduced
and soluble Mn(II) is an important scavenger of the reactive oxygen species (ROS) superoxide (O2

•−;
Wuttig et al., 2013; Hansard et al., 2011), leading to the formation of oxidized Mn (Learman et al., 2011;
2013). Oxidized forms of Mn(aqueous Mn(III)‐ligand complexes and Mn(III/IV) oxides) are among the
strongest oxidants in seawater after O2 (Luther, 2005), and solid‐phase Mn(III/IV) oxides also have high
sorption capacities, garnering them a reputation as “scavengers of the sea” (Goldberg, 1954).
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A major impediment to a greater understanding of the redox cycling of Mn in the ocean is the lack of
understanding of its speciation beyond the phase (dissolved vs. particle) distinction. While there is a fair
amount of data regarding total and dissolved Mn, this is not enough to address the impact that Mn has
on other biogeochemical cycles because the reactivity of Mn varies with oxidation state. Until recently,
the speciation of Mn was operationally defined by filtration, where the fraction that passed through a
0.2‐μm filter was presumed to be soluble Mn(II), and the fraction retained on the filter was considered
solid‐phase Mn(III/IV) oxides (predominantly thought to be as Mn(IV)) (see, e.g., Graham et al., 1976).
The oxidation of Mn(II) to Mn(IV) oxides, however, occurs via two, separate, one‐electron transfer steps,
as the donating and accepting molecular orbitals between Mn(II) and Mn(IV) are spatially distinct
(Luther, 2005). Mn(III), therefore, is formed as an intermediate. Although aqueous Mn(III) dispropor-
tionates rapidly at pH < 7, at seawater pH and in the presence of suitable ligands (L), this Mn(III) inter-
mediate forms Mn(III)‐L complexes instead. In fact, these Mn(III)‐L complexes have recently been
shown to be a dominant component of dissolved Mn within estuaries and ocean basins (Trouwborst
et al., 2006; Dellwig et al., 2012; Yakushev et al., 2009; Madison et al., 2011, 2013; Oldham et al.,
2015, 2017a,b,c). Additionally, Mn(III) has been shown to bind to the same ligands as Fe(III)
(Duckworth & Sposito, 2005, 2007; Parker et al., 2007) with stability constants similar to or exceeding
those of analogous Fe(III)‐L complexes (Luther et al., 2015). Thus, Mn(III)‐L complexes are now consid-
ered to be an important part of the Mn pool and may be a particularly reactive fraction as they can both
donate and accept electrons. Previous studies, which have only considered solid versus soluble Mn,
therefore, do not fully account for the full redox capacity of Mn.

At seawater pH, the thermodynamically favored state of Mn is Mn(IV), present as oxy (hydr)oxide solid
phases (Morgan, 2005). Nevertheless, soluble Mn is abundant and stable in the marine waters (up to 12
μM, Trouwborst et al., 2006). In fact, unlike most transition metals, soluble Mn actually exhibits a surface
maximum (Landing and Bruland, 1980). This distribution is due in part to thermodynamic and kinetic con-
straints on abiotic Mn(II) oxidation to Mn(III) by O2 (Luther, 2005) but may be better explained by inorganic
and organic reductive processes, many of which are sunlight‐induced reactions. Specifically, most soluble
Mn in the surface ocean is thought to persist due to photo‐assisted reductive dissolution of Mn oxides
(e.g., Sunda et al., 1983) and/or light inhibition of microbial Mn(II) oxidation (Sunda & Huntsman, 1988).
The sunlight‐induced production of ROS like superoxide (O2

•−) and hydrogen peroxide (H2O2) may also
be an important mechanism in controlling both the formation and reductive dissolution of Mn oxides.
Both of these ROS are major photochemical products in seawater, with superoxide concentrations in sunlit
waters up to 10 nM (Petasne and Zika, 1987; Rose et al., 2008, 2010) and H2O2 persisting longer with concen-
trations in the range of 10–200 nM (Cooper et al., 1988). Further, extracellular production of both superoxide
and hydrogen peroxide by marine phytoplankton and bacteria is now known to be widespread and a major
source of ROS within both dark and sunlit waters (e.g., Diaz et al., 2013; Hansel et al., 2016; Marshall et al.,
2005; Rose et al., 2010; Schneider et al., 2016). Superoxide is an oxidant of Mn(II) (Hansard et al., 2011;
Wuttig et al., 2013), and both photochemical and biological superoxide production have been linked to
Mn oxidation and oxide formation (Hansel et al., 2012; Learman et al., 2011; Nico et al., 2002). On the other
hand, H2O2 is a reductant of oxidized Mn species (Baral et al., 1985; Learman et al., 2013). Thus, ROS can
lead to the formation of Mn(III)‐L via both oxidative and reductive pathways.

Below the photic zone, in the absence of light‐associated reductive processes, dark oxidative processes lead to
the formation of Mn oxides. For example, the surface‐catalyzed oxidation of Mn(II) occurs on metal oxide
surfaces, either autocatalytically (e.g., Mn(II) on MnOOH; Morgan, 2005) or on other metal oxides (e.g.,
Mn(II) on Fe oxides; Wehrli, 1990; Madden & Hochella, 2005). Further, a wide diversity of bacteria (Tebo
et al., 2004; Hansel, 2017) oxidize Mn(II) via direct enzymatic activity involving either multicopper oxidases
(Gezvain et al., 2013) or animal heme peroxidases (Anderson et al., 2009). Mn(III) is produced as an inter-
mediate (Webb et al., 2005; Dick et al., 2008; Johnson & Tebo, 2008), which is bound reversibly to the
enzyme site that oxidized the Mn(II) and can therefore either be stabilized by ligands or get further oxidized
to Mn oxides (Butterfield et al., 2013). In addition to direct microbial oxidation, microbial production of
extracellular superoxide‐producing enzymes leads to the oxidation of Mn(II) to Mn(III) (Learman et al.,
2011; Learman & Hansel, 2014) and ultimate formation of Mn oxides within both sunlit and dark conditions
(Learman et al., 2011; Andeer et al., 2015). Thus, both the direct and indirect microbial oxidation of Mn(II)
may act as a source of Mn(III)‐L to seawater.
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Additionally, the dissolution of Mn oxides by ligand‐promoted reductive dissolution can also be achieved in
the absence of light, withMn(III)‐L as a product (Duckworth & Sposito, 2007; Oldham et al., 2015). This may
be a particularly favorable mechanism for the formation of Mn(III)‐L complexes in the presence of dissolved
organic carbon (Stone, 1987a, 1987b; Stone & Morgan, 1984). Laboratory experiments indicate that ligand‐
promoted oxidation of Mn(II) by theMn(III)‐binding ligand desferrioxamine‐B is possible with O2 as the oxi-
dant (Duckworth & Sposito, 2005), but there are no direct studies ofMn(II) oxidation by natural organicmat-
ter leading to the formation of Mn(III)‐L.

The reactions surrounding the redox cycle of Mn in coastal systems are complex, with many oxidative and
reductive pathways co‐occurring, particularly in surface waters and shallow water column sites (<100 m)
where the influence of light, ROS, particles, and biology interact. Here, we sought to expand our understand-
ing of the redox cycling of Mn in coastal systems, beyond estuaries and stratified ocean basins. To do so, we
profiled the speciation of Mn at four biogeochemically distinct coastal sites in the Northwest Atlantic off the
east coast of theUnited States inAugust 2017 (Figure 1). To fully incorporate the influence of diurnal changes
in light, ROS, and microbial activity, we also examined Mn speciation at a highly productive coastal site off
the coast of New Jersey over a diel cycle. This exploration further highlights the dominance ofMn(III)‐L com-
plexes and demonstrates the variability and complexity of the Mn redox cycle within coastal systems.

2. Materials and Methods
2.1. Sample Collection

Samples were collected from four water column sites along the northeast coast of the United States (Figure 1)
in August 2017 aboard the R/V Endeavor. Samples for Mn speciation were collected using a paint‐sealed Sea‐
Bird rosette, outfitted with a Sea‐Bird SBE 19 Plus V2 recording CTD (conductivity, temperature, and depth)
and 8‐L X‐Niskins (General Oceanics). The Niskins were acid‐cleaned in the laboratory prior to use and “pre-
soaked” for 12 hr with local seawater collected at a shakedown station prior to deployment at the stations listed
here. This “clean rosette”was lowered on a nonmetallic line (1/4”O.D. vinyl‐jacketed Vectran) and bottle clo-
sure at preprogrammed depths controlled by a Sea‐Bird Auto‐firingModule. Sample depths were chosen based
on the real‐time water column profile data obtained from the ship's CTD rosette system (Sea‐Bird) that
was deployed before the “clean rosette” and which also provided the dissolved oxygen, salinity, PAR
(Photosynthetically Active Radiation), beam transmission, and fluorescence profiles reported here. Site‐
specific depths were chosen to target the surface, the chlorophyll maximum, the top of the aphotic zone,
the center of the aphotic zone, and the 3 m off above the sediment‐water interface. Immediately following
recovery of the “clean rosette,” the Niskins were removed from the frame and moved to a shipboard HEPA
(High‐Efficiency Particulate Air) ‐ filled “bubble,” where samples were immediately decanted through acid‐
washed C‐flex silicone tubing directly into acid‐washed 1‐L PTFE (Polytetrafluoroethylene) bottles. Samples
were kept refrigerated and in the dark until analysis and were analyzed within 2 hrs of collection.

2.2. Mn Measurements

Seawater samples (1 L) were filtered through 0.2‐μm membrane filters (Millipore) within 1 hr of collection
using acid‐washed Savillex vacuum‐filtration rigs. The filtrate was poured into new 15‐ml Falcon tubes, and
the filter was immediately amended with a leuco‐based dye for Mn oxide concentration determination in a
separate 15 ml Falcon tube.

The leucoberbelin blue (LBB) assay for Mn oxides (denoted MnOx hereafter) was previously adapted from
Altmann (1972) to examine coastal water column sites (Oldham et al., 2015; Oldham et al., 2017; Oldham
et al., 2017; Oldham et al., 2017). In this assay, the filter is amended with 3 ml of 20‐μM LBB dye solution
(LBB, Sigma‐Aldrich). The dye color forms upon oxidation of the LBB molecule by Mn oxides and can be
measured spectrophotometrically. The LBB stock solution was prepared by dissolving the powder in Milli‐
Qwater to a concentration of 4% and adding 40 μl of 10M sodium hydroxide (NaOH) per 10 ml of stock solu-
tion. Working solutions are subsequently prepared by diluting the stock solution into 1% acetic acid (v/v), to
0.4% LBB. A calibration curve was generated using KMnO4, for which equivalent absorbance for Mn(IV) is
calculated based on 2.5 more Mn(IV) being required relative to Mn(VII) to oxidize the LBB. In our setup, a
100‐cm pathlength cell (LiquidWaveguide Capillary Cell) was coupled to a flame UV‐Vis (Ocean Optics), set
up with SpectraSuite software. Using a 100‐cm pathlength cell allows for a detection limit of 0.05 nM but also
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requires our refiltration of samples (0.2‐μm luer‐lok syringe filter, Millipore) prior to injection into the cell to
avoid particulate interference and clogging of the capillary cell. Previous work using this methodology has
reported an error of <2%. Samples reacted with the LBB dye overnight in the dark prior to analysis, then
absorbance at 623 nm was recorded. If sample absorbance was too high, samples were diluted 10–20
times in Milli‐Q water.

For soluble Mn speciation analysis, an established spectrophotometric porphyrin addition method was
employed (Madison et al., 2011; Oldham, Mucci, et al., 2017), which uses the ligand T(4‐CP)P (or α, β, γ,
δ‐tetrakis(4‐carboxyphenyl)porphine, to 2.33 × 10−7 M final sample concentration). In this method, cad-
mium chloride (CdCl2; to 2.4 × 10−7 M) is added to form a complex with the porphyrin, in the presence of
an imidazole tetraborate buffer (pH = 8.2). The sample is added to the mixture (diluted 10‐fold with Milli‐Q
water to avoid chloride interference) and any Mn(II) in the sample undergoes a metal substitution reaction
with the Cd over the course of a 1‐hr reaction in a 90°C water bath. The solution is cooled, then analyzed
using the 100‐cm UV‐Vis spectrophotometric setup described above. Total dissolved Mn is analyzed in the
same way but after the addition of 1.4 μM hydroxylamine hydrochloride to the sample (reacted overnight
in a refrigerator). The difference between the total dissolved Mn and the Mn(II) gives the Mn(III)‐L in the
sample. We note that during the heated reaction with no reducing agent, it is likely that some Mn(III)‐L
complexes undergo a ligand substitution reaction with the added porphyrin, and thus our method likely
underestimates Mn(III)‐L, particularly for weaker complexes. For all samples, assays were run in triplicate
for bothMn(II) andMn total, and peak height for all assays was determined using a baseline subtraction per-
formed using ECD‐Soft peak correction software.

3. Results

Here we provide data from four biogeochemically distinct sites that each capture different aspects of coastal
Mn redox chemistry (Figure 2, Table 1). The results herein focus first on the water column profiles of four
stations, followed by the results from a diel cycle at Station 3 (New Jersey Shore; Figures 3–4).

3.1. Mn Speciation with Depth
3.1.1. Station 1—Georges Bank
Station 1, Georges Bank, was the northmost site in this study and the furthest from shore. It was a well‐mixed
site, as indicated by the vertically uniform dO2, temperature, and salinity profiles in Figure 2 (Top, Panel D).

Figure 1. Stationmap for the four stations explored in this study, Station 1 at Georges Bank (41.18026,−67.92692), Station
2 near Block Island (40.8722, −71.69217), Station 3 off the New Jersey coast (39.18884, −73.56232), and Station 4 off the
Maryland coast (37.77692, −74.56461).
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Figure 2. Speciation profiles for Mn (a) and water column physicochemical properties (b) for four stations (starred on maps) moving north to south from top to
bottom.
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The PAR was attenuated to <1% by 20 m in the water column, below which there was consistently high
fluorescence to depth. This contrasts with our other three stations, where there was a distinct
chlorophyll maximum.

Of all four sites, Station 1 had the lowest concentrations of total dissolved Mn (dMnT = 6–34 nM), with the
majority of soluble Mn in the form of Mn(III)‐L complexes (up to 80%) and highest concentrations of
dMnT in surface waters. Below the surface, at the top of the chlorophyll maximum (8 m, 1.66 mg m−3 of

Table 1
Physicochemical Data Collected From the CTD Rosette Package and Mn Speciation (in nM).

Station
Depth
(m)

Temperature
(°C)

Salinity
(ppt)

Fluorescence
(mg m−3)

PAR
(μE m−2 s−1)

% Beam
transmission

dO2
(μM)

Mn
(II) dMnT

Mn
(III)‐L

% Mn
(III)‐L MnOx

Station 1
Georges Bank

3 16.22 32.25 0.94 1,195.8 74.9 265.2 9.94 ±
2.39

33.02 ±
3.75

23.08 ±
4.45

69.90 0.26

8 16.29 32.25 1.66 395.4 75.3 264.4 6.34 ±
0.54

6.19 ±
0.08

0.00 ±
0.55

0.00 0.24

30 16.10 32.25 1.81 2.3 75.1 262.5 3.80 ±
3.20

12.96 ±
2.20

9.16 ±
3.88

70.70 0.26

40 15.98 32.26 1.97 0.2 74.9 261.9 4.24 ±
1.40

12.38 ±
2.19

8.14 ±
2.60

65.76 0.58

50 15.92 32.26 1.89 0.0 71.9 261.6 2.36 ±
0.54

12.15 ±
3.10

9.79 ±
3.15

80.61 0.56

Station 2
Block Island

3 21.61 31.49 0.54 1,008.4 76.3 257.1 5.20 ±
1.90

152.70
± 18.73

147.49
± 18.83

96.59 ND

15 15.23 32.08 1.60 122.1 76.8 289.9 7.21 ±
2.58

69.53 ±
3.13

62.32 ±
4.06

89.63 0.19

20 14.05 32.26 1.58 44.6 77.6 276.5 9.99 ±
2.73

44.93 ±
0.59

34.94 ±
2.79

77.77 0.30

30 10.61 32.44 0.42 8.8 82.6 245.3 4.35 ±
1.68

20.80 ±
2.02

16.44 ±
2.63

79.07 2.13

40 9.39 32.38 0.25 2.3 78.8 214.6 8.21 ±
1.34

12.08 ±
0.32

3.87 ±
1.38

32.05 3.41

47 9.36 32.38 0.24 0.7 78.5 213.7 8.42 ±
0.76

9.31 ±
3.66

0.89 ±
3.74

9.56 3.85

Station 3
New
Jersey Shore

3 24.94 31.39 0.26 1,323.9 82.1 258.0 3.77 ±
1.27

71.17 ±
1.02

67.40 ±
1.63

94.70 ND

15 13.09 32.30 1.98 189.8 73.9 249.7 0.00 ±
0.00

77.48 ±
0.23

77.48 ±
0.23

100.00 ND

20 10.68 32.55 3.43 65.3 75.7 226.0 0.00 ±
0.00

90.11 ±
3.46

90.11 ±
3.46

100.00 0.15

30 9.56 32.67 0.43 12.2 81.7 207.0 0.30 ±
1.06

87.60 ±
0.52

87.31 ±
1.18

99.66 0.82

40 9.56 32.66 0.39 3.3 81.6 206.5 1.51 ±
0.67

87.65 ±
7.97

86.14 ±
8.00

98.28 2.92

42.9 9.56 32.66 0.39 2.4 81.6 206.5 4.07 ±
1.91

29.99 ±
3.83

25.92 ±
4.28

86.42 3.70

Station 4
Maryland Shore

3 25.75 31.37 0.46 1,595.0 75.8 218.4 40.90
± 5.52

61.41± 20.51 ±
5.52

33.39 0.08

10 25.68 31.40 0.66 248.8 76.5 216.9 37.46
± 7.55

68.82 ±
2.18

31.36 ±
7.86

45.57 0.59

17 22.69 32.92 0.48 67.6 83.2 232.2 20.55
± 2.38

46.09 ±
5.45

25.54 ±
5.95

55.41 0.55

24 14.15 32.68 1.06 25.2 81.1 221.6 26.91
± 4.41

31.93 ±
4.14

5.02 ±
6.05

15.73 0.53

34 9.73 32.74 0.20 4.4 84.5 204.6 0.00± 15.57 ±
4.17

15.57 ±
4.17

100.00 2.37

50 8.62 32.98 0.16 0.5 84.0 212.0 9.74 ±
1.10

12.07 ±
3.71

2.33 ±
3.87

19.33 1.23

54.2 8.62 32.97 0.18 0.3 84.0 211.6 14.77
± 5.42

12.25 ±
3.84

0.00 ±
6.64

0.00 2.11

Note. Blank spaces indicate samples where no data was collected. Blank standard deviations represent where n = 1, and ND reflects values below the detection
limit.
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fluorescence), we observed the lowest dMnT (3.80 ± 3.20 nM), which was comprised entirely of Mn(II)
(Figure 2, Panel A). The bottom three depths sampled had near constant dMnT concentrations (~12 nM,
80% Mn(III)‐L). MnOx concentrations at this site were low in the top 30 m (0.24–0.26 nM) and doubled in
the bottom 20‐m depths (0.56–0.58 nM).

Figure 3. The speciation of Mn (top) and water column parameters (bottom: fluorescence, PAR, % beam transmission and dO2) over the course of the diel cycle at
Station 3 (New Jersey Shore). Error bars represent standard deviations of triplicate measurements for dissolved Mn.
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3.1.2. Station 2—Block Island
Station 2, near Block Island, exhibited more variability in the salinity and fluorescence profiles compared to
Station 1, likely leading to more defined structure in the dissolved oxygen (dO2) profile, which had a ~20 m
thick maximum from 10‐ to 30‐m depth. However, the vertical structure in the temperature profile suggests
that this was still a fairly well‐mixed site, and thus oxygen dynamics were likely the result of biological activ-
ity and not mixing.

As Station 2 is near Block Island, it is the closest site to terrestrial sources of metals and organic matter,
which is reflected in higher dMnT (9–153 nM) concentrations. At this station, the highest dissolved Mn con-
centrations were in surface waters, and this dMn was 97% Mn(III)‐L. The concentration of dMnT decreased
exponentially from surface to depth, and the relative percentage of Mn complexation within the dMnT
decreased to only 10% of the 9 nM dMnT complexed in bottom waters. This corresponded to higher MnOx

concentrations (3.85 nM at 50 m, compared to 0.03 nM in surface waters).
3.1.3. Station 3—New Jersey Shore
Station 3, off the coast of New Jersey, was characterized by a sharp fluorescence maximum at 20‐m depth
and a more stratified water column compared to Stations 1 and 2. High temperature and low salinity in
the top 10 m reflected freshwater inputs, with a zone of mixing between 10 and 25 m, and low salinity
and high temperature in the bottom 25 m, below the fluorescence maximum. The fluorescence maximum
was within the photic zone, where its base was marked by the top of the aphotic zone. The fluorescence
in this maximum (3.43 mg m−3) was the highest observed during the sampling campaign and co‐occurred
with a small increase in dO2. The oxygen profile at this site was less structured than at the Block Island site
(Station 2).

The speciation of dissolved Mn was the least varied at this site, despite the vertical stratification of the water
column and high productivity. Total dMn was 70–90 nM at all depths, except in the very bottom where it
decreased to 33 nM, and was slightly more reduced (87% Mn(III)‐L compared to 95–100% complexation at
shallower depths). Solid MnOx increased from surface (0.02 nM) to bottom (3.85 nM), with high bottom
water MnOx associated with the lowest dMnT.
3.1.4. Station 4—Maryland Shore
At Station 4, our southernmost station, we observed the most vertically stratified water column, with high
temperature and low salinity in the top 10 m of the water column, and a sharp increase in salinity from
10 to 17 m, whereas temperature decreased more gradually from 10 to 30 m. This may indicate slow mixing.
PAR attenuated at 22 m, and the chlorophyll maximum was below the photic zone (24 m, 1.06 mg m−3 of
fluorescence). This station also had the lowest dissolved O2 of our four sites, which may be the result of stra-
tification and high respiration.

Dissolved Mn concentrations were higher in the photic zone (61–69 nM, top 10 m) and decreased to 12 nM
in the bottom 10 m of the water column. The speciation of Mn was most variable at this station, with %
Mn(III)‐L ranging from 0 to 100%.The highest concentration of Mn(III)‐Lwas in mid‐waters (34 m) and low-
est at the deepest depth. The concentration of Mn oxides was highest at this site, with the levels increasing
below the photic zone. Interestingly, the dMnT in the bottom waters of this station was completely Mn(II)
(14.77 nM), yet Mn oxides were also relatively high in concentration (2.11 nM).

3.2. Mn Speciation Throughout a Diel Cycle

To address the importance of direct and indirect light reactions on Mn speciation, we performed a diel sam-
pling study at Station 3 at the New Jersey Shore site (Figures 3 and 4), examining the speciation of Mn at
three depths (photic = 3 m, Aphotic 1 = 30 m, and Aphotic 2 = 40 m) over the course of 16 hr.

In Figure 3, the physicochemical parameters in the bottom panels indicate shifts in water column properties
of our five sampling timepoints, particularly, shifts in the location of the oxygen and fluorescencemaximum.
At the first timepoint, before the appearance of sunlight, the fluorescence maximum is at 23 m, and dO2 is
highest at 15‐m depth. Salinity profiles indicate a fresher layer in the top 14 m. By 10:30 EST (Eastern
Standard Time), there was a shoaling of the fresher layer to 6 m. Further, peak dO2 and fluorescence were
found at 8 and 15 m, respectively, indicative of shifts in microbial photosynthesis and respiration and/or
water column mixing (or, less likely, a slight change in the ship's position). At the afternoon timepoint
(14:00 EST), PAR was highest, attenuated at 30 m, and the fluorescence maximum intensified and
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deepened to 20 m, corresponding to a slightly deeper salinity maximum (11 m) and dO2 maximum. Finally,
by 22:00 EST, PAR was zero at all depths, but there was again little shift in the position of either the fluor-
escence or dO2 maxima, indicating that afternoon light had little effect on the position of the productivity
maximum and/or that mixing was less significant in the afternoon.

The speciation of Mn changed dramatically over the course of the diel cycle (Figure 3). Over the course of the
day, total Mn (MnOx + dMnT summed for all three depths) ranged from 58 nM at 18:00 EST to 289 nM at
10:30 EST, which is most obvious in Figure 3. The first sampling at 6:00 EST, before sunrise, and at all three
depths, dMnT was ~40 nM and predominantly in the form of Mn(III)‐L (70–100%). Mn oxide concentrations
were most elevated at the deepest depth (5.5 nM) and below 0.5 nM in the surface. By 10:30 EST, dMnTmore
than doubled in concentration at all depths with the greatest increase in the surface, and Mn oxide concen-
trations did not change significantly, except in Aphotic 2 where concentrations decreased by ~2 nM. At
14:00, when PAR was highest, we expected to see the highest concentrations of dMnT and lowest MnOx,
but we instead saw a dramatic decrease in dMnT from 138 to 5 nM in surface waters and by ~30 nM at
our aphotic depths, while MnOx did not change significantly. By 18:00 EST, PAR decreased to near zero
in the surface and zero below, which coincided with a small increase in Mn oxide concentrations. In both
aphotic depths, the concentration of dissolved Mn was at a minimum at this time. Additionally, during this
timepoint, we observed more Mn(II) relative to Mn(III)‐L, particularly in the aphotic depths. Finally, at our
last sampling event, 22:00 EST, PAR decreased to zero at all depths, and the concentrations of solid and solu-
ble Mn returned to values similar to what was observed at our first sampling event, at 6:00 EST. One excep-
tion is that at all depths, Mn(II) concentrations are highest at this timepoint.

4. Discussion

Here, we show that Mn(III)‐L complexes comprise the bulk of the total Mn (solid + soluble) at four biogeo-
chemically distinct coastal stations, making up to 100% of the total dissolved Mn, and always significantly in
excess of Mn oxide concentrations (aside from one bottom depth at Station 4). Previous water column mea-
surements of Mn in the Northwest Atlantic have focused on open ocean measurements of total Mn (e.g.,
Yeats and Bewers, 1985; Statham and Burton, 1986), estuarine measurements of total Mn (Sundby et al.,
1981; Yeats et al., 1979) and Mn speciation (Oldham et al., 2015; Oldham, Mucci, et al., 2017; Oldham,
Tebo, et al., 2017), or measurements in estuarine tributaries for total Mn (Boyle et al., 1974; Eastman &
Church, 1984; Graham et al., 1976; Moore et al., 1979; Sholkovitz, 1978) and Mn speciation (Oldham,
Miller, et al., 2017). This study provides Mn(III)‐L measurements and profiles along continental shelves
and is one of only a handful of studies determining Mn speciation profiles in seawater.

The only nonestuarine shelf measurements of Mn in the Northwest Atlantic found that dMnT concentra-
tions were 21 nM in surface waters (Bruland & Franks, 1983) and previous estuarine measurements of
Mn in Narragansett Bay, RI, near our Station 2 (Block Island) found elevated particulate Mn (pMn = 18–
582 nM; Graham et al., 1976) and dMnT (9–1,093 nM; Graham et al., 1976) relative to typical open ocean con-
centrations for dissolvedMn (0.1–3 nM; Landing and Bruland, 1980). Our measurements of dMnT fall within
the range of previous coastal measurements (9–153 nM), but we observe significantly lower MnOx concen-
trations (<4 nM), which may be due to our selective assay for Mn oxides, where Graham et al. (1976) mea-
sured total pMn. However, it is more likely that our sites are far enough from the shore that most of the pMn
precipitated via oxidative removal and adsorption processes along an increasing salinity gradient (Boyle
et al., 1974).

The mechanisms expected to control the speciation and cycling of Mn observed at the four stations here
are ultimately redox reactions, primarily driven by direct and indirect microbial activity. Thus, full inter-
pretation of the controls on these species distributions would require detailed experimentation including
incubations targeting chemical and biological redox reactions and controlled kinetic experiments.
Nevertheless, examination of the spatial and temporal changes in Mn speciation within these biogeo-
chemically distinct sites reveal other factors influencing the concentration of Mn and the underpinning
redox transformations, in particular (1) light (2) terrestrial inputs to surface waters, (3) primary productiv-
ity, and (4) lateral mixing.

10.1029/2019JC015167Journal of Geophysical Research: Oceans

OLDHAM ET AL. 9 of 15



4.1. Spatial Variability in Mn Speciation

Light is a dominant control onMn speciation (e.g., Sunda &Huntsman, 1988), particularly the dissolution of
Mn oxide particles, as observed via both the depth profiles and diel cycling measurements (see section 4.2).
This is reflected in our observation of low MnOX in all our surface samples and an MnOX maximum in the
bottom waters at three of our four sites (Figures 2–4). This distribution could reflect the settling of these par-
ticles to depth but more likely points to photo‐reductive dissolution of Mn oxides in surface waters and sig-
nificant oxidation processes below the photic zone, as we do not see particle accumulation in the beam
attenuation in the water column of our sites (Table 1). In Narragansett Bay, Graham et al. (1976) observed
high dissolved Mn concentrations in bottom waters, corresponding with a flux of dissolved Mn from the
sediments to overlying waters. This is consistent with coastal work in the St. Lawrence Estuary (Oldham,
Mucci, et al., 2017) which showed that dissolved Mn concentrations were 10 times higher in bottom waters
than in surface waters. Oldham, Mucci, et al. (2017) also observed high MnOx at depth, corresponding to a
flux of Mn(II), suggesting that oxidative processes likely dominate in bottom waters. At Station 4, we simi-
larly observe elevated MnOx concentrations at depth with soluble Mn entirely in the form of Mn(II), indicat-
ing that there is some mechanism oxidizing Mn(II) completely to Mn(IV), and either lack of Mn(III)‐L
formation or low complex stability.

At most of our study sites, we observe the highest dMnT concentrations in surface waters pointing to the role
of surface export fromnearby estuarinemixing. In some instances, totalMn (particulate + dissolved) behaves
conservatively during estuarine mixing, even while the partitioning between the dissolved and particulate
phases was not conservative (e.g., Graham et al., 1976). Rather, dMnT was lost to the particulate phase either
through oxidation or adsorption upon increasing salinity (and pH; Boyle et al., 1974; Graham et al., 1976).
However, the seasonality of estuarine mixing of dissolved Mn has recently been evaluated in the Broadkill
River (DE), a tributary to the Delaware Bay (Oldham, Miller, et al., 2017). In the Broadkill study, dMnT
was not conservatively mixed, but instead, in the late summer and fall, dissolved Mn was exported from
the Broadkill River, predominantly as Mn(III)‐L complexes (up to 100% of total Mn), and in the winter and
spring months, dissolved Mn was conservatively mixed and more reduced. Further, Mn(III)‐L was closely
associated with humic‐type organic matter, providing an explanation for the seasonality of Mn mixing, in
particular, when organic matter inputs are high, the Mn(III)‐binding ligand pool is sufficiently in excess of
dissolved Mn, presumably preventing complete oxidation to Mn oxides. Thus, given that our study takes
place in the late summer (August 2017), we expect to see complexation of dissolvedMn in surfacewaters, par-
ticularly at nearshore sites due to high organic matter export. At three of four stations, the highest dMnT is
observed in the top 10 m of the water column, indicating that surface runoff is indeed likely a source of solu-
ble Mn along the coast, and that this dMnT is predominantly in the form of organic Mn(III)‐L complexes.

The%Mn(III)‐Lwithin bottomwaters is variable among our sites (Figure 2). The%Mn(III)‐L is lowat Stations
2 and 4, which may correspond with Mn(II) fluxing from sediments or high oxidation rates of Mn(III) to Mn
oxides and subsequent settling. At Station 1, %Mn(III)‐L is higher in bottomwaters, whichmay be the result of
mixing processes exceeding oxidation rates at this well‐mixed site. Interestingly, the %Mn(III)‐L varies in bot-
tom waters over the course of a diel cycle (Figure 3), suggesting that lateral mixing influences the accumula-
tion of Mn(III)‐L complexes in bottom waters or that the oxidation of Mn(III) to Mn oxides is biologically
regulated and variable in response to diel metabolic activity and gene expression.

Biological assimilation of dissolved Mn may also be an important feature of our profiles, given that lower
dissolved Mn concentrations often coincide with the fluorescence maximum. In this study, Chl‐a measure-
ments were made in a few samples, and ranged from 0.0 to 3.2 μg/L. Based on typical phytoplankton values
of Chl‐a to carbon ratios of 3 × 10−4, Mn to C ratio of 3 × 10−5 (for Thalassiosira pseudonana in waters con-
taining 100 nM of Mn; Sunda and Huntsman, 1995, 1996), and using a median value of 1.6 μg/L Chl‐a from
our measurements, we find that biological uptake can only account for 0.175 nM of Mn loss, less than 1% of
our average dMnT concentrations. Thus, if there is a biological component to this apparent drawdown sig-
nal, it is likely a surface scavenging process not an uptake feature.

In the complete profile of Station 3 (Figure 2), Mn speciation had almost no structure, and nearly all the Mn
was in the form of Mn(III)‐L complexes. This could reflect an abundance of strong Mn(III)‐binding ligands,
stabilizing Mn(III) against oxidation to Mn(IV), and/or that dMnT is well in excess of the biological assim-
ilation requirement resulting in no uptake feature in the Chl‐a maximum, and/or that there is an absence
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of reactive particles so scavenging reactions are less important at this site. However, these interpretations
become convoluted when taking into consideration what we observe during a complete diel cycle at this
site (section 4.2), as the soluble Mn speciation is highly variable in all three of our sampling depths at
each of our five timepoints.

Lastly, an influence of lateral mixing onMn speciation is best seen by comparing Station 1 to our other three
stations. At well‐mixed Station 1 we observe low concentrations of Mn oxides, which suggests slow oxidation
relative to mixing but comparatively high stabilization of Mn(III)‐L throughout the water column (aside
from low % Mn(III)‐L at 10‐m depth). This may indicate that at well‐mixed sites, Mn(III)‐L complexes can
accumulate as they are not being oxidized to Mn(IV) oxides, so the rate of formation MnOx may be slower
than the rate of mixing and/or there are inputs of Mn(III)‐L via lateral mixing (such as terrestrial inputs,
described above). However, as the only feature we see in the dissolved Mn speciation occurs at the top of
the chlorophyll maximum at Station 1, and at the surface, we suggest that light‐induced and biological pro-
cesses govern the redox cycling at this site. The influence of mixing can also be seen in our diel cycle from
Station 3 (see section 4.2).

4.2. Temporal Variability in Mn Speciation

We observe tremendous shifts in Mn speciation during our diel cycle (Table 2, Figure 3), emphasizing the
importance of temporal variability inMn speciation over short time scales at one site—on the order of hours.
Because we have no lateral data at our study site, it is difficult to discern whether the dramatic shifts in total
Mn over a diel cycle are the result of redox cycling or simply mixing processes. However, the 100‐nM shift in
dissolvedMn concentrations over the course of a diel cycle cannot be explained by corresponding changes in
particulateMn, thus pointing to lateral mixing as the dominant control on the variability we observe over the

Table 2
Physicochemical Data Collected From the CTD Rosette Package and Mn Speciation (in nM) Collected During the Diel Sampling at Station 2.

Depth
Time
(EST)

Temperature
(°C)

Florescence
(mg m−3) PAR

% Beam
transmission

Salinity
(ppt)

O2
(μM) Mn(II) dMn(T)

Mn
(III)‐L

% Mn
(III)‐L MnOx

Surface 6:00 24.27 0.22 3.3 84.0 31.43 225.9 0.93 ±
0.95

52.35 ±
7.32

51.43 ±
7.38

98.23 0.16

10:30 24.23 0.19 141.1 84.0 31.39 226.8 6.16 ±
2.41

130.82 ±
5.82

124.66 ±
6.30

95.29 0.08

14:00 25.03 0.26 704.3 82.4 31.46 225.9 4.46 ±
0.95

5.00 ±
2.09

0.55 ±
2.30

10.93 0.08

18:00 24.74 0.25 58.4 83.4 31.45 224.7 11.47 ±
1.96

28.85 ±
4.92

17.39 ±
5.30

60.25 0.16

22:00 24.81 0.27 1.6 83.2 31.48 222.5 37.58 ±
0.43

76.15 ±
1.42

38.57 ±
1.49

50.65 0.16

Aphotic 1 6:00 9.76 0.39 ND 81.3 32.64 206.2 7.74 ±
1.80

39.31 ±
3.02

31.57 ±
3.52

80.31 2.76

10:30 9.68 0.34 6.3 81.0 32.65 204.4 17.63 ±
0.30

88.54 ±
1.63

70.91 ±
1.66

80.09 3.23

14:00 9.68 0.36 14.2 81.1 32.65 204.8 7.40 ±
1.99

46.58 ±
6.49

39.17 ±
6.79

84.10 2.97

18:00 9.50 0.33 0.5 81.5 32.65 202.6 7.91 ±
5.23

4.22 ±
4.26

0.00 ±
6.75

0.00 3.68

22:00 9.35 0.32 ND 81.4 32.67 203.3 38.33 ±
2.43

71.28 ±
3.74

32.94 ±
4.46

46.22 4.26

Aphotic 2 6:00 9.68 0.35 ND 81.6 32.65 204.9 14.18 ±
1.70

41.11 ±
3.39

26.93 ±
3.80

65.51 5.53

10:30 9.64 0.32 2.0 80.8 32.64 203.3 12.74 ±
2.29

71.21 ±
3.02

58.47 ±
3.79

82.10 3.67

14:00 9.68 0.34 9.1 81.6 32.65 204.0 1.19 ±
1.03

36.48 ±
2.15

35.29 ±
2.38

96.73 3.41

18:00 9.50 0.36 0.1 81.5 32.64 201.9 4.73 ±
4.50

5.04 ±
4.25

0.31 ±
6.19

6.16 3.42

22:00 9.35 0.28 ND 81.4 32.67 200.6 32.92 ±
2.39

53.47 ±
13.01

20.55 ±
13.23

38.43 4.45

Note. ND reflects values below the detection limit.
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course of a diel cycle. Though our hydrographic data seem to indicate that the water column has not mixed
significantly, we can only assess vertical mixing processes and cannot account for lateral mixing. Thus, we
can only propose possible redox mechanisms for the trends we observe but highlight that physical process
is almost certainly also at play in this system. Regardless, these data reveal that taking one profile at one site
at one timepoint is not sufficient for describing the redox speciation and concentration of a redox‐sensitive
element like Mn in dynamic coastal systems.

As observed in the depth profiles at each station (section 4.1), light and time of day have a dominant influence
on the speciation ofMn. During the diel cycle examination at Station 3, dissolvedMn concentrations increase
by 30 nM in bottom waters and 80 nM in surface waters at the onset of light in our second timepoint, which
likely reflects some photo‐reductive processes. However, we note that the pool of MnOx is an order of mag-
nitude smaller than the dissolvedMn pool, thus either the cycling of solid‐phaseMnOx is faster than our sam-
pling interval, or lateral mixing processes are a dominant control on the Mn profiles here. It is particularly
interesting to see thatMnOX decreases from 3 nM to nondetectable at Aphotic 1 at the appearance of less than
1% surface irradiance, because significant light penetration and subsequent photo‐induced reactions are not
expected at this depth. While this low light level may have been sufficient to allow for photo‐reductive disso-
lution of Mn oxides, the change inMnOx concentration is more likely due to mixing processes. By 14:00 EST,
there is a decrease in dissolved Mn, and a slight increase in MnOX, which could be the result of direct (i.e.,
enzymatic) and/or indirect (i.e., superoxide mediated) microbial Mn oxidation. This decrease is surprising
given higher PAR at 14:00 than at 10:30, which we would expect to lead to more dissolved Mn. However,
as total Mn (solid + soluble) decreases overall, this feature could also be the result of biological uptake
(though we do not see a dramatic increase in fluorescence), or scavenging, as we do observe a decrease in
beam transmission in surface waters, which could indicate high particulate matter. In the evening (18:00
EST) as PAR decreases in both aphotic depths, the concentration of dissolvedMn reached aminimum,which
may correspond to oxidative removal processes as MnOX concentrations increased slightly at this time. The
rate of microbial Mn oxidation ranges from 0.4 to 3.5 nM/hr (Shiller & Stephens, 2005; Sunda & Huntsman,
1987), whichmeans that this mechanism could only account for a 1.6–14 nM change in solubleMn, less than
20% of our observed decrease at all depths, but could account for our total increase in MnOX, which ranges
from 0.2 to 4 nM, though mixing processes are also likely at play as mentioned below. The increase in
MnOx continues into our final timepoint, at 22:00 EST, indicating that these particles can accumulate in
the absence of photo‐reductive processes. Further, soluble Mn increased significantly at all depths in this
time interval.

The variability in Mn speciation over a diel cycle observed here is not altogether surprising, given the known
impacts of light and time of day on the circadian activity of organisms and chemistry of marine waters. Diel
oscillations in the activity of light‐dependent microorganisms, including cyanobacteria and diatoms, have
been shown for both laboratory cultures and natural populations (e.g., Winter et al., 2004; Galí et al.,
2013). More recently, diel cycling in the transcriptional activity of heterotrophic (nonphototrophic) bacter-
ioplankton has also been shown, where peak transcript abundance from some of themost numerically abun-
dant populations (e.g., Pelagibacter, Roseobacter) occurred in mid‐afternoon (Ottesen et al., 2014). While diel
variation in the expression of genes involved in direct enzymatic Mn oxidation (e.g., MnxG) has not been
previously explored, ROS concentrations undergo strong diurnal fluctuations (Rose et al., 2008; Zhang
et al., 2016). In fact, peak superoxide concentrations have been shown to occur midday in both sunlit and
dark waters (Zhang et al., 2016), coinciding with the Mn oxide dynamics observed here. However, as peak
hydrogen peroxide concentrations are also known to occur when PAR is highest, there are complex implica-
tions of ROS cycling with Mn as hydrogen peroxide can reduce oxidized forms of Mn. Further, oscillations in
diurnal migrations and metabolic activities for different groups of microbiota (see, for instance, Ottesen
et al., 2014) will lead to changes in the overall chemistry of waters both in photic and aphotic regions that
will also undoubtedly influence Mn cycling.

Although we can draw on some biological and chemical processes to interpret the diel Mn cycle, it is likely
that lateral mixing processes strongly influence the redox profile of Mn at coastal sites. This is reflected in
Figure 3, where variability in the depth of the salinity and dO2 maxima likely reflects slight shifts in position
during our sampling and/or lateral mixing. That being said, in the afternoon timepoints (14:00–22:00 EST),
there is little evidence of mixing during our sampling, and thus biogeochemical processes may dominate in
the afternoon.
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5. Conclusion

This is the first dataset examining the complete speciation of manganese from nonestuarine coastal waters,
and the first complete diel cycle of Mn speciation. Further, this data expands the previous studies revealing
the stabilization of Mn(III)‐L in oxic waters (Oldham, Mucci, et al., 2017; Oldham, Miller, et al., 2017;
Oldham, Tebo, et al., 2017).

Examining the speciation of Mn is important for better understanding the redox capacity of marine waters,
as O2 and MnOx are the strongest oxidants in the ocean (Luther, 2010). Less well understood is the role and
oxidation capacity of intermediate species likeMn(III)‐L complexes, which are thought to cycle more rapidly
but could have equal (or greater) oxidation capacities compared to Mn oxides. In this study, we observe the
stabilization of Mn(III)‐L at four biogeochemically diverse coastal sites. Mn(III)‐L comprised the majority of
total Mn at all sites, indicating that although they may be intermediates, Mn(III)‐L complexes are perhaps
less transient than previously thought. Although there are no obvious correlations between physicochemical
parameters in the water column and the speciation of Mn, we note that vertical stratification leads to greater
accumulation of oxidized species and structure in the profiles of all three Mn species. These findings are in‐
line with previous observations that stable redoxclines are requisite for the accumulation of dissolved reac-
tive Mn (presumably Mn(III)‐L) within stratified marine basins and lakes (Dellwig et al., 2012). We further
observe that Mn oxides are stabilized in the bottom waters of all our stations, indicating that oxidation pro-
cesses are important below the photic zone and chlorophyll maximum. Additionally, we find high concen-
trations of dissolved Mn in surface waters, which could reflect some influence from terrestrial runoff, and
also high concentrations in bottom waters, suggesting that sediment resuspension and estuarine mixing
are important sources of Mn to these waters.

Finally, we observe significant heterogeneity in Mn speciation on temporal and spatial (geographic and
depth) scales in this study. Because the physicochemical parameters of the water column during our diel
cycle sampling are shifting over time, lateral mixing processes play a critical role in the vertical structure
of Mn speciation and this changes on the time scale of hours. Thus, studies examining redox profiles in
coastal systems should examine lateral as well as vertical gradients to better reconcile the processes that con-
trol element distributions. Although lateralmixing is a likely dominant control on the diel shifts we observed,
we note that light‐mediated reactions are also critical in coastal systems in transformations of organicmatter,
the accumulation of ROS, and inmetal photo‐reductive processes. Our depth profiles and diel cycle measure-
ments suggest that light plays a role in the cycling of Mn, even at nondetectable PAR levels. We observed a
change of over 100 nM in Mn concentration over the course of only a few hours, suggesting that the coastal
redox cycle of Mn is evenmore dynamic than previously thought. As particulate Mn cannot account for such
a significant change, this changemust be due to lateral mixing of waters high in dissolvedMn, pointing to the
need for lateral profiling as well as vertical profiling for dynamic redox elements like Mn within coastal sys-
tems. Future explorations should target the underpinning physical and biogeochemical processes controlling
the spatial and temporal heterogeneity of Mn cycling, which is necessary in accurately describing the fluxes
and cycling of Mn within the global ocean.
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