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Abstract 22 

We measured the speciation of dissolved Mn from the surface to just above the hydrothermal 23 

vents at 9o50’N East Pacific Rise in the open ocean of the Pacific over a three week period. Total 24 

dissolved Mn concentrations ranged from 2.2 to 135 nM with a significant contribution of dissolved 25 

Mn(III) bound to humic acid in one third of our samples representing up to 64% of the total 26 

dissolved Mn. These humic complexes were mostly detected in the hydrothermal vent plume and 27 

at the redox boundaries of the oxygen minimum zone in the water column. In the hydrothermal 28 

plume, the Mn(III)-humic acid stabilized the manganese in solution up to a ~10,000-fold dilution 29 

of the venting water. In the upper water column, Mn(III)-humic acid was only detected after a 30 

squall and rain event, which indicates that it is a transient species, persistent over days to weeks. 31 

This temporal variability highlights the importance of non-steady-state processes in the open ocean, 32 

which may help to explain previous observations of a dissolved Mn maximum within oceanic 33 

oxygen minimum zones.   34 
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Introduction 35 

 36 

The vertical distribution of total dissolved manganese in the East Pacific margin is usually 37 

depicted with three concentration maxima: at the surface, in the oxygen minimum zone and, where 38 

present, in hydrothermal vent plumes (e.g. Klinkhammer and Bender 1980; Martin et al. 1985; 39 

Resing et al. 2015). For the first maximum at the surface, the principal source of dissolved Mn is 40 

atmospheric dust deposition dissolved by photoreduction (e.g. Guieu et al., 1994; Mendez et al., 41 

2010; Sunda et al., 1983) and, of lower magnitude, by efflux of dissolved Mn(II) from coastal 42 

sediment (e.g. McManus et al., 2012). Sunda and Huntsman (1988) showed that high surface 43 

dissolved Mn concentration is also maintained due to photoinhibition of biological Mn oxide 44 

formation. In the surface ocean maximum, the removal of dissolved Mn occurs primarily via 45 

biological uptake, adsorption onto particles and abiotic and biotic oxidation to solid Mn(III/IV) 46 

oxides (Sunda and Huntsman 1990).  47 

In the oxygen minimum zone, several Mn sources have been considered for the second dissolved 48 

Mn maximum, fueling a debate between three models explaining the dissolved Mn maximum 49 

(Klinkhammer and Bender 1980):  model A, the dissolution of Mn oxides in the oxygen minimum 50 

zone due to the in situ low dissolved oxygen/low pH (Klinkhammer and Bender 1980; Lam et al. 51 

2018); model B, the offshore transport of sediment porewater efflux favored by the slow oxidation 52 

kinetics of Mn(II) in the oxygen minimum zone (e.g. Martin and Knauer 1984; Lewis and Luther 53 

III 2000; Cutter et al. 2018); and model C, the release of dissolved Mn by mineralization of organic 54 

matter (Johnson et al. 1996; Vedamati et al. 2015; Sanial et al. 2017). There are two common 55 

assumptions regarding Mn redox chemistry within these three models. First, they assume that the 56 

total dissolved Mn pool is comprised of only Mn(II), whereas recently, much work has reported on 57 
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the environmental importance of dissolved Mn(III) bound to organic ligands (e.g. Trouwborst et 58 

al. 2006; Madison et al. 2011; Jones et al. 2020) and laboratory results have shown that certain 59 

organic and inorganic ligands prevent dissolved Mn(III) disproportionation for weeks (e.g. Kostka 60 

et al., 1995). However, these prior field studies have only examined estuarine water columns and 61 

sediment porewaters, with dissolved Mn concentration exceeding 20 nM. More recent 62 

investigations on the continental shelf of the Northwest Atlantic ocean (Oldham et al. 2020) and 63 

into the open ocean waters of the Northwest Atlantic Ocean (Jones et al. 2020) report important 64 

contributions of Mn(III) to the total dissolved Mn pool, though decreasing offshore. Jones et al 65 

(2020) report increased contributions of Mn(III) in the oxygen minimum zone waters that have a 66 

O2 saturation state of 50%. The first goal of the present study is thus to determine whether Mn(III) 67 

is an important component of the total dissolved Mn pool in the open ocean system of the Pacific. 68 

The second assumption of the above models is that they assume the system is at steady state. 69 

Sampling during cruises doing transects with short stops on each station favors the interpretation 70 

of changes due to vertical and lateral heterogeneity rather than temporal variation. However, storms 71 

and/or eddies are known to change, sometimes drastically, the water column properties (e.g. Babin 72 

et al., 2004). This could be especially important for metastable species, such as dissolved Mn(III), 73 

since its stability depends on the complex(es) it forms. Thus, our second goal is to address this 74 

potential for temporal variability in the stabilization of dissolved Mn(III); to this aim, we sampled 75 

the water column over the course of three weeks at the same station above the East Pacific Rise 76 

hydrothermal vent system, 900 km south of Mexico and 2000 km west of Costa Rica. 77 

In the deep ocean, the third dissolved Mn maximum is a well-known feature of active 78 

hydrothermal sources which release dissolved Mn suspected to be Mn(II) (e.g. Klinkhammer et al., 79 

1977). This dissolved Mn can be transported vertically several hundred meters above the vent 80 
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source and can also be transported laterally hundreds to thousands of kilometers (Fitzsimmons et 81 

al. 2014). Possible removal processes from vent sources include bacterial dissolved Mn(II) 82 

oxidation in the vent water (Ehrlich, 1983; Dick et al., 2006; Mandernack and Tebo, 1993) and in 83 

the plume (Cowen et al. 1986), as well as abiotic dissolved Mn(II) oxidation and/or adsorption onto 84 

particles (Mandernack and Tebo 1993). Therefore, the third goal of our work is to characterize the 85 

importance of organic ligands capable of stabilizing dissolved Mn(III) in the East Pacific Rise 86 

(EPR) hydrothermal plume. The vent work reported here builds on the chemistry that our group 87 

(Shaw et al, 2021) found in the dynamic mixing zone from the vent orifice to about 3 meters above 88 

the vent, which is the origin of the vent plume. In Shaw et al (2021), we showed that dissolved 89 

Mn(III) was produced due to the formation of reactive oxygen species as the thermodynamics of 90 

Mn(II) oxidation by O2 is not favorable (Luther, 2010). Here, we show that dissolved Mn(III) 91 

formed in the dynamic mixing zone is transported in the resulting plume into the water column. 92 

Overall, this study tries to answer A) Is Mn(III)-ligand an important component of the total 93 

dissolved Mn pool in the open ocean ? B) How does temporal variability affect the distribution of 94 

Mn(III)-ligand ? and C) Is Mn stabilized as a complex by organic ligand in the vent plume?   95 
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Materials and methods 96 

Seawater sampling 97 

Four vertical water column profiles of chemical and physical properties were performed at 9o 50 98 

N East Pacific Rise (104o 17 W) on April 3, 6, 13 and 15 of 2017 aboard the R/V Atlantis. A squall, 99 

with average wind speed of 40 km h-1 associated with 10 mm of rain, occurred on April 11th and 100 

12th, 2017. During each cast, 12 depths were sampled in duplicate using a 24-Niskin bottle rosette 101 

equipped with a Seabird 911 CTD (Conductivity, Temperature, Depth) profiler as well as oxygen 102 

(SBE43), fluorescence (Wetlabs FLNTURTD) and beam transmission (Wetlabs C-Star 103 

transmissometer) sensors. The Oxygen sensor has a reported detection limit of 3 M with high 104 

stability (shift < 1 M/month). As our profiles occurred over a 12-day period and the O2 105 

concentration difference before and after the squalls was > 2 M, we regard comparisons at low 106 

O2 concentrations as reliable because of the sensor’s high stability. In addition to these sensors, a 107 

transponder was put on the CTD rosette to communicate with a deep ocean transponder placed via 108 

the HOV Alvin so that the rising plume could be better detected, and samples could be obtained 109 

closer to the source hydrothermal vents. The transponder allowed us to sample in or nearer the vent 110 

plume than could be done in other work (e.g., Fitzsimmons et al 2017; Lam et al, 2018).   111 

The sampling was focused above, within and below the oxygen minimum zone and, in particular, 112 

along the oxygen decrease from the surface to the top of the oxygen minimum zone, as determined 113 

by the in situ dissolved oxygen profile. Water samples were obtained thanks to 10-liter external 114 

spring trace metal Niskin bottles by General Oceanics, acid cleaned on deck prior to deployment. 115 

Blanks showed negligible Mn contamination. Two liters aliquots were collected using acid-washed 116 

tubing into acid-washed LDPE bottles after triplicate rinsing, and minimizing atmospheric oxygen 117 
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contamination by overflowing bottles. Samples were filtered by vacuum pump within 1 hour of 118 

collection through 47 mm diameter 0.2 µm acid cleaned membrane filters (polycarbonate from 119 

Whatman®, in a N2-filled glove bag for oxygen minimum zone samples) using acid-cleaned 120 

polycarbonate filtration units (Savillex). Filtered samples were not acidified but frozen and 121 

preserved at -20oC until analysis.  122 

Dissolved Mn speciation measurements 123 

Dissolved Mn speciation was measured by UV-vis adsorption at 468 nm of a Mn-porphyrin 124 

complex formed after a Cd(II)-porphyrin reagent addition to the sample (Ishii et al. 1982). Details 125 

of the method are described in Thibault de Chanvalon and Luther 2019. The final concentrations 126 

of the Cd(II)-porphyrin reagent components after mixing with the sample are: sodium tetraborate 127 

(500 µM), imidazole (18 mM), T(4-CP)P porphyrin (240 nM) and CdCl2 (24 µM). The UV-vis 128 

adsorption was measured in a 500-cm long wave capillary cell (World Precision Instrument) which 129 

gives a detection limit of 0.3 nM (3x times the blank's standard deviation). Three discrete aliquots 130 

of a sample are measured in triplicate (Table 1). These aliquots divide the total dissolved Mn pool 131 

into three conceptual fractions in Table 1 (dissolved Mn(II); dissolved Mn(II) and Mn(III)-humic 132 

acid; total dissolved Mn), which are distinguishable by the chemical properties of each fraction. 133 

The “heated only” aliquot corresponds to the measurement after 60 minutes of reacting in a 90 134 

oC water bath and corresponds to the complexation of Mn(II) and any weak and fast reacting 135 

Mn(III) complexes. For simplicity, we refer to this fraction as Mn(II) even if it includes some 136 

Mn(III)-ligandweak (log Kcond < 11.6) described previously (Madison et al. 2011). 137 

The “HA removed” aliquot is acidified (pH<2) and filtered prior to the reagent addition and 138 

similar heating and causes removal of the associated Mn (Oldham et al., 2017a,b). Since Mn(II) 139 
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binds very weakly to organic matter (Irving and Williams 1948; Madison et al. 2011), we assume 140 

that the Mn precipitating with humic materials is Mn(III) (Mn(III)-humic acid). The Mn remaining 141 

in solution after acid precipitation is Mn(II). Thus, the difference between dissolved Mn in the 142 

heated fraction and the Mn(II) in the solution after acid precipitation of humic acids provides the 143 

concentration of Mn(III)-humic acid. We note that humic material in waters near vents can come 144 

from several sources including the vents, chemosynthetic organisms surrounding vents and bottom 145 

waters; functional groups include hydroxylated aromatic and nonaromatic compounds that can bind 146 

metals (Luther 2021).  147 

Finally, the “NH2OH reduced” aliquot is treated with a strong reducing agent, NH2OH (final 148 

concentration of 100 nM), to reduce all Mn(III)-ligand compounds to Mn(II) before addition of the 149 

Cd(II)-porphyrin reagent and heating. In this latter case, both Mn(II), Mn(III)-humic acid and any 150 

manganese bound to a strong ligand (Mn(III)-ligandstrong) are complexed by the Cd(II)-porphyrin 151 

reagent. This measurement gives the total dissolved Mn concentration.  152 

In Thibault de Chanvalon and Luther (2019), we reported that the method agrees with other 153 

methods on known standards. We measured total manganese [after the heating treatment (Mn(II)+ 154 

Mn(III)-ligandweak + Mn(III)-humic acid)] using the Canadian NASS-6 standard material at 10.1 ± 155 

0.7 nM (n=12, consensus NASS value of 9.65 ± 0.92 nM) and in the Geotraces SAFe-S material at 156 

0.82 ± 0.17 nM (n=9, consensus SAFe-S value of 0.825 ± 0.08 nM). 157 

Table 1: correspondence between analyses and expected speciation measured 158 

Dissolved Mn Analyses Expected speciation measured 

HA removed  Mn(II)   

Heated only Mn(II) 
+ Mn(III)-humic 

acid 
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NH2OH reduced Mn(II) 
+ Mn(III)-humic 

acid 

+ Mn(III)-

ligandstrong 

  159 
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Results 160 

CTD data and identification of water masses 161 

The salinity and temperature profiles of the water column (Figure 1) permit identification of 4 162 

main water masses.  163 

(1) The surface layer (21 < σθ (potential density anomaly) < 21.6) with low salinity, high 164 

temperature and high oxygen concentration, extended from the surface down to 65 ± 5 m 165 

depth. This depth also corresponded to the fluorescence maximum and to the beam 166 

transmission minimum (Figure 2). The squall (11th and 12th April) impacted the water column 167 

properties and raised the start of the dissolved oxygen gradient from 68 to 55 m depth (Figure 168 

3A). However, these depths corresponded to an identical potential density (σθ = 21.6), which 169 

 
Figure 1: CTD profiles with shaded areas identifying the main water masses. Temperature in orange,  

salinity in blue and potential density anomaly in black. 
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indicates that the elevation of the oxygen gradient is produced by an increase of mixing 170 

between the surface layer and the layer beneath.  171 

(2) The Equatorial Subsurface Water (Peters et al., 2017) between ~ 70 m and ~ 400 m depth 172 

(21.6 < σθ < 28.4) is characterized by high salinity and an oxygen concentration that drops sharply, 173 

reaches a first minimum at σθ = 26.6, then varies between 1 µM and 15 µM (Figure 2). In this layer, 174 

the impact of the squall is visible on the oxygen minimum of the Equatorial Subsurface Water that 175 

decreases from 3 µM to < 1 µM at 120 m depth (Figure 3B). Moreover, at the lower Equatorial 176 

Subsurface Water limit (~ 400m depth), the weakly oxygenated water (between 1 µM and 15 µM) 177 

expands downward after the squall (Figure 3C) suggesting a possible increase of water mixing 178 

down to this depth.  179 

 
Figure 2: CTD profiles with shaded areas identifying the main water masses. Oxygen (in red) 

concentrations have a logarithmic scale. Beam transmission is in black, fluorescence in green. 
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(3) The Equatorial Pacific Intermediate Water (Figure 1), between ~ 400 m and ~ 1100 m depth 180 

(28.4 < σθ < 32.4), is characterized by an oxygen depletion with concentration mostly below the 181 

sensor’s detection limit of 3 M. Two weak beam transmission maxima are constant over time at 182 

σθ = 29.5 and σθ = 30.6 (Figure 2).  183 

Below the Equatorial Pacific Intermediate Water is the (4) Pacific Deep Water, with density 184 

above σθ = 32.4. This zone is characterized by low temperature and high concentrations of oxygen. 185 

Close to the bottom (at 2500 m depth), a decrease of beam transmission was observed on the 4th, 186 

13th and 15th April because the CTD was in the plume produced by the active vents of the East 187 

Pacific Rise. 188 

Manganese speciation 189 

The manganese concentrations obtained with the methods “heated only” and “NH2OH reduced” 190 

show similar results (Table 2). According to the operational definitions from Table 1, this indicates 191 

that there is no Mn(III)-ligandstrong present in our samples. Because of these similarities, we describe 192 

total dissolved Mn using the results from the “heated only” method. In contrast, the results from 193 

 
Figure 3: Details of oxygen profiles from the CTD: A - at the boundary between surface layer 

and Equatorial Subsurface Water; B –at the top of the Equatorial Subsurface Water and C – at 

the boundary between Equatorial Subsurface Water/Equatorial Pacific Intermediate Water. 

Solid lines correspond to downward measurements; dotted lines correspond to upward 

measurement. 
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the acidified, “HA removed” method showed lower dissolved Mn values than the non-acidified 194 

method in 31% of the samples, indicating Mn removal during the acidification step. Mn is likely 195 

to be removed during the acidification if it is bound to humic material, which precipitates at pH<2, 196 

and if it is not dissociated from its ligand (Oldham et al., 2017a,b). Therefore, the Mn(III)-humic 197 

acid is calculated by difference between the “heated only” and “HA removed” methods (Table 1). 198 

Table 2: Slope (a) and correlation coefficient between the concentrations 199 

measured with the methods “heated only” and “NH2OH reduced” 200 

Date “heated only” versus “NH2OH 

reduced” 

April 4th  a = 1.01 

 r2 = 0.82 

April 6th  a = 1.00 

 r2 = 0.72 

April 13th  no data 

  

April 15th  no data 

 

The concentrations of total dissolved Mn before the squall (4th and 6th April, Figure 4 and 201 

Supporting Information Table S1) correspond to previous manganese profiles from this region 202 

(Klinkhammer and Bender 1980; Murray et al. 1983) with surface concentrations between 2.6 and 203 

2.9 nM. A second maximum occurs at the oxycline, with values of 5.3 and 3.7 nM for April 4th and 204 

6th, followed by a decrease in the Equatorial Subsurface Water (total dissolved Mn = 2.6 and 2.4 205 

nM). A third maximum is visible in the center of the oxygen minimum zone (4.4 and 3.7 nM for 206 

April 4th and 6th) and lower concentrations (2.3 nM) are observed in the Pacific Deep Water at 1500 207 

m depth. No Mn(III)-humic acid complexes were detected in the water column before the squall 208 

with the exception of above the hydrothermal vent.  209 



14 

After the squall, the total dissolved Mn concentrations increased at the surface (Figure 4, April 210 

13th and 15th) up to 5 nM (at 30 m depth), likely due to the dissolution of dust deposition associated 211 

with the rain event, but no form of dissolved Mn(III) was identified. Although we have no data 212 

from aerosol samples, Marsay et al. (2022) and Buck et al. (2019) show that Mn from crustal 213 

sources is present in dust samples from the Eastern and Central Pacific, respectively, indicating 214 

that Mn was deposited to our surface waters after the rain event.  215 

At the oxycline, total dissolved Mn concentration increased after the squall up to 8.4 nM and was 216 

composed of, on average, 33% Mn(III)-humic acid (Table 3). At 140 m depth, in the Equatorial 217 

 
Figure 4: Manganese speciation above 9o 50 N East Pacific Rise with shaded areas identifying the main 

water masses. Oxygen profile is superimposed for reminder. dMnT (total dissolved Mn) and Mn(II) are 

the upper x-axis whereas Mn(III)-humic acid in % of dMnT is the lower x-axis. 
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Subsurface Water, a particularly high total dissolved Mn concentrations (14.2 nM) associated with 218 

the detection of Mn(III)-humic acid was also observed and coincided with an oxygen decrease 219 

during the squall (from 3 µM to < 1 µM, Figure 3B). Finally, at the boundaries of the oxygen 220 

minimum zone (400 and 680 m depth), an increase of total dissolved Mn (up to 8.1 nM at 400m 221 

depth and 10.2 nM at 680 m depth) associated with Mn(III)-humic acid is observed after the squall.  222 

Table 3: Beam transmission and temperature signature of bottom water (depth = 2504 ± 6 m) 223 

compared to the manganese speciation. The dilution factor is calculated based on the bottom water 224 

change of Temperature compared to the measured temperature of the closest venting water. 225 

Date Location 
Closest 

vent 

Bottom change 

of beam 

transmission 

Bottom change 

of Temperature 

(oC) 

Temperature 

of venting 

water (oC) 

total 

dissolved 

Mn (nM) 

Mn(III)-humic 

acid (% total 

dissolved Mn) 

Dilution 

factor 

April 4th 
9o50.97N 

104o17.62W 
BioVent -0.13 % +0.05 310 28.2 64 5740 

April 6th 
9o47.25N 

104o16.97W 
V Vent 0.0 % 0.0 ND 5 0 >20000 

April 13th 
9o50.31N 

104o17.48W 

Bio 9 

Vent 
-0.08 % +0.04 370 20.7 40 9250 

April 15th 
9o50.15N 

104o17.46W 
P Vent -0.7 % +0.13 360 134.4 37 2950 

 226 

Above the hydrothermal vents (~10 m), the beam transmission shows attenuation on April 4th, 227 

13th and 15th due to the particles carried by the vent plume (Figure 2) while the temperature 228 

increases. The bottom changes of both temperature and beam transmission were obtained from a 229 

close look at the data from the ten deepest meters obtained during the CTD casts (Supporting 230 

Information Fig. S1). Table 3 shows the strong relationship between the bottom changes of beam 231 

transmission and temperature increases (r2 > 0.9) along with an increase in dissolved Mn, indicating 232 

that vent fluid emission is the major source of dissolved Mn in this system. In particular, Figure 5 233 

shows that Mn(III)-humic acid increase linearly with temperature anomalies with a slope of 320 ± 234 

100 nM °C-1 and account for 37 - 64% of total dissolved Mn while dissolved Mn(II) presents an 235 
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important loss between temperature anomalies of 0.13 oC and 0.05 oC. In contrast, on the 6th of 236 

April, we did not detect a plume (no beam transmission nor temperature anomaly) and there were 237 

lower total dissolved Mn concentrations (5 nM) and no detectable Mn(III)-humic acid. 238 

 239 

  240 

 
Figure 5: Manganese speciation in the hydrothermal plume (depth = 2504 ± 6 m, data from 

Table 3). dMn(II) is dissolved Mn(II) and ΔT is temperature anomalies. 

r² = 0,94

0

20

40

60

80

100

0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004

1/dilution factor

M
n

(I
II

)-
H

A
 a

n
d

   
  d

M
n

(I
I)

 (
n

M
)

ΔT = 0.04°C

ΔT = 0.05°C

ΔT = 0.13°C



17 

Discussion 241 

On April 11th and 12th, a squall with average wind speed of 40 km h-1 and a rainfall of 10 mm 242 

occurs simultaneously to significant water mixing. At redox gradient depths, after the squall, an 243 

important increase of total dissolved Mn was observed, in association with dissolved Mn(III). The 244 

three first parts of the discussion propose explanations for these changes comparing the situation 245 

before to the situation after the squall. The last part of the discussion focuses on the role of 246 

hydrothermal vents whose plume was always associated with important Mn (III) contribution. 247 

Mn speciation before the squall (surface and Oxygen minimum zone) 248 

For the April 4th and 6th samplings, dissolved Mn speciation indicates that only dissolved Mn(II) 249 

is detected except above the hydrothermal vent on April 4 (Table S1). April 4th and 6th dissolved 250 

Mn profiles (Figure 4) present the typical features across the oxygen minimum zone including a 251 

sharp peak of total dissolved Mn concentration at the oxycline up to 5.3 nM, as recently observed 252 

in other oxygen minimum zones (Vedamati et al. 2015; Sanial et al. 2017) and a broader increase 253 

of total dissolved Mn (up to 4.4 nM) in the core of the oxygen minimum zone reported in this 254 

region since the 1980s (Klinkhammer and Bender 1980; Martin and Knauer 1984). Three models 255 

can independently explain these observations alone or in combination: the dissolution of Mn oxides 256 

settling from the mixed layer (model A, Klinkhammer and Bender, 1980; Lam et al., 2017); the 257 

offshore transport of sedimentary efflux in a context of slow dissolved Mn removal by reoxidation 258 

due to the oxygen minimum zone (model B, Martin and Knauer, 1984; Lewis and Luther III, 2000; 259 

Cutter et al., 2018) or the in situ mineralization of organic matter associated also with slow 260 

oxidation (model C, Johnson et al., 1996; Vedamati et al., 2015; Sanial et al., 2017). The absence 261 

of measurable dissolved Mn(III) on April 4th and 6th samples bring new information of the ongoing 262 

processes. Indeed, previous studies over a natural redox gradient in the Black Sea (Trouwborst et 263 
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al. 2006; Yakushev et al. 2009), estuaries (Oldham et al. 2017b; a; Jones et al. 2019) and porewaters 264 

(Madison et al. 2013) demonstrate the ubiquity of dissolved Mn(III) where intense redox reactions 265 

occur. The production of dissolved Mn(III) during Mn oxide reduction is further supported by 266 

laboratory experiments (Stone 1987; Perez-Benito 2002) including electrochemical (Ruppel et al. 267 

2001), ligand driven (Duckworth and Sposito 2007) and bacterial reduction (Lin et al. 2012). 268 

Finally, thermodynamic considerations also highlight the efficiency of two one-electron transfer 269 

steps versus a single two-electron step (Luther 2005; Luther et al. 2018) which also supports the 270 

formation of intermediate Mn(III) during redox reactions. Thus, the absence of dissolved Mn(III) 271 

before the squall (on April 4th and 6th samples; Figure 4) implicates a weak intensity of redox 272 

reactions such as Mn(IV) oxide reduction to dissolved Mn(II) which favors models B or C over 273 

model A. 274 

Mn speciation after the squall (surface and Oxygen minimum zone) 275 

After the squall (on April 13th and 15th), changes of temperature, salinity and oxygen gradient 276 

(Figure 1, Figure 2 and Figure 3A) indicate important mixing between the oxygenated mixed layer 277 

and the low oxygenated Equatorial Subsurface Water that would stimulate redox reactions. The 278 

notable increase of total dissolved Mn (Figure 4, April 13th and 15th) indicates new atmospheric 279 

input of manganese in the water column while the appearance of Mn(III)-humic acid suggests 280 

significant redox recycling. A significant wet deposition of Mn during the squall followed by the 281 

reductive dissolution of Mn(III/IV) oxides can explain these observations (model A). The models 282 

B and C are not likely since there is no indication of an increase of transport rate of the sedimentary 283 

efflux (model B) nor an increase of organic matter degradation (model C). Contrastingly, oxide 284 

reduction is supported by the presence of sufficient reductants in the top of the east Pacific oxygen 285 

minimum zone (e.g. Vedamati et al., 2015; Cutter et al., 2018) such as Fe2+ (Hartman et al. 1984; 286 
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Van Cappellen and Wang 1996), NH3 (Luther et al. 1997), dissolved organic matter (Stone and 287 

Morgan 1984) or NO2
- (Bartlett 1981; Lewis and Luther III 2000). Additionally, the reducing 288 

conditions in the upper oxygen minimum zone are reinforced after the mixing event with an oxygen 289 

concentration that decreases (Figure 3B). However, the wet dust input is probably limited to the 290 

top of the oxygen minimum zone while, in our dataset, some increase of total dissolved Mn and 291 

Mn(III)-humic acid is also found at 400 and at 700 m depths, with concentrations reaching up to 292 

8.2 nM and 10.2 nM respectively. These latter data suggest the occurrence of another source of 293 

manganese oxides that are mixed and reduced within the oxygen minimum zone during the squall. 294 

Contamination is unlikely since these two data points were processed simultaneously with other 295 

samples, and, in addition, samples from two different Niskin bottles from each depth show 296 

consistency. While surprising, these high values could be explained by the reduction of subsurface 297 

Mn oxides transported by horizontal eddies, which are very common in this region (Kessler 2006; 298 

Cole et al. 2015). 299 

Lifetime of Mn(III)-humic acid in the oxygen minimum zone 300 

The lifetime of Mn(III)-humic acid depends on the properties of the humic ligands that stabilize 301 

Mn(III). At our site, the lifetime of Mn(III)-humic acid is longer than 3 days (the time between the 302 

squall and our measurements) and is shorter than the delay since the last squall, probably about one 303 

month, as Mn(III)-humic acid was not observed before the squall. This lifetime may limit the role 304 

of Mn(III)-humic acid ligands in stabilizing dissolved Mn during long-term transport. Additionally, 305 

the Mn(III)-humic acid is recovered in both the “NH2OH reduced” and the “heated only” aliquots, 306 

which indicates a quite rapid dissociation constant (kd > 2.8 x 10-4 s-1; Luther et al. 2015 ). If we 307 

assume a formation constant (kf) equal to 109 M-1 s-1 , as in Luther et al. (2015), it corresponds to a 308 

stability constant KCOND=kf/kd inferior to 1012.6. This weak complexation of the HA ligands 309 
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corresponds to the findings of Oldham et al. (2017b) in estuarine waters but contrasts with the St. 310 

Lawrence Estuary waters, where Oldham et al. (2017c) showed that Mn(III)-humic acid was 311 

included in the “NH2OH reduced” aliquots but not in the “heated only” aliquots. To sum up, the 312 

occurrence of a metastable redox state of dissolved Mn demonstrates the non-equilibrium state of 313 

Mn in the water column in proximity of important redox gradients, and highlights the importance 314 

of short-term temporal effects that impact Mn cycling after a storm event. Taking into account this 315 

variability, we suggest that offshore transport of sediment efflux or organic matter remineralization 316 

(model B and C) control the Mn concentration at the steady state, but that the redox dissolution 317 

becomes more important after mixing events (model A). These features are usually not described 318 

because most samples come from cruises that do not stay at the same location for more than one 319 

sampling. 320 

Impact of hydrothermal vents on dissolved Mn distribution 321 

The increase of dissolved Mn at the bottom of our water column profile, due to hydrothermal 322 

venting, is revealed by the increase of dissolved Mn concentration with temperature anomalies and 323 

increased particles as determined by transmissometer (Table 3). The temperature anomalies 324 

observed at 0.04, 0.05 and 0.13°C correspond to a vent water diluted 3,000 to 10,000-fold (Table 325 

3). Figure 5 shows that Mn(III)-humic acid behaves conservatively with a slope of 320 ± 100 nM 326 

°C-1, indicating an absence of reaction in the plume between dilution 3,000 to dilution 10,000. 327 

Additionally, an extrapolation up to 28 °C gives a concentration of Mn(III)-humic acid of 10 ± 3 328 

µM, which corresponds to the value measured independently for Mn(III) bound to a strong ligand, 329 

from a HOV Alvin dive sampling (Shaw et al. 2021) and suggests a continuous Mn(III) stabilization 330 

effect of ligands between dilution 10 and dilution 10,000. Thus, a significant quantity of dissolved 331 

Mn(III) is produced in proximity of the vent before the plume temperature decreases down to 28 332 
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oC (dilution 10), probably in few minutes. This formation can be explained by rapid dissolved 333 

Mn(II) oxidation in the presence of important humic like material produced by local bacterial and 334 

macrofaunal communities (Lang et al. 2006; Longnecker et al. 2018). These two groups showed 335 

that there is higher dissolved organic carbon of 5 M to 14 M in waters surrounding vents 336 

compared to the ambient deep seawater. 337 

Conditions in the venting waters are acidic and O2 depleted (not detected, below 1 µM), which  338 

are conditions that prevent dissolved Mn(II) oxidation (Stumm and Morgan 1996; Morgan 2005; 339 

Luther 2010). However, the mixing of cold oxygenated water with hot reducing waters rich in Fe2+ 340 

and H2S produce a dynamic reaction zone that leads to reactive oxygen species formation as the 341 

direct reaction of Fe2+ with O2 is thermodynamically favorable but the reaction of Mn2+ is not 342 

favorable (Luther, 2010). Shaw et al. (2021) demonstrated an oxidative pathway involving reactive 343 

oxygen species as H2O2 was detected up to 6.2 µM. In particular, while overall oxidation by O2 is 344 

faster for Fe(II) than for Mn(II) leading to O2
-, O2

- reacts faster with Mn(II) to produce H2O2 by an 345 

order of magnitude (Rush and Bielski 1985; Barnese et al. 2012). Therefore, as for Fe(III) (Bennett 346 

et al. 2008) and Cu(II) (Sander et al. 2007), organic ligands stabilize dissolved manganese released 347 

by hydrothermal vents, in this case as a metastable Mn(III) complex. Overall, the sequence of 348 

reactions is given to form Mn(III) by the following equations (1-3): 349 

(1) Fe2+  +  O2   Fe3+  + O2
- 350 

(2) O2
-  +  Mn2+  + 2 H+   Mn3+ + H2O2 351 

(3) Mn3+ + ligand    Mn(III)-ligand  352 

Fe3+ can also react with L to form Fe(III)-L as well as with H2S to reform Fe2+, and acts as a 353 

catalyzer of the Mn oxidation (Shaw et al, 2021).  354 
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Figure 5 shows dissolved Mn(II) removal in the concentrated plume as expected from previous 355 

studies (e.g. Lupton et al., 1980; Resing et al., 2015; Fitzsimmons et al., 2017) but this trend is 356 

observed only with one point, the less diluted one. Our dataset indicates that no Mn(III)-humic acid 357 

is formed in the concentrated plume which suggests the absence of direct Mn(II) oxidation and 358 

contrasts with the Mn(III)-humic acid production in the venting water. The removal could indeed 359 

be produced by adsorption onto particles or biological uptake. 360 

The April 6 data show no temperature anomalies in agreement with no detection of Mn(III)-361 

humic acid. However, the 5 nM total dissolved Mn we measured is much higher than the oceanic 362 

end member, indicating that at dilution above 20,000, the plume contains only dissolved Mn(II) 363 

and no Mn(III)-humic acid. Similar diluted plume water from the East Pacific Rise at 15°S showed 364 

a dissolved Mn concentration of 15 nM (Resing et al. 2015) and was about one month old according 365 

to radium isotopes (Kipp et al. 2018). Assuming a similar order of magnitude between East Pacific 366 

Rise at 15°S and at 9°50’N, we can roughly estimate that the April 6th data point with dissolved 367 

Mn(II) = 5 nM is about one month old. Thus, the Mn(III) stabilization by the humic ligand is 368 

transient, the Mn(III)-humic acid being removed after about a month in diluted plume as it is in the 369 

ocean water column (see §5.2.3).  370 

To sum up, dissolved Mn(III) is produced in the venting plume due to partial dissolved Mn(II) 371 

oxidation when reactive oxygen species are produced; the dissolved Mn(III) is simultaneously 372 

stabilized by humic like materials. While transported away and progressively diluted (from 10 to 373 

10,000 fold) part of the dissolved Mn(II) pool seems to be removed, probably by adsorption onto 374 

particles, while dissolved Mn(III) stays in solution. Then, farther away, once the plume dilution 375 

exceeds 10,000, the particles are less concentrated and dissolved Mn(II) removal becomes 376 

ineffective (e.g. Mottl et al., 1995), whereas metastable Mn(III)-humic acid has reacted to form 377 
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stable dissolved Mn(II) or particulate Mn(IV) and is no longer detected. A key to this study was 378 

the use of a transponder system on the CTD rosette and on the basalt bottom to sample closer to 379 

vent sources so that the concentrated rising plume could be better sampled.    380 
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 381 

Conclusion 382 

We find significant concentrations of Mn(III) bound to humic acid-type ligands in the Pacific 383 

Margin, based on a decrease of the absorbance signal of the Mn-porphyrin complex after 384 

acidification and filtration. One third of our samples shows Mn(III)-humic acid occurrence, in 385 

particular in the oxic/anoxic transitions characterized by intense mixing, that happen in two oceanic 386 

environments, near the vent and in the oxygen minimum zone after the squall. In Shaw et al (2021), 387 

we showed that dissolved Mn(III) was produced in the venting water due to the formation of 388 

reactive oxygen species. Here, we show that Mn(III)-humic acid is conservative and stable in the 389 

concentrated plume while Mn(II) is removed, probably by adsorption. However, in the diluted 390 

plume all the Mn(III)-humic acid reacts with the ambient oceanic species and is not measurable. In 391 

the steady state water column, no Mn(III)-humic acid was observed, even across the oxygen 392 

minimum zone. However, a squall was enough to increase water mixing and stimulate redox 393 

reactions, which result in Mn(III)-humic acid formation. These results are in line with the 394 

hypothesis that wet Mn oxides deposition followed by reductive dissolution are an important 395 

dissolved Mn source for the oceanic Mn cycle. Such events would modify on a short term, less than 396 

a month, the biogeochemistry of the top oceanic layer that is not easily sampled by traditional 397 

cruises that spend a day per station.  398 
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Supporting Information  602 

Supporting Information, Table S1: Dataset of Mn concentration and speciation. 603 

NH2OH reduced method was not processed on 4/13 and 4/15. 604 

Date 
Depth 

(m) 
σθ "heated only"method 

"NH2OH reduced" 
method 

"HA removed" method 
% Mn(III)-humic 

acid 

April 4th 1 21.0 2.8 ± 0.5 3.6 ± 0.5 2.8 ± 0.5 -  ± - 
April 4th 30 21.4 2.9 ± 0.5 3.0 ± 0.4 3.1 ± 0.7 -  ± - 

April 4th 70 23.0 3.2 ± 0.6 3.7 ± 0.5 3.2 ± 1.5 -  ± - 

April 4th 85 24.8 5.4 ± 1 5.9 ± 1.9 5.6 ± 0.7 -  ± - 

April 4th 98 26.1 3.4 ± 0.4 3.5 ± 0.7 2.5 ± 0.5 -  ± - 

April 4th 260 27.7 2.7 ± 0.5 3.0 ± 0.5 2.1 ± 0.6 -  ± - 

April 4th 500 29.2 4.4 ± 0.9 4.6 ± 0.5 3.9 ± 0.6 -  ± - 

April 4th 615 29.9 4.1 ± 0.9 4.0 ± 0.4 3.3 ± 0.5 -  ± - 

April 4th 1400 34.1 2.8 ± 0.4 3.1 ± 0.6 2.4 ± 0.8 -  ± - 

April 4th 2000 37.0 2.5 ± 0.4 3.0 ± 0.4 2.7 ± 0.8 -  ± - 

April 4th 2494 39.3 28.2 ± 1.9 26.6 ± 1.4 10.2 ± 5.0 64.0 ± 19.0 

April 6th 1 21.2 2.7 ± 0.2 2.8 ± 0.3 2.3 ± 0.3 - ± - 

April 6th 30 21.4 2.6 ± 0.2 2.3 ± 0.3 2.3 ± 0.3 -  ± - 

April 6th 65 23.0 2.7 ± 0.2 2.6 ± 0.3 2.6 ± 0.3 -  ± - 

April 6th 70 23.9 3.7 ± 0.3 3.6 ± 0.4 3.7 ± 0.3 -  ± - 

April 6th 80 25.0 2.5 ± 0.3 2.2 ± 0.3 2.7 ± 0.4 -  ± - 

April 6th 90 25.6 2.9 ± 0.8 3.0 ± 0.3 3.3 ± 0.2 -  ± - 

April 6th 100 26.0 3.0 ± 0.3 2.4 ± 0.4 3.5 ± 0.3 -  ± - 

April 6th 110 26.4 3.0 ± 0.2 2.8 ± 0.3 3.4 ± 0.2 -  ± - 

April 6th 260 27.8 2.4 ± 0.6 2.0 ± 0.4 1.3 ± 0.5 -  ± - 

April 6th 400 28.6 3.7 ± 0.2 3.6 ± 0.3 3.3 ± 0.3 -  ± - 

April 6th 615 30.0 3.7 ± 0.4 3.2 ± 0.3 3.2 ± 0.5 -  ± - 

April 6th 1500 34.6 2.4 ± 0.2 3.0 ± 1.7 2.0 ± 0.5 -  ± - 

April 6th 2500 39.3 5.1 ± 0.4 5.8 ± 0.4 5.7 ± 0.3 -  ± - 

April 13th 30 21.2 5.1 ± 0.3    5.1 ± 0.6 -  ± - 

April 13th 60 22.1 4.9 ± 0.3    4.8 ± 0.4 -  ± - 

April 13th 73 23.4 8.4 ± 0.5    6.8 ± 0.5 19.3 ± 8.0 

April 13th 80 24.4 5.3 ± 0.4    5.8 ± 0.6 -  ± - 

April 13th 86 26.9 5.3 ± 0.3    3.5 ± 0.3 33.5 ± 8.0 

April 13th 140 27.9 14.2 ± 0.9    7.6 ± 0.8 46.6 ± 8.3 
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April 13th 400 28.9 8.2 ± 0.5    4.1 ± 1.5 49.7 ± 19.5 

April 13th 530 29.9 5.5 ± 0.5    4.4 ± 0.4 20.0 ± 11.6 

April 13th 700 30.9 3.6 ± 0.4    3.2 ± 0.3 -  ± - 

April 13th 1500 31.9 2.4 ± 0.4    2.7 ± 0.4 -  ± - 

April 13th 2000 32.9 3.5 ± 0.7    2.6 ± 0.4 -  ± - 

April 13th 2500 33.9 20.7 ± 1.1    12.5 ± 0.7 39.7 ± 6.0 

April 15th 50 21.8 4.7 ± 1.1    4.5 ± 0.7 -  ± - 

April 15th 60 22.3 5.2 ± 0.9    3.7 ± 0.7 -  ± - 

April 15th 70 23.2 5.7 ± 0.5    3.5 ± 0.8 37.2 ± 17.1 

April 15th 76 23.6 6.0 ± 0.4    3.1 ± 0.9 47.7 ± 16.1 

April 15th 82.5 24.2 5.5 ± 0.6    4.1 ± 0.4 24.6 ± 13.2 

April 15th 110 26.3 6.9 ± 0.5    4.7 ± 0.8 32.7 ± 12.9 

April 15th 680 30.3 10.2 ± 1.4    8.1 ± 0.6 20.3 ± 15.3 

April 15th 1500 34.6 2.2 ± 0.5    2.1 ± 0.6 -  ± - 

April 15th 2500 39.3 134.4 ± 7.5    85.1 ± 4.3 36.7 ± 6.4 
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 Supporting Information, Figure S1: Temperature and beam transmission in the 606 

deeper meters from CTD casts. 607 
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