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A B S T R A C T

Transport processes along the river-ocean continuum influence delivery of nutrients, carbon and trace metals
from terrestrial systems to the marine environment, impacting coastal primary productivity and water quality.
Although trace metal transformations have been studied extensively in the Mississippi River Delta region of the
Northern Gulf of Mexico, investigations of manganese (Mn) and the presence of ligand-stabilized, dissolved
manganese (Mn(III)-L) and its role in the transformation of trace elements and organic matter during riverine
transport and estuarine mixing have not been considered. This study examined the chemical speciation of dis-
solved and particulate Mn in the water column and sediment porewaters in the Mississippi River and Northern
Gulf of Mexico in March of 2021 to explore transformations in Mn speciation along the river-ocean continuum
and the impact of different processes on the distribution of Mn. Total dissolved Mn concentrations were highest
in the Mississippi River and decreased offshore, while Mn(III)-L contributed most to the dissolved Mn pool in
near-shore waters. Porewater profiles indicated that ligand stabilization prevented dissolved Mn(III) reduction
below the depth of oxygen penetration and in the presence of equimolar dissolved iron(II). Dissolved Mn(III)-L
was enriched in bottom waters at all Northern Gulf of Mexico stations, and diffusive flux modelling of porewater
dissolved Mn suggested that reducing sediments were a source of dissolved Mn to the overlying water column in
the form of both reduced Mn(II) and Mn(III)-L. A simple box model of the Mn cycle in the Northern Gulf of
Mexico indicates that Mn(III)-L is required to balance the Mn budget in this region and is an integral, and
previously unconsidered, piece of the Mn cycle in the Northern Gulf of Mexico. The presence of Mn(III)-L in this
system likely has an outsized impact on trace element scavenging rates, oxidative capacity, and the carbon cycle
that have not been previously appreciated.

1. Introduction

Manganese (Mn) is a trace nutrient and essential element in reactions
such as photosynthesis (Twining and Baines, 2013) and organic matter
decomposition (Froelich et al., 1979) and consequently is a regulator of
oceanic primary productivity and CO2 uptake capacity. Mn is the metal
cofactor in several metalloproteins, including O2-evolving enzyme, su-
peroxide dismutase, arginase and phosphotransferases (Twining and
Baines, 2013) and is an important mediator of bioactive element cycles

due to its multiple oxidation states, high redox potential, and relatively
high concentrations in the eutrophic zone compared to other trace
metals. Particulate Mn (oxyhydr)oxides are powerful scavengers of
other trace metals such as iron (Fe), copper (Cu), cobalt (Co) and zinc
(Zn), and thus Mn concentrations and oxidation state can exert an
important control on the solubility and bioavailability of other crucial
micronutrients (Goldberg, 1954).

Mn also plays a key role in many different important reactions in
seawater. Dissolved Mn(II) has been suggested to reduce nitrate (NO3−)
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to dinitrogen gas in the absence of dissolved oxygen, resulting in a loss of
fixed nitrogen from seawater similar to denitrification (Luther et al.,
1997). Mn-oxides can also facilitate anaerobic ammonium oxidation
(Javanaud et al., 2011; Lin and Taillefert, 2014), although the mecha-
nism underlying this process has yet to be identified. In sediments, the
oxidation state of Mn is a crucial component in the redox ladder of
terminal electron acceptors for organic carbon oxidation; whereby Mn is
the most energetically favorable inorganic oxidant following O2 and
NO3− (Froelich et al., 1979).

Despite the importance of Mn in many oceanic processes, many as-
pects of the biogeochemical cycling of Mn are unknown. In particular,
although the oxidation state of Mn dictates its chemical lability and
potential reaction pathways, Mn cycling and speciation has only
recently started to be fully described. Dissolved Mn has long been
thought to be comprised solely of Mn(II). However, it is now known that
Mn speciation is comprised of a combination of Mn(II), Mn(III), ligand-
bound Mn(III) (Mn(III)-L), and Mn(IV). In the current view of the Mn
cycle, the chemical speciation of Mn (i.e. its oxidation state) is assumed
based upon its operationally-defined physical speciation (whether it
passes through a 0.2 μm filter). Until recently, dissolved Mn (<0.2 μm;
dMn) was assumed to be made up entirely of Mn(II) (Barnes, 1984;
Canfield et al., 2005; Hansel, 2017), while particulate Mn was assumed
to be comprised of Mn(III/IV) (oxyhydr)oxides. Recent studies of
riverine and coastal waters have shown that Mn(III)-L often comprise a
significant portion, if not the predominant fraction, of dMn (Jones et al.,
2019; Oldham et al., 2021; Oldham et al., 2020; Oldham et al., 2019;
Oldham et al., 2017c; Oldham et al., 2017b; Oldham et al., 2017a;
Oldham et al., 2015; Trouwborst et al., 2006). Thus, dMn includes both
hexaaqua Mn(II) and Mn(III)-ligand (L) complexes. In the particulate
phase (>0.2 μm), Mn is in the form of Mn(III/IV) (oxyhydr)oxides
(hereby referred to as MnOx) and adsorbed Mn(II/III) complexes. This
revised view of the Mn cycle considers that Mn in the form Mn(III)-L can
act as both an oxidant and reductant and is an integral part of the Mn
cycle.

The ability of dMn to act as both an oxidant or reductant has
important implications for biogeochemical cycling of trace elements and
carbon. For example, Mn(III)-L is a powerful oxidant that can oxidize
organic carbon to CO2 in laboratory studies, suggesting that Mn(III)-L
reduction could be an important mechanism for carbon trans-
formations in the marine environment (Kostka et al., 1995). Mn(III)-L
can also inhibit the formation of MnOx (Oldham et al., 2021), suggest-
ing that metals which adsorb to MnOx surfaces may be less scavenging-
prone in waters with abundant Mn(III)-L. The ligands that bind Mn(III)
can also complex Fe(III) in laboratory studies (Parker et al., 2007; Ow-
ings et al., 2021) and these Mn(III)-L complexes can have higher sta-
bilities than their Fe(III)-L counterparts (Luther et al., 2015).
Competition between Mn and Fe for the same ligand pool could impact
the solubility and bioavailability of Fe. In most studies to date that
examined the speciation of dMn, Mn(III)-L complexes were shown to
constitute a major fraction (up to 100 %) of dMn (Jones et al., 2020;
Jones et al., 2019; Jones and Tebo, 2021; Oldham et al., 2021; Oldham
et al., 2020; Oldham et al., 2019; Oldham et al., 2017c; Oldham et al.,
2017b; Oldham et al., 2017a; Oldham et al., 2015; Thibault de Chan-
valon et al., 2023; Thibault de Chanvalon et al., 2022; Thibault de
Chanvalon and Luther, 2019; Trouwborst et al., 2006; Yakushev et al.,
2009). Although Mn(III)-L is clearly a substantive portion of the dMn in
many environments, the controls on the chemical speciation of Mn from
a source to sink perspective and across gradients in oxygen, salinity, and
organic carbon composition are still unresolved.

The Northern Gulf of Mexico (NGoM) is a dynamic estuarine system
that is ideal for studying changes in Mn speciation across large gradients
in organic matter inputs, salinity, and dissolved oxygen concentrations.
The NGoM is primarily fed by the Mississippi-Atchafalaya River System,
which contains six unique subbasins that encompass 41% of land area of
the continental United States (Turner, 2022). The NGoM receives
particularly large loads of nutrients (Rabalais et al., 2001), particles

(Turner et al., 2007), and organic carbon (Bianchi et al., 2002; Malcolm
and Durum, 1976; Stolpe et al., 2010), all of which play an important
role in the delivery of Mn and other trace metals to the NGoM. Dissolved
organic matter (DOM) interacts with dissolved metals across this salinity
gradient and plays an important role in the flocculation or the trans-
formation of trace metals from the dissolved to the particulate phase
(Boyle et al., 1974, 1977; Hedges and Keil, 1999; Moore et al., 1979). A
large fraction of dissolved metals precipitate during mixing of fresh and
seawater endmembers and are subsequently deposited in the sediments
(Boyle et al., 1977; Hedges and Keil, 1999; Moore et al., 1979; Sholko-
vitz, 1976; Trefry, 1977). Metals have been shown to variably interact
with different classes of organic complexing substances (Buck et al.,
2015; Gledhill and Buck, 2012; Moore et al., 2021; Yamashita and Jaffé,
2008). Thus, variation in the make-up of DOM in an estuary should play
a role in metal-organic interactions and ultimately the fate of these two
materials.

We present a novel compilation of Mn speciation (Mn(II), Mn(III)-L,
and MnOx) in the water column and sediment porewaters of the Mis-
sissippi River and NGoM. We also present dissolved Fe speciation in
sediment porewaters for comparison. Our sampling campaign was
conducted in several hydrographic regimes (riverine, near-shore active
estuarine mixing zone, off-shore shelf-slope), with the hypothesis that
the physical mixing regime in the region would impact the physi-
ochemical speciation, transport, and ultimate fate of Mn in the NGoM.
We found that incorporating Mn(III)-L into the Mn cycles of the Mis-
sissippi River and NGoM influences the rate of Mn delivery to the NGoM
via diffusive sedimentary flux and riverine export pathways. Our ob-
servations support that Mn(III)-L likely plays an important role in the
partitioning of Mn between the dissolved and particulate pools in this
system.

2. Methods

2.1. Sample collection and processing

Seawater and sediment samples were collected in March 2021,
aboard the R/V Pelican (Fig. 1; Table 1). Sediment samples were
collected using an 8-position multi-corer (MC-800, Ocean Instruments)
and analyzed for pH, dissolved oxygen, fixed nitrogen [NH4+, NO3−,
NO2−], dMn speciation [Mn(II), weakly complexed Mn(III)-L (Mn(III)-
LW), and strongly complexed Mn(III)-L (Mn(III)-LS)], and dissolved Fe
speciation [Fe(II) and Fe(III)]. The sediment core was photographed
(Fig. 1) and described prior to slicing into 0.5–3.0 cm intervals using
new, acid-clean flexible polypropylene sheets rinsed with surface
seawater between depth intervals. Sediment from each slice was trans-
ferred to a triple-rinsed 50 mL centrifuge tube (Falcon, Fisher Scientific)
and immediately centrifuged for 20 min at 2000 rpm. Centrifuged
sediment samples were then transferred to an ultra-high purity N2 filled
glove bag and supernatant porewater was filtered using 0.2 μm syringe
filters (nylon, Millipore) into new microcentrifuge tubes, where they
remained until analysis.

Water samples were collected using a 12-position CTD rosette
equipped with temperature, conductivity, pH, fluorescence, oxygen, and
transmissivity sensors (SeaBird Scientific). Water samples were analyzed
for dMn speciation [Mn(II), Mn(III)-LS], particulate Mn(III/IV) (oxy)
hydroxides (MnOx), total dissolved Fe (dFe), acid-leachable particulate
Fe (pFeA), and fixed nitrogen [NH4+, NO3−, NO2−]. For dMn speciation and
dissolved Fe, samples were collected directly from CTD Niskin bottles
into acid-clean, triple-rinsed 50 mL Falcon tubes and immediately
filtered through 0.2 μm syringe filters (nylon, Millipore) into acid-
washed, triple-rinsed 15 mL Falcon tubes in our ship-based lab. Each
sample was subdivided into three aliquots, two of which were reserved
for dMn analysis and the last third for dFe analysis. Unfiltered aliquots
were reserved for pFeA and MnOx analyses by direct collection from CTD
Niskin bottles into acid-clean, triple-rinsed 50 mL Falcon tubes and acid-
clean, triple-rinsed 1 L polycarbonate bottles, respectively.
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2.2. Dissolved porewater manganese speciation

One of the porewater aliquots was analyzed within two hours of
collection for Mn(II) and weakly complexed Mn(III)-LW, while the other
was reduced with 100 μM hydroxylamine hydrochloride (ClH4NO; final
concentration 10× the expected dMn in the sample), equilibrated
overnight in the dark, and analyzed the following day for Mn(III)-LS. All
analyses for dMn speciation were conducted shipboard with the spec-
trophotometric porphyrin addition method described in Madison et al.
(2011), which also discusses the ability of the method to differentiate
between different dissolved Mn species in seawater. In brief, this method
allows for the simultaneous determination of Mn(II) and Mn(III)-LW by

using the differential reaction kinetics between Mn(II) and Mn(III)-LW
reacting with an added Cd(II)-porphyrin complex. Mn(III)-LW is defined
as a class of Mn(III)-L complexes present in the sample that are out-
competed by the porphyrin ligand (logKcond < 13.2). The final reduction
step converts all dMn present in the sample to Mn(II), and its reanalysis
quantifies dMn (Eq. (1)). The difference between [Mn(II) + Mn(III)-Lw]
and [dMn] represents any Mn(III)-LS present in the sample that could
not be outcompeted by the porphyrin ligand. A kinetic constant, k1, was
determined for the substitution of Mn(II) into the Cd(II)-porphyrin
complex using the reduced sample, under the assumption that all Mn
present in the sample was reduced to Mn(II). This constant, k1, was used
in Eq. (2) to calculate a kinetic constant, k2, over time (t) for Mn(III)-LW

Fig. 1. a) Map of sampling locations in the Mississippi River and Gulf of Mexico. Depth contours indicate ocean bathymetry; and b) pictures of sediment cores
collected at different stations highlighting the difference in sediment color and texture.

Table 1
Station location, water column depth, and corresponding surface and bottom water parameters (temperature, salinity, dissolved oxygen, and pH) for each hydrologic
regime (river, mixing, shelf; detailed in section 3.1).

Surface Water Bottom Water

Station Latitude (◦N) Longitude (◦W) Depth (m) Temp (◦C) Salinity O2 (μM) pH Temp (◦C) Salinity O2 (μM) pH

River 5 29.300348 89.364617 15 11.4 0.2 293.4 7.90 11.0 0.2 291.0 8.00
6 29.237828 89.302873 19 12.2 0.2 287.2 7.78 12.2 0.2 289.3 7.77
7 29.191120 89.267285 18 12.3 0.2 229.8 7.85 12.2 0.2 289.0 7.76
8 29.150363 89.255640 18 12.4 0.2 243.5 7.82 12.2 0.2 288.8 7.76
9 29.457212 89.632163 35 12.4 0.2 282.6 7.77 12.4 0.2 282.9 7.77

Mixing 2 29.170700 89.752290 15 17.6 25.5 276.2 8.30 22.0 34.0 101.3 7.99
4 29.012265 89.082142 31 17.5 27.0 259.2 8.21 21.6 36.0 187.1 8.14

Shelf 1 28.400530 89.975355 115 22.7 36.4 209.4 8.27 18.3 36.5 137.8 8.09
3 28.782148 89.968605 540 23.4 36.4 209.5 8.24 9.06 35.1 116.3 7.80
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ligand exchange with the porphyrin complex.

dMn(T) = Mn(II) + Mn(III)LW + Mn(III)LS (1)

[Mn(II) ] + [Mn(III)LW ] = [Mn(III) − T(4CP)P ]T

=
[
Mn(II)(1−e−k1 t)

]
+

[
Mn(III)(1−e−k2 t)

]
(2)

The Mn(III)-porphyrin complex forms a sharp peak at 468 nm and
has a detection limit of 50 nM in a 1 cm pathlength cell. Our setup was
comprised of a 1 cm pathlength quartz cuvette and cell holder coupled to
a deuterium-halogen light source and a flame UV/VIS spectrophotom-
eter (OceanInsight). Reagents were added stepwise to the quartz cuvette
as follows: 360 μL porphyrin ligand (final concentration 24 μM), 120 μL
CdCl2 (final concentration 48 μM), 120 μL imidazole borate buffer, Milli-
Q® ultrapure water (variable volumes based on the [dMn] in the sam-
ple), and sufficient sample volume to fit within the analytical window of
our system. The final volume of all reagents plus the sample was always
3 mL. Data were collected every 3 s, visualized using OceanView™
software (OceanInsight) and used to quantify Mn(II) and Mn(III)-LW. A
final single absorbance scan was taken from the sample aliquot amended
with hydroxylamine hydrochloride to quantify dMn and calculate Mn
(III)-LS. Blank corrected absorbance at 468 nm was converted to con-
centration using the molar absorptivity determined by external cali-
bration with MnCl2. Notably, an interference with Fe(II) has been
previously reported to shift the baseline of porphyrin reagent (Owings
et al., 2021). In applying this correction, it was confirmed that corrected
values fall within the standard deviation of the uncorrected triplicate
analyses, and thus the uncorrected values are reported throughout the
manuscript.

The concentrations Mn(III)-LS reported herein may be a slight
overestimation in pore waters, due to the presence of nanoparticulate
MnOx smaller than the operational pore size used here to separate the
dissolved pool (0.2 μm) and presence of colloidal Mn in some sediment
porewaters (Homoky et al., 2011). We did not separate colloidal from
truly dMn (<0.02 μm) in these samples, and did not quantify colloidal
Mn in porewaters, so it is possible that some fraction of Mn(III)-Ls
consists of colloidal Mn.

2.3. Dissolved water column manganese speciation

The method of Madison et al. (2011) was modified by Oldham et al.
(2017c) to quantify dMn speciation in fresh and seawater samples at
sub-micromolar levels. The detection limit of this method has been re-
ported to be 0.3 nM (Oldham et al., 2017c). All analyses were performed
in triplicate and standard deviations are reported for each sample. To
work with sub-micromolar water column samples, reagents from above
were diluted 100-fold and added to samples as described above in acid
cleaned 15 mL Falcon tubes. Amended samples were heated in a 90 ◦C
water bath for 60 mins. Samples were manually injected into a modified
setup from above; the 1 cm quartz cuvette was replaced with either a
500 or 100 cm pathlength flow cell (Liquid Waveguide Capillary Cell,
World Precision Instruments). The entire absorbance spectrum was
saved for each sample, processed using a baseline correction software
(ECDSOFT, https://puh.srce.hr/s/eAJb6M6mTpgaZos?path=ECDSOF
T), and the baseline corrected absorbance at 468 nm was converted to
concentration as described above for porewaters. In the water column
we cannot quantify Mn(III)-LW because modifications to the method that
are needed for lower detection limits cause kinetic inhibition of the re-
action. Therefore, all Mn(III)-L reported for water column samples are in
the form of Mn(III)-LS. BecauseMn(III)-LS is the fraction of Mn(III)-L that
cannot be outcompeted by the added porphyrin ligand (logKCOND >

13.2, Luther et al., 2015; Oldham et al., 2017c, Oldham et al., 2015), Mn
(III)-LS reported for the water column and for porewaters are compa-
rable. Colloidal Mn could also be part of the dMn pool in the water
column, however, even trace concentrations of calcium and magnesium
cause MnOx to precipitate (Perez-Benito et al., 1989). The colloidal

fraction of dMn in the Mississippi River water column is typically quite
low (~4 %; Stolpe et al., 2010), and thus we do not expect colloidal
MnOx to significantly alter our interpretation of the Mn speciation data
in our dissolved water column samples.

2.4. Manganese (oxyhydr)oxides

All water column samples were run in duplicate and analyzed within
4 h of collection using the leucoberbelin blue method described by
Altmann (1972) and modified by Oldham et al. (2019). Leucoberbelin
blue forms a deep blue color upon oxidation by MnOx, which can be
measured via UV/Vis spectroscopy at 620 nm. In our water column
samples, unfiltered waters were passed through 0.2 μMmembrane filters
(Section 2.1), and the filters were transferred to acid-clean, triple-rinsed
15 mL polycarbonate Falcon tubes. The filters were amended with 0.04
% leucoberbelin blue working solution to a final concentration of 0.004
%. The dye-amended filters were placed in a refrigerator for a minimum
of 90 min. After reacting, the solution was analyzed using a 1 cm quartz
cuvette, and the blank corrected absorbance of the solution was
measured at 620 nm using the UV/Vis setup detailed in Section 2.2.

2.5. Dissolved iron speciation in porewaters

Dissolved Fe speciation was determined in porewaters using the
ferrozine method developed by Stookey (1970), which has a detection
limit of 0.3 μM (Viollier et al., 2000). Ferrozine dye solution reacts with
Fe(II) to form a purple complex with a sharp absorbance peak at 562 nm,
measured in a 1 cm quartz cuvette with the UV/Vis system described in
Section 2.2. One filtered aliquot reserved for dissolved Fe was acidified
(0.1 % Trace Metal Grade HCl, Fisher Scientific), stored for 8–12 h in the
dark at room temperature and amended with 6 M ammonium acetate
and 0.01 M ferrozine dye solution. Hydroxylamine hydrochloride was
added to a second filtered, acidified aliquot and reacted for two hours to
reduce any Fe(III) present in the sample to Fe(II), and the procedure was
repeated to measure total dissolved Fe (dFe). The difference between
dFe and Fe(II) yields dFe(III). The Fe(III) fraction reported here is likely
a mixture of organically bound Fe(III) complexes and nanoparticulate Fe
(III) species.

2.6. Dissolved inorganic nitrogen in porewaters

Dissolved nitrate (NO3−) and nitrite (NO2−) were analyzed in tandem
with a Metrohm 844 UV/VIS Compact ion chromatograph. Our setup
consisted of a 150 × 4.0 mm Metrosep A SUPP 8150 column with col-
umn oven temperature set to 30 ◦C and manual sample injection via a
0.7 mL draw of sample water through a 250 μL loop, with an eluent
composition of 1 %, 0.45 μm filtered NaCl. Samples and standards (run
after every fifth sample) were measured for absorbance with a flow rate
of 1.5 mL min−1 at 209 nm, and concentrations were determined with
absorbance values via Beer’s Law (Weiss, 2016). Dissolved ammonium
(NH4+) was determined via Holmes et al., 1999, whereby sample water is
mixed with a working reagent containing orthopthaldialdeyde (OPA),
derivatizing NH4+ to produce fluorescence and sodium sulfite, reducing
OPA sensitivity to amino acids. Samples were incubated for 4 h and
subsequently measured for fluorescence on a Trilogy Fluorometer.
Samples were run in triplicate when sample volumes allowed. Relative
precision was ±10 % or better.

2.7. Dissolved oxygen and pH in porewaters

Sediment cores with at least 1 cm of overlying water were profiled
with an O2microsensor and a pHmicroelectrode (Unisense). The sensors
were polarized and calibrated according to Unisense user manuals. The
O2 microsensor was profiled in union with the pH microelectrode in 500
μm intervals to 3 cm using a manual micromanipulator and the Sen-
sorTracer Suite Profiling software (Unisense). In some instances, the
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core was profiled to 4 cm to obtain a more complete sediment profile.
The O2 profile was used to determine the sediment-water interface; the
point at which oxygen begins to rapidly decline was used as the
sediment-water interface, and the pH profiles were adjusted with this
point as “zero depth”. All profiles were run in triplicate; the average and
standard error of the 3 profiles were used for analysis.

2.8. Speciated manganese flux calculations from porewaters

The diffusive fluxes of Mn(II) and total Mn(III)-L (Mn(III)-LT) from
porewaters were calculated via Fick’s first law (Eq. (3)), modified to
account for flux due to porewater burial (Berg et al., 2019), using con-
centrations across the sediment-water interface and assuming transport
of Mn was mainly controlled by diffusion.

FMn(II/III) = ∅Dsed
dCMn(II/III)

dz
+ b0C0 (3)

Here, FMn(II/III) represents the flux of Mn across the sediment water
interface depending on its measured oxidation state in μmol m−2 d−1, ∅
represents the sediment porosity at 1 cm sediment as reported by
(Allison et al., 2007), Dsed is the effective molecular diffusion coefficient
after correcting for in situ temperature and sediment tortuosity, and dCMn

dz
represents the concentration gradient of Mn (μmol m−4). C0 is the Mn
concentration (μmol m−3) at the sediment-water interface, and b0 is the
volumetric porewater burial flux parameter which accounts for sedi-
ment compaction (Eq. (4)). The molecular diffusion constant at infinite
dilution and temperature i (Di) was corrected for in situ temperature
using the Stokes-Einstein Equation (Eq. (5)) (Vanysek, 1992).

b0 =
∅L(1− ∅0)

(1− ∅L)
s (4)

Dx =
Tx

μTx

×
μi

Ti
× Di (5)

In Eq. (5), Dx represents the molecular diffusion constant at in situ
bottom water temperature Tx, and μ represents the viscosity of water at
temperatures Ti and Tx. The temperature corrected diffusion constant
was then corrected for sediment tortuosity by Dsed = Dx

θ2 , where tortuosity
is θ2 and was calculated as a function of porosity: θ2 = 1− ln(∅2)

(Boudreau, 1997). Notably, there are no data in the literature which
describe a molecular diffusion constant for Mn(III). To correct for the
differing diffusion rates between the two differently charged species, the
literature-reported value of Di for Mn(II) was transformed using the ratio
between DFe(II): DFe(III). This ratio was chosen due to the similar van der
Waals atomic radii of Mn (197 pm) and Fe (194 pm). Additionally, Jones
et al., 2011 report that soluble organic Fe(III)-L complexes diffuse sub-
stantially slower than ionic Fe(III). We corrected this for Mn(III)-L by
repeating the model calculations using the molecular diffusion coeffi-
cient for 0.5–1 kDa humic acids (Cornel et al., 1986) instead of those
used for ionic Mn(III). The values representing water column end-
members used to calculate the concentration gradient of dMn across
the sediment-water interface were those measured from the deepest CTD
bottle (typically no more than 1 m from the sediment surface).

3. Results

3.1. Hydrographic regimes

There were three distinct hydrological regimes present in the study
area, riverine, shallow-shelf mixing, and shelf (Fig. 1). These regimes
were categorized by temperature, salinity, pH, oxygen concentration
and bottom depth. The riverine stations (Stations 5, 6, 7, 8 and 9)
include samples collected from the mainstem of the Mississippi River
and were low-salinity (S = 0.15–0.17), uniformly cold (11.0–12.4 ◦C),
slightly acidic relative to seawater (pH = 7.86 ± 0.19; n = 161), and

highly oxygenated (292.3 ± 5.3 μM, n = 161). The shallow-shelf mixing
stations (Stations 2 and 4) were defined by proximity to the coast,
salinity ranging from riverine to open GOMwith a salinity gradient with
S > 5 from surface to bottom waters. Mixing stations displayed differing
oxygen and temperature regimes above and below the halocline, sug-
gesting active freshwater input and estuarine mixing. The shelf/slope
stations (1 and 3) had water column stratification typical of open ocean
sites. Notably, the salinities at both sites were more homogenous than
the mixing sites and markedly higher than the riverine sites (S = 35.9 ±

0.6; n = 767; Fig. S1). The oxygen concentration at all of the sites
considered in the study was above the hypoxic range (> 60 μM).

3.2. Water column Mn distributions

The method used to quantify Mn(III)-L in the water columns of the
Mississippi River and NGoM in this study can only capture Mn(III)-LS
due to kinetic restraints of the method at sub-micromolar concentrations
of dMn (Oldham et al., 2017c). Discussions of Mn(III)-L in the water
column of this study always represent Mn(III)-LS. The concentration of
dMn was variable in the Mississippi River, ranging from 64.9 to 182.6
nM (Fig. 2; Table 2), with slightly lower values (98.6± 28.2 nM) upriver
compared to downriver south of the first branching point of the Mis-
sissippi River (159.1 ± 33.3 nM). The dMn values did not vary much
with depth along the river, indicative of a homogenous water column, in
agreement with the high river flow rate at the time of our sampling
(837,000 ± 150,000 ft3 s−1, USGS). Organically complexed Mn(III)-LS
was 0–26 % and 0–4 % of the dMn pool in Mississippi River surface
waters and bottom waters, respectively, and generally the contribution
of Mn(III)-LS to dMn decreased southward along the riverine transect.
MnOx concentrations were constant (29.0 ± 12.3 nM) across river
stations.

At the shallow-shelf mixing stations (Stations 2 and 4), the concen-
trations of dMn ranged from 9.4 to 191.0 nM andwere highest nearshore
(Fig. 3; Table 2). Depth profiles of dMn were variable at these two sta-
tions (Fig. 3). At Station 4, Mn(III)-LS constituted 40–80 % of the dMn
and dominated the dissolved pool within the halocline. Particulate
MnOx was present in very low concentrations at this station (1.6–6.3
nM), and the shape of the profile was similar to that of both Mn(III)-LS
and dMn (Fig. 3). MnOx, dMn and Mn(III)-LS concentrations increased to
6.3 nM, 191 nM, and 70 nM in bottom waters, respectively. The
contribution of Mn(III)-LS to dMn decreased from 70.6 ± 9.7 % in the
upper water column to 42 % at the bottom. At Station 2, the concen-
tration of Mn(III)-LS ranged from 0 to 94 % of the concentration of total
dMn, and its contribution increased with depth. MnOx (0 0.6–12.3 nM)
was a considerably more important part of the total Mn pool, especially
at the surface where the concentration of MnOx was greater than dMn.
At this location, the MnOx profile was considerably different than for
dMn and Mn(III)-LS. While MnOx dominates the surface waters, the
concentration of Mn(III)-LS is <4 % of the total concentration of dMn.
Below the surface and directly above the halocline, MnOx decreased
(12.3 to 6.8 nM) and Mn(III)-LS increased to 93 % of dMn.

The shelf/slope stations (Stations 1 and 3) were further offshore and
concentrations of dMn measured ranged from 18.6 to 93.4 nM. Con-
centrations of dMn were elevated at the surface and in bottom waters
(Fig. 3). At Station 3, Mn(III)-LS was slightly enriched relative to Mn(II)
in the surface (54 % of dMn), and dMn shifted entirely to Mn(II) in mid-
waters. At depth, the contribution of Mn(III)-LS to the dMn pool
increased with depth until comprising 100 % of dMn (93.4 nM) in
bottom waters. The concentration of MnOx was consistently low (< 1
nM) throughout the entire water column (Fig. 3). In contrast to Station
3, Mn(III)-LS contribution at Station 1 was greatest in the chlorophyll
maximum (100 %) and lowest in the surface waters (23 %). MnOx
concentrations were low (< 1 nM) in the upper water column at Station
1 and were slightly enriched (1.4 nM) in the bottom waters.
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Fig. 2. Surface waters (top row) and bottom waters (bottom row) section profiles of total dissolved Mn (nM), dissolved Mn(II) (nM), dissolved Mn(III)-LS (nM) and
particulate Mn (nM), at all stations in the Mississippi River from our March 2021 sampling effort. Section distance represents the distance (km) from the furthest
upriver Mississippi River station (Station 9).

Table 2
Dissolved Mn speciation and % of Mn complexed in water column samples. All speciation measurements were conducted in triplicate.

Station Depth (m) dMn (nM) Mn(II) (nM) Mn(III)-L (nM) %

River

5 2 67.3 ± 0.2 47.9 ± 0.7 19.4 ± 0.5 29
15 64.5 ± 3.6 64.0 ± 1.9 0.5 ± 2.9 1

6
1 122.2 ± 2.5 112.2 ± 4.1 9.9 ± 3.4 8
17 129.8 ± 4.0 129.4 ± 1.9 0.4 ± 3.2 0

7
2 135.5 ± 9.9 131.2 ± 2.4 4.3 ± 7.2 3
14 122.9 ± 2.0 117.7 ± 2.5 5.1 ± 2.3 4

8 2 182.6 ± 7.4 183.0 ± 4.2 0.0 ± 6.0 0
15 146.1 ± 1.3 141.7 ± 3.6 4.4 ± 2.7 3

9 5 106.3 ± 1.5 79.2 ± 2.4 27.0 ± 2.0 25

Mixing

2

2 17.0 ± 0.3 17.7 ± 0.2 0.0 ± 0.0 0
5 9.4 ± 0.1 9.0 ± 0.1 0.4 ± 0.1 4
8 19.6 ± 0.6 1.4 ± 0.3 18.2 ± 0.5 93
11 25.7 ± 0.2 2.2 ± 0.2 23.5 ± 0.2 92
13 15.0 ± 0.9 1.2 ± 0.0 13.8 ± 0.6 92
15 21.4 ± 0.2 1.1 ± 0.1 20.3 ± 0.2 95

4

2 119.8 ± 4.4 31.4 ± 1.1 88.5 ± 3.2 74
6 48.0 ± 0.2 8.2 ± 1.2 39.8 ± 0.8 83
12 32.4 ± 1.6 12.0 ± 0.3 20.3 ± 1.1 63
15 46.5 ± 1.4 17.3 ± 0.1 29.2 ± 1.0 63
30 191.0 ± 3.7 109.9 ± 1.5 81.2 ± 2.8 42

Shelf

1

2.5 37.3 ± 1.0 28.6 ± 0.6 8.7 ± 0.8 23
20 28.3 ± 1.4 19.8 ± 0.5 8.5 ± 1.0 30
55 21.0 ± 0.6 3.7 ± 2.9 17.3 ± 2.1 83
65 27.8 ± 0.5 0.0 ± 0.0 27.8 ± 0.4 100
85 18.6 ± 0.5 7.4 ± 0.4 11.2 ± 0.4 60
113 36.9 ± 0.4 6.3 ± 0.1 30.7 ± 0.3 83

3

2 35.9 ± 1.0 16.6 ± 0.6 19.3 ± 0.8 54
80 31.6 ± 1.0 35.0 ± 0.9 0.0 ± 0.9 0
120 48.1 ± 2.5 39.5 ± 0.3 8.5 ± 1.8 18
162 43.3 ± 2.0 29.9 ± 0.6 13.4 ± 1.5 31
216 26.2 ± 0.4 0.0 ± 0.0 26.2 ± 0.3 100
513 93.4 ± 0.8 0.0 ± 0.0 93.4 ± 0.6 100
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3.3. Porewater trace metals

Sediment porewaters were enriched in dMn and dFe, relative to the
water column, at all sites. Typically, the concentrations of these metals
increased down core to subsurface maxima (excluding Station 5). Below
the subsurface maximum at Station 9, the concentration of dMn
remained relatively constant (Table 3; Fig. 4). At Stations 1, 2, 3, and 4,
the concentration of dMn decreased below the subsurface maxima. At
Station 5, dMn increased continually below an overlying layer of sand.
The subsurface maximum of dMn and dFe in the Mississippi River sed-
iments were lower upriver ([dMn] = 28.8 μM and [dFe] = 44.9 μM;

Station 9) and increased southward along the river transect ([dMn] =

531.0 μM and [dFe] = 533.3 μM; Station 5), similar to the trend
observed in the water column. All stations had muddy sediments except
Station 5; we observed a 10 cm layer of sand overlying the muddy
sediments (Fig. 1). Both dMn and dFe were nondetectable in porewaters
extracted from the sand layer, while NO3− and NO2− were enriched
([NO3−] = 77.5 μM and [NO2−] = 1.5 μM). Below the sand to mud tran-
sition, dMn and dFe increased concurrent with decreasing NO3− and
NO2−. Mn(III)-L and Fe(III) were enriched in the upper 5 cm of the mud
layer, though generally [Mn(III)-L] > [Fe(III)] in this zone. Mn(III)-L
was undetectable at 13.5 cm below the sediment surface while there

Fig. 3. Speciated water column depth profiles of dissolved and particulate Mn (nM, first column) and associated hydrographic variables (temperature (◦C), salinity,
dissolved oxygen (nM), and fluorescence (mg m−3); second column). Particulate Mn concentrations are multiplied by 10 to better visualize trends. Hydrographic
variables are color coded; line colors correspond to the matching color axis.
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was an increase in Fe(III) to 9.4 μM. Below this depth, both oxidized
phases of these metals were detected in similar concentrations. At Sta-
tion 9, Fe(III) was below the detection limit but interestingly, we
observed the highest relative abundance of Mn(III)-LS in porewaters of
the sampling campaign, with Mn(III)-L almost entirely made up of Mn
(III)-LS (i.e., logKcond > 13.2). Thus, Mn(III)-L was stable even when Fe
(II) was present.

At the mixing and shelf stations (excluding Station 2), the subsurface
maxima associated with dMn and dFe decreased with increasing dis-
tance from the coast. The highest concentrations of dMn (774.2 μM) and
dFe (782.0 μM) were detected in the mixing zone at Station 4, consistent
with higher organic matter content closest to land and previous coastal
transect surveys of porewater trace metals (Lenstra et al., 2022; Yedema
et al., 2023). Depth profiles of dMn and dFe showed that the concen-
trations of both metals were lowest at shallow sediment depths, where
porewaters were still oxygenated and NO3− was detectable. At the sub-
surface maxima, both dissolved oxygen and NO3− were nondetectable,
while NH4+ was being produced (Fig. 4, Fig. S3). Beyond this depth
horizon, dMn and dFe decreased at all oceanic stations. The concen-
tration of dFe was similar to dMn at all depths at both mixing sites and

the shelf site closest to shore (Station 3). Conversely, at Station 1, which
sits on the shelf adjacent to the Mississippi Canyon, we observed [dMn]
> > [dFe] in all porewaters. We detected Mn(III)-L and Fe(III) in oxic
and suboxic sediment zones at all sampling locations.

In shelf sediments, organically-complexed Mn and Fe were typically
much more abundant in the oxygenated porewaters, making up to 80
and 100 % of the total dissolved pool at specific depths, respectively.
Additionally, the contribution of Mn(III)-L and Fe(III) to the total dis-
solved pool was typically lowest in the sediment layers containing the
subsurface maxima for each metal (on average 13 and 29 %, respec-
tively; n = 6). Beyond this depth horizon, we observed that Mn(III)-L and
Fe(III) were present, albeit in variable abundances, comprising 0–100 %
of the total dissolved pool at discrete depths.

Both strong and weak ligands contributed to the Mn(III)-L signal in
porewater samples. The derived logKcond of weak complexes measured
in this system ranged from 11.9 to 13.2. In the river sediments at Station
9, only Mn(III)-LS was detected below the oxygen penetration depth,
while both classes were found at all depths at Station 5. At three of four
mixing and shelf stations (excluding Station 3), Mn(III)-L was up to 100
% dMn at some depths and was composed of both ligand classes with

Table 3
Dissolved Mn speciation and % of Mn complexed as Mn(III)-LW, Mn(III)-LS and Mn(III)-LT in sediment porewater samples. All speciation measurements were analyzed
in triplicate. Zero values indicate measurements below our detection limit, while NA values represent no data available.

Station Depth (cm) dMn (μM) Mn(II) (μM) Mn(III)-LW (μM) % Mn(III)-LS (μM) % Mn(III)-LT (μM) %

River

9

0.3 2.1 ± 0.1 0.8 ± 0.2 1.2 ± 0.2 55 0.2 ± 0.2 8 1.3 ± 0.4 62
0.8 5.9 ± 0.1 3.7 ± 0.4 0.0 ± 0.0 0 2.1 ± 0.3 36 2.1 ± 0.2 36
1.3 18.3 ± 1.4 15.1 ± 4.2 0.0 ± 0.0 0 1.7 ± 3.1 9 1.7 ± 1.7 9
1.8 28.8 ± 2.8 17.3 ± 2.1 0.0 ± 0.0 0 11.5 ± 1.8 40 11.5 ± 0.4 40
2.5 9.5 ± 2.2 6.2 ± 0.7 0.0 ± 0.0 0 3.3 ± 1.7 34 3.3 ± 0.6 34
3.5 14.9 ± 1.3 5.3 ± 0.5 0.0 ± 0.0 0 9.6 ± 1.0 64 9.6 ± 0.2 64
5.0 21.7 ± 0.0 5.6 ± 0.2 0.0 ± 0.0 0 16.1 ± 0.1 74 16.1 ± 0.0 74
7.0 15.3 ± 0.8 4.5 ± 0.2 0.0 ± 0.0 0 10.8 ± 0.6 71 10.8 ± 0.1 71

5

10.0 53.4 ± 2.8 29.1 ± 2.5 5.7 ± 0.0 11 18.5 ± 2.7 35 24.3 ± 0.4 45
11.5 153.6 ± 6.5 86.3 ± 3.9 32.8 ± 1.9 21 34.5 ± 5.5 22 67.3 ± 0.7 44
12.5 214.2 ± 22.8 107.1 ± 6.3 49.4 ± 5.6 23 57.8 ± 17.2 27 107.2 ± 1.7 50
13.5 296.9 ± 3.9 298.8 ± 7.9 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
16.0 380.6 ± 5.9 297.4 ± 6.8 32.1 ± 2.8 8 51.1 ± 6.7 13 83.1 ± 0.7 22
17.5 479.9 ± 4.9 367.0 ± 6.4 106.4 ± 7.6 22 6.5 ± 7.9 1 112.9 ± 2.2 24
19.5 531.0 ± 4.3 375.4 ± 5.5 100.2 ± 1.2 19 55.5 ± 5.0 10 155.6 ± 0.5 29

Mixing

4

0.3 NA 3.4 ± 0.5 6.1 ± 1.5 NA NA NA NA NA
0.8 222.6 ± 8.3 30.1 ± 2.3 134.7 ± 11.4 61 57.8 ± 10.1 26 192.5 ± 1.2 86
1.5 774.2 ± 1.2 809.9 ± 12.6 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
2.5 560.6 ± 5.8 450.6 ± 10.5 15.0 ± 2.0 3 95.0 ± 8.6 17 110.0 ± 0.7 20
4.0 489.5 ± 27.1 333.4 ± 49.9 149.5 ± 69.7 31 6.7 ± 63.6 1 156.2 ± 17.9 32
6.0 352.5 ± 24.3 298.1 ± 17.4 27.4 ± 10.6 8 27.1 ± 22.4 8 54.5 ± 3.4 15
8.0 285.6 ± 7.1 171.0 ± 22.6 0.0 ± 0.0 0 114.6 ± 16.8 40 114.6 ± 1.1 40
11.5 250.0 ± 10.7 239.2 ± 21.3 0.0 ± 0.0 0 10.8 ± 16.8 4 10.8 ± 3.6 4

2

0.3 2.3 ± 0.3 0.5 ± 0.0 1.2 ± 0.0 50 0.7 ± 0.2 29 1.8 ± 0.2 79
0.8 11.3 ± 1.7 0.0 ± 0.0 3.2 ± 0.1 28 8.1 ± 1.2 72 11.3 ± 0.3 100
1.3 3.5 ± 1.4 2.4 ± 0.4 0.0 ± 0.0 0 1.1 ± 1.0 33 1.1 ± 0.7 33
1.8 3.0 ± 0.5 0.0 ± 0.0 3.8 ± 0.5 100 0.0 ± 0.0 0 3.8 ± 0.2 100
2.5 49.4 ± 3.8 42.8 ± 1.8 0.0 ± 0.0 0 6.6 ± 2.9 13 6.6 ± 0.8 13
3.5 109.8 ± 0.6 104.0 ± 2.2 1.0 ± 1.8 1 4.8 ± 2.0 4 5.8 ± 1.4 5
5.0 96.5 ± 2.3 52.0 ± 1.2 29.6 ± 1.2 31 14.9 ± 2.0 15 44.5 ± 0.4 46
7.0 79.5 ± 1.4 68.7 ± 5.1 0.0 ± 0.0 0 10.8 ± 3.7 14 10.8 ± 0.8 14

Shelf

3

0.3 4.7 ± 0.2 3.6 ± 4.8 3.7 ± 0.2 80 0.0 ± 0.0 0 3.7 ± 0.1 80
0.8 55.0 ± 1.0 53.2 ± 2.2 0.0 ± 0.0 0 1.8 ± 1.7 3 1.8 ± 0.9 3
1.3 87.7 ± 2.6 80.7 ± 4.7 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
1.8 129.3 ± .3 125.8 ± 1.8 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
2.5 99.9 ± 8.8 98.7 ± 1.2 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
3.5 108.0 ± 2.3 107.2 ± 11.8 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
5.0 82.6 ± 1.1 75.2 ± 5.7 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
7.0 53.3 ± 0.4 49.2 ± 4.3 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0

1

0.3 3.8 ± 1.7 1.2 ± 0.2 0.4 ± 0.1 10 2.2 ± 1.2 59 2.6 ± 0.1 69
0.8 5.5 ± 0.3 1.8 ± 0.0 0.7 ± 0.0 12 3.0 ± 0.2 55 3.7 ± 0.1 67
1.3 23.8 ± 1.7 6.5 ± 0.2 9.3 ± 0.2 39 8.1 ± 1.2 34 17.3 ± 0.3 73
1.8 66.7 ± 0.3 38.9 ± 2.9 25.9 ± 2.2 39 2.0 ± 2.6 3 27.8 ± 1.4 42
2.5 114.5 ± 0.8 116.2 ± 1.2 0.0 ± 0.0 0 0.0 ± 0.0 0 0.0 ± 0.0 0
3.5 62.4 ± 1.6 60.7 ± 2.4 0.8 ± 1.1 1 0.9 ± 2.2 1 1.7 ± 0.9 3
5.0 80.9 ± 4.8 79.7 ± 7.0 2.3 ± 1.5 3 0.0 ± 0.0 0 2.3 ± 0.7 3
7.0 61.8 ± 0.6 57.9 ± 2.5 0.0 ± 0.0 0 3.9 ± 1.8 6 3.9 ± 0.7 6
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strong complexes comprising up to 73 % of dMn at some depths. This
trend did not hold for Station 3, which was our deepest location and
displayed the lowest overall relative abundance of complexed Mn. When
Mn(III)-L was detected, it was present as a strong complex below the
oxygen penetration depth. Nonetheless, we detected weak Mn com-
plexes below the oxygen penetration depth and in excess of Fe(II). Below

the oxygen penetration depth at the shelf stations, we observed that
when Mn(III)-LS was in excess of Mn(III)-LW, there wa typically a
decrease in the abundance of Fe(III). At Station 9, where Mn(III)-LS was
in excess of Mn(III)-LW at all sediment depths, Fe(III) was non-
detectable.

Fig. 4. Speciated porewater depth profiles of dissolved Mn (first column), dissolved Fe (second column) and N (third column). For N profiles, N species are color
coded; line colors correspond to the matching color axis. Note the scale change for Mn and Fe at Stations 5 and 9. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

J.E. Davis et al. Marine Chemistry 267 (2024) 104466 

9 



4. Discussion

4.1. Trace metal dynamics in the northern Gulf of Mexico

This study adds to the growing body of literature that has investi-
gated trace metal dynamics in the Mississippi River, NGoM, and during
mixing of these two endmembers (Corbett et al., 2004; Justić et al.,
2022; Mellett and Buck, 2020; Owings et al., 2021; Reide Corbett et al.,
2006; Shiller, 1997; Shiller and Boyle, 1991; Shim et al., 2012a; Stolpe
et al., 2010; Trefry and Presley, 1982; Wade et al., 2008; Wen et al.,
1999b, Wen et al., 1999a, Wen et al., 2011). However, none of these
previous studies have simultaneously considered the presence of
organically-bound Mn(III) in both the water column and sediment
porewaters. In this work, we found that our data supports previous
studies of Mn cycling in the region, but highlights how different chem-
ical forms of Mn are dominant along the river to seawater continuum.

In this active estuarine mixing environment, we expected that many
chemical species of Mn coexist and rapidly cycle. In the following sec-
tions, we discuss the various chemical processes contributing to these
transformations in each hydrographic regime, focusing on sources, sinks
and internal cycling with an emphasis on improving our understanding
of the distributions and role of Mn(III)-L. This study improves our un-
derstanding of the Mn cycle in this dynamic region through the addition
of Mn(III)-L data. Mn(II) oxidized to the particulate phase most often
passes through the Mn(III) oxidation state, and similarly, reduction of
MnOx most often passes through the Mn(III) oxidation state prior to
forming Mn(II) (Luther, 2005; Luther et al., 2018; Morgan, 2005). In the
following sections we outline evidence from each regime that supports
the inclusion of Mn(III)-L in our current understanding of the Mn cycle.

4.2. Manganese cycling in the Mississippi River

In the Mississippi River plume, Mn displayed nonconservative
behavior upon mixing of Mississippi River and NGoM endmembers (Fig.
S1), similar to previous studies (Shim et al., 2012b). Concentrations of
dMn in the Mississippi River were primarily in the form of Mn(II) with
lower concentrations of particulate MnOx (Fig. 2). Concentrations of
dMn (64.5–182.6 nM) measured in this study are similar to dMn con-
centrations previously reported in the lower Mississippi River during the
spring (Shiller, 1997; Stolpe et al., 2010; Trefry, 1977). Downstream the
concentration of dMn generally increased, especially in the surface
(Fig. 2). Previous studies showed that particulate Mn (pMn) was highest
in the northern portion of the river, with dMn inversely correlated with
MnOx (Shiller, 1997; Shiller and Boyle, 1991). We observed a different
trend here, with the concentration of MnOx being similar both upstream
and downstream, and no inverse correlation between the two pools of
Mn and particle concentration (Fig. S2). The previous observations were
interpreted as being due to a pMn source from weathering, followed by
reductive dissolution of the pMn along the river continuum, resulting in
progressively higher concentrations of dMn. Importantly, it should be
noted that pMn from these previous studies are not comparable mea-
surements to the MnOx reported here. MnOx is a measurement of the
oxidative equivalence of Mn retained on a 0.2 μm filter, while pMn in-
cludes MnOx and adsorbed/mixed-valence Mn particles retained on the
same filter. While our distributions of MnOx are slightly different than
those previously reported, similar processes may be responsible for the
increases in the concentration of dMn downstream. However, our ob-
servations of Mn speciation indicate that additional internal cycling
processes that contribute to the distributions of dissolved and pMn.

The speciation of Mn also changed along the riverine transect. We
observed a decrease in the concentration of Mn(III)-LS downstream, and
Mn(II) increased while MnOx remained relatively constant along the
same transect. These MnOx particles are likely initially produced
authigenically via microbial oxidation and are rapidly cycled between
the dissolved and particulate phases during advective transport, sup-
porting in part the idea that MnOx reduction may support the increases

in Mn(II). However, the decrease in Mn(III)-LS complexes is puzzling
because we had hypothesized that the high organic matter content of the
river would contribute to a greater stabilization of Mn(III) as Mn(III)-LS.
The role of Mn(III)-LS as a transient redox species might explain this.
Organic matter and sunlight can facilitate the reduction of MnOx, which
may form Mn(III)-L in the presence of Mn(III) complexing ligands, or
rapidly disproportionate to Mn(II) and/or Mn(IV) in the absence of Mn
(III)-L complexing ligands. Additionally, there are thermodynamic and
kinetic constraints on the abiotic oxidation of Mn(II) to Mn(III) with O2
(Luther, 2005). Any abiotic Mn oxidation occurring in the river system
could be the result of preferential oxidation of Mn(III) to Mn(IV), which
could explain the low concentrations of Mn(III)-LS. Mn oxidation occurs
more rapidly due to biological oxidation (Shiller and Stephens, 2005;
Tebo et al., 2004; Tebo, 2019). MnOx could be photo-reduced in surface
waters and as it advects downriver, which then adds to the Mn(II) pool.
Mn(III) is known to complex with the same ligands as Fe(III) (Luther
et al., 2015), so another explanation for the lack of Mn(III)-L could be
competition between Mn(III) and Fe(III) for the organic ligand pool.
Other less likely possibilities include scavenging of Mn(III)-L onto MnOx
surfaces and its deposition to the sediments, or because Mn-oxidizing
microorganisms preferentially use Mn(III)-L as an electron donor
(Stumm and Morgan, 1996; Webb et al., 2005), Mn(III)-LS is preferen-
tially oxidized to MnOx. In both of these scenarios, however, we would
expect dMn to decrease with increasing salinity, which we did not
observe. Finally, the colloidal phase (>10 kD – 0.2 μm) of dMn in the
water column makes up only a small portion of dMn (Joung and Shiller,
2016; Stolpe et al., 2010). When present, this colloidal fraction has been
suggested to be associated with fluvic colloids, CDOM-rich colloids, and
benthic remobilization followed by slow reoxidation (Shiller, 1997;
Shiller and Boyle, 1991; Stolpe et al., 2010), so colloidal aggregation of
Mn(III)-L is another possibility. While we are not able to distinguish
between these three scenarios with our current dataset, it seems most
likely that the lifetime of Mn(III)-L might be short in the Mississippi
River.

In addition to thermodynamic considerations, the low Mn(III)-LS
observed could be due to the analytical procedure used to quantify Mn
(III)-LS. The modified procedure to detect Mn(III)-L in the nanomolar
range (Section 2.2) can only quantify Mn(III)-L complexes which have a
conditional stability constant of >13.2 (i.e., Mn(III)-LS) and does not
account for weaker complexes. It is possible that a large portion of Mn
(III)-L in freshwater has logKcond < 13.2 (i.e., Mn(III)-Lw). Mn has
been shown to bind with 0.4–5 nm CDOM-type molecules of terrigenous
origin in theMississippi River (Stolpe et al., 2010), and these compounds
are likely humic-like substances. Krachler et al. (2015) reported that
land-derived humic-type Fe(III)-L complexes have logKcond in the range
of 8–11, and known Mn(III)-L complexes have similar or slightly higher
logKcond compared to analogous Fe(III)-L complexes (Luther et al.,
2015). Humic-type ligands may dominate the Mn(III)-L pool in the
Mississippi River and these complexes would have logKcond < 13.2. This
idea is supported by experiments in Delaware Bay, which demonstrated
that humic material outcompeted a weak Mn(III)-pyrophosphate com-
plex but not a strong Mn(III)-desferrioxamine-B complex (Oldham et al.,
2017b). This suggests that many humic-type Mn(III)-L complexes may
fall within our operational definition of Mn(III)-LW. Terrestrial organic
matter makes up a large portion of total DOM during the time of our
sampling campaign in the spring (Duan et al., 2007), suggesting that Mn-
complexing material could be made up primarily of weaker humic-type
ligands. It is possible that Mn(III)-Lhumic was present in the Mississippi
River, but it was not detected by our method, and any Mn(III)-Lhumic
would be reported in this study as Mn(II).

Vertical profiles of redox species in the sediments were collected, and
this has not been done in the Mississippi River prior to this study to our
knowledge. Trends in the porewater distributions of Mn were consistent
with those in the overlying water column. For example, the subsurface
maximum of dMn concentration upriver was lower than observed
downriver, mimicking the trend in dMn and MnOx in the water column.
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This may reflect a higher delivery rate of MnOx to the sediments when
[MnOx] is elevated in the water column. In sediment porewaters from
previous work, dMn has a sub-surface maximum associated with the
depletion of dissolved oxygen (Lenstra et al., 2022; Owings et al., 2021).
The concentration of this subsurface max typically decreases with
increased distance from shore (Lenstra et al., 2022), which is likely
reflective of the usage of settled pMn during the remineralization of
organic matter (Owings et al., 2021). The dMn profiles in porewaters at
both riverine stations indicate that Mn is an important component of
sediment diagenesis in the Mississippi River, though different forms of
Mn may be used as electron donors at each site.

4.3. Manganese cycling in the northern Gulf of Mexico

Physicochemical partitioning of Mn changed significantly relative to
Mississippi River freshwater endmembers in the estuarine mixing zone
(surface salinity <30, Table 1). Mn(III)-L complexes were detected at all
stations and nearly all depths sampled, at times making up to 100 % of
dMn (Fig. 3). This is in agreement with previous studies which observed
stable Mn(III)-L complexes in oxygenated waters (Jones et al., 2020;
Oldham et al., 2017b, 2020; Thibault de Chanvalon et al., 2023). Several
processes can contribute to transformations of Mn and the formation and
stabilization of Mn(III)-L, including physical mixing processes, internal
cycling by the microbial community, and the identity and concentration
of Mn(III)-binding ligands at each station. While the former two pro-
cesses have been studied in some detail, the latter has not and could shed
light on the residence time of Mn(III)-L in addition to the effect different
ligand pools have on the oxidation rate of Mn.

At both mixing stations, the upper water column is characterized by
low salinity which transitions to seawater salinity at depth (Fig. 3).
Transformations of dMn in transition zones between freshwater and
seawater are common features in a variety of estuarine mixing zones.
The concentrations of dMn observed at mid-salinities (28–30) in this
study suggest both addition and removal of dMn relative to what would
be expected based on simple dilution, assuming a two endmember
mixing model (Fig. S1). Fluvial suspended sediments often enter the
NGoM through the deposition and resuspension of fluid muds, which
facilitates the transport of river-borne materials further offshore
(Corbett et al., 2004; Corbett et al., 2006). Ligand-promoted mobiliza-
tion of these fluid muds could contribute to the addition of dMn to mid-
salinity waters here, a process which has been documented in the
Broadkill River (Oldham et al., 2017a). If reductive dissolution/mobi-
lization of MnOx is more important than direct release of Mn from the
sediments, then MnOx dissolution must be rapid to support the excess of
dMn relative to MnOx observed on the shelf. The transformation of
MnOx to dMn may also be due to photochemical reduction and subse-
quent stabilization of dMn as Mn(III)-LS (Sunda and Huntsman, 1994).
Processes contributing to the removal of dMn at mixing stations may be
flocculation to suspended fluid muds transported to the NGoM from the
Mississippi River, where the particles settle and are removed from so-
lution (Maloney et al., 2020; Sholkovitz, 1978). Flocculation is likely to
have an outsized effect on the removal of Mn(II) relative to Mn(III), as
any Mn-stabilizing ligands would protect Mn(III)-L against coagulation
(Oldham et al., 2017a). Nonetheless, because Mn(III)-L complexes in the
NGoM are strong and in higher relative abundance than Mn(II), this
suggests a longer residence time for Mn(III)-L in the NGoM than in the
Mississippi River.

The shelf stations (1 and 3) had elevated dMn in surface waters that
then decreased with depth. Shelf waters had a subsurface maximum in
dMn coincident with the oxycline and enrichment of dMn in the bottom
waters relative to mid-waters. Additionally, the shelf had non-detectable
concentrations of MnOx in surface waters, implicating photo-reductive
dissolution of MnOx. From 23 to 54 % of the dMn pool in the surface
waters was comprised of Mn(III)-LS, so it is likely that some portion of
photo-reduced MnOx is stabilized by ambient ligands after reduction.
The high dMn in bottom waters on the shelf was predominantly in the

form of Mn(III)-LS, likely due to a benthic diffusive flux of dMn and/or
sedimentary resuspension. Our diffusive flux model (Section 4.4) in-
dicates that there is a lower diffusive flux of Mn(III)-L than Mn(II) out of
the sediments on the shelf. Because dMnwas 100 %Mn(III)-LS in bottom
waters at this location, Mn(II) diffusing from sediments is likely oxidized
upon escape to the water column and stabilized as Mn(III)-LS (Table 4).
It is also possible that some portion of Mn(III)-LS in these bottom waters
is comprised of colloidal MnOX particles formed from oxidation that is
accelerated due adsorption onto fluid mud material (Homoky et al.,
2011). However, colloidal Mn, if present, is typically a very small
portion of the overall Mn pool, even in fluid mud-rich bottom waters of
the Mississippi River delta region (Joung and Shiller, 2016) and
colloidal MnOx is unstable in seawater as even trace concentrations of
positively charged ions cause it to rapidly coagulate and precipitate
(Jones and Tebo, 2021; Perez-Benito et al., 1989).

4.4. Mn cycling in northern Gulf of Mexico porewaters

The most striking finding from porewaters in this study was the
presence of Mn(III)-L in most porewaters sampled in the NGoM. The
abundant Mn(III)-L complexes which stabilize Mn(III)-L against reduc-
tion by Fe(II) in porewaters are consistent with observations reported
from other estuarine systems, such as the St. Lawrence estuary (Madison
et al., 2013; Oldham et al., 2019). However, they are in contrast with
other porewater observations in the NGoM where Mn(III)-L was below
the methodological detection limit (1 μM; Owings et al., 2021). This
difference is likely due to seasonal differences in Mn partitioning asso-
ciated with late summer hypoxia sampled during that study. Owings
et al. (2021) conducted their study during the summer towards the end
of the hypoxic season (Rabalais et al., 2001; Rabalais and Turner, 2017).
Owings et al. (2021) reported deeper subsurface dMnmaxima than what
we observed (Fig. 4). The shallower subsurface dMn maxima and higher
Mn(III)-L observed during our spring sampling could be due to seasonal
differences in productivity. Larger organic matter delivery to the sedi-
ments resulting from larger freshwater flux during the spring than the
summer, coupled to shifts in the biological community as a result of
hypoxia, could result in a higher chemical oxidant demand in upper
sediment layers during the spring. The effects of hypoxia are both
chemical and biological due to hypoxic impacts on benthic mega- and
micro-faunal biodiversity (Rabalais and Baustian, 2020). The hypoxic
zone during the sampling period of Owings et al. (2021) was the largest
surface area since hypoxia monitoring began (Rabalais and Turner,
2017). Thus, Mn speciation reported during the summer is consistent
with greater Mn(II) accumulation in sediments because of the role that
MnOx plays as an oxidant in place of O2 for organic carbon
remineralization.

There could also be methodological considerations that would
explain the differences in Mn(III)-L between these two studies. In
addition to measuring Mn(III)-LW, we also used a final reduction step to
quantify any Mn(III)-LS, while Owings et al. only quantified Mn(III)-LW,
likely underestimated the total concentration of Mn(III)-L. Typically, we

Table 4
Calculated diffusive benthic fluxes of speciated dissolved Mn. Negative values
indicate flux from the sediments to the overlying water column. The Mn(III) flux
column represents the values calculated assuming ionic Mn(III) flux across the
sediment water interface, while the Mn(III)-L flux column represents values
calculated assuming Mn(III) bound to 0.5–1 kDa humic-like organic material
across the sediment water interface.

Station Mn(II) flux Mn(III) flux Mn(III)-L flux

μM m−2 d−1 μM m−2 d−1 μM m−2 d−1

4 −13.0 −6.0 −2.6
2 −3.8 −8.2 −5.6
3 −15.5 −13 −3.5
1 −13.8 −25.5 −10.9
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observed that Mn(III)-LS was a major fraction of Mn(III)-L in the suboxic
porewaters. Based on our results here and the methodology used by
Owings et al. (2021), dMn reported by them likely overlooked a fraction
of Mn(III)-LS. There could also be a significant fraction of dMn in
porewaters that is in the colloidal fraction, that might be detected as Mn
(III)-Ls in this work, even if it is actually not organically-bound Mn
(Homoky et al., 2011). The chemical speciation of colloidal Mn is un-
known, and could include both inorganic and organic phases. Uncov-
ering the speciation of colloidal Mn in porewaters will be important in
future studies, to fully understand how this fraction might impact Mn
transformations in sediments.

In addition to seasonal changes that impact the redox environment of
these two sampling periods, seasonal hypoxia alters benthic community
composition and abundance in the NGoM (Rabalais and Baustian, 2020;
Shivarudrappa and Briggs, 2017). Total biomass of the most abundant
macroinfaunal species significantly decreases when bottom water O2 is
depleted, and the dominant feeding modality shifts from an even mix
between subsurface deposit feeders and surface deposit feeders to nearly
completely surface deposit feeders (Rabalais and Baustian, 2020). This
shift in feeding modality has the potential to affect bioturbation rates in
the sediments, which would potentially impact the ability of Mn(II) to be
oxidized to Mn(III)-L in suboxic sediments, and its diffusion into the
overlying water column.

4.5. Filling in knowledge gaps about Mn(III)-L cycling in the northern
Gulf of Mexico

This was the first study to thoroughly examine Mn speciation in the
water column and sediment porewaters of the NGoM, particularly with
respect to characterizing the cycling of Mn(III)-L. To quantify the po-
tential importance of Mn(III)-L in the Mn cycle in the NGoM, specifically
in the Mississippi River delta region, we constructed a simple mass
balance box model of the NGoM that included the main sources and
sinks of dMn (Fig. 5, Table S1 and S2). We assumed a steady state model,
and the primary sources considered were riverine input from the Mis-
sissippi and Atchafalaya Rivers, dust deposition, and diffusive input
from the sediments. The primary sinks were phytoplankton uptake of
dMn, abiotic and biotic Mn oxidation, and flocculation of dMn during
estuarine mixing.We calculated two versions of this model; one assumed
that the only oxidation state of Mn contributing to the dissolved phase in
the NGoM was Mn(II), while the other assumed that Mn(II) and Mn(III)-

L both contributed to the dissolved phase of Mn (Table S1 and S2).
The fluxes in the box model were quantified based on both data from

this study and others (Fig. 5). The volume of the NGoM box was deter-
mined by multiplying the surface area of the of the continental shelf
between 93.8059◦W and 87.5086◦W (1.8 × 1011 m2) by the average
depth of the continental shelf (120 m) (Donoghue, 2011). The flux of
dMn from the Mississippi River was calculated by multiplying the
average [dMn] measured in the Mississippi River in this study by the
annual average volumetric flux of both the Mississippi River in 2021
(USGS Monitoring Station 07374525, Mississippi River at Belle Chasse,
Louisiana) and Atchafalaya River in 2021 (USGS Monitoring Station
07381600, Atchafalaya River at Morgan City, Louisiana). Although the
concentration of dMn was not measured in the Atchafalaya River in this
study, dMn in the two rivers is similar (Reiman et al., 2018). Mn inputs
to the NGoM from dust deposition were approximated using the average
dust flux to the region (Kok et al., 2021) and assuming a dissolution
efficiency of 0.22 nM day−1 mg dust−1 (Mendez et al., 2010). The
diffusive sedimentary flux of dMn was calculated by averaging the
diffusive flux rates quantified in our Fickian flux model (Table 4)
multiplied by the surface area of the continental shelf andwas calculated
using both the diffusion rate of ionic Mn(III) and of Mn(III) bound to
0.5–1 kDa humic acid-like organic material (Table 4). Sholkovitz (1978)
reported that 25–45 % of dMn flocculates and is lost from solution
during estuarine mixing. To account for this in our model, we used the
median value of this range and assumed that 35 % of dMn was lost from
the riverine flux of dMn into the box model area. Phytoplankton uptake
was quantified using the average annual primary productivity rate in the
NGoM (Benway and Coble, 2014), a mean C:chl a ratio of 60 (Bowie
et al., 2001), and a meanMn:C ratio of 3.7 μmol Mnmol C−1 (Martin and
Knauer, 1973). Finally, an average microbial oxidation rate was esti-
mated using the difference between dissolved sources and sinks to the
NGoM over an annual cycle and assuming the maintenance of steady
state. For additional details on the box model calculations, refer to
supplementary Table S1 and S2.

Considering only Mn(II) in the source and sink terms and assuming a
residence time range of 6 months to 1 year (Wang et al., 2016), the mass
balance estimated that the average concentration of dMn would be on
the order of 177.4–354.9 nM. On the other hand, when both Mn(II) and
Mn(III)-L were considered in the source and sink terms and assuming the
same residence time as above, the mass balance estimated that the
background concentration of dMn in the NGoM would be between 28.4

Fig. 5. Sources and sinks of dissolved Mn(II) and Mn(III)-L considered in the box model of the Northern Gulf of Mexico. Fluxes included in the figure come from the
calculation incorporating Mn(III)-L diffusive sedimentary flux. Red and purple text indicates model parameters that had Mn(II) and Mn(III)-L data to incorporate into
the calculations, respectively. Blue text indicates model parameters that did not have speciated dMn data to include. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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and 79.2 nM. The average concentration of dMn measured in this study
in the NGoM was 43.2 ± 40.7 nM (n = 23). The box model that
considered both Mn(II) and Mn(III)-L in the source and sink terms of
dMn in the NGoM were much better aligned with our measurements
compared to the Mn(II) only model. Although simplified, these back of
the envelope calculations demonstrated that fluxes of Mn(III)-L are
likely necessary to include in modelling efforts in order to better
reproduce background concentrations of dMn in the NGoM, and likely in
other regions of the global ocean. The presence of Mn(III)-L in coastal
regions and in the open ocean more broadly, could have important
implications for how we think about Mn as a scavenger of the sea.

5. Conclusions

These results demonstrate the need to recharacterize the Mn cycle in
the marine environment and include fluxes of Mn(III)-L. We demon-
strated that Mn(III)-L is often a dominant fraction of dMn in the water
column and sediment porewaters of a highly dynamic estuarine system,
implying that estuarine transformation of Mn, and thus delivery to the
global ocean, is likely much more nuanced than previously described.
During estuarine mixing in the NGoM, the dissolved pool of Mn shifted
from largely Mn(II) in the Mississippi River to primarily Mn(III)-L when
[MnOx] < dMn. Our results suggest that the natural ligand pool could
contribute to reductive partitioning of MnOx into the dissolved phase as
Mississippi River and NGoM endmembers meet, with Mn(III)-LS stabi-
lized by ambient organic ligands as the product. Previous mass-balanced
based approaches to quantify riverine delivery of Mn to the ocean have
assumed either estuarine removal or conservative mixing, yet our results
indicate that these approaches could be misrepresenting riverine dMn
delivery to the ocean. Additionally, we demonstratedMn(III)-L flux from
sedimentary porewaters for the first time, characterizing an overlooked
source of Mn(III)-L to the water column of estuarine systems. As Mn(III)-
L are thought to be ubiquitous in the marine environment, these findings
have broad implications for sedimentary sources of Mn(III)-L
throughout the global ocean and understanding the oxidation state of
Mn from sediments is crucial for quantifying the residence time and
propensity for long-range transport of dMn. Finally, the more accurate
representation of the Mn cycle in the NGoM from our simple box model
that included Mn(III)-L dynamics highlighted the importance of
including the cycling of Mn(III)-L in our understanding of the Mn cycle
in the global ocean.
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