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Mn speciation at nanomolar concentrations with a porphyrin competitive ligand and UVvis measurements

We describe the modification of the porphyrin method for low-level determination of the speciation of dissolved Mn in seawater. First, an investigation of sensitivity of the method versus the salinity, the reagent composition and the type of ligands present is described for a few micromolar of dissolved Mn. Then, using certified seawater reference standards, we demonstrate the accuracy of the method for total concentrations of manganese between 1 and 10 nM. To this aim, we report the reactivity of solutions made of Mn(II) and Mn(III) bound to Tiron and DFOB with our optimized porphyrin reagent which includes adding excess Cd 2+ , and compare these results with data from representative natural seawater samples. This work describes an improved method that gives the opportunity for future work to investigate Mn speciation at nanomolar 19 concentration in the open ocean. 20

Introduction

Manganese is the second most abundant redox active transition metal and plays a critical role in both sedimentary and oceanic environment. In particular, manganese redox reactivity undergoes changes of speciation from the mainly dissolved Mn(II) to the solid form Mn(IV). This transformation explains successfully the global features of the Mn cycle such as the scavengedlike profile of dissolved manganese in well oxygenated oceanic water produced by Mn(II) precipitation in oxic condition [START_REF] Bender | Manganese in seawater and the marine manganese balance[END_REF][START_REF] Landing | Manganese in the North Pacific[END_REF][START_REF] Van Hulten | Manganese in the West Atlantic Ocean in context of the first global ocean circulation model of manganese[END_REF], or the high concentration of dissolved manganese produced by Fe(II) / S(-II) reactions with Mn(IV) oxides in sediments [START_REF] Wang | A multicomponent reactive transport model of early diagenesis: Application to redox cycling in coastal marine sediments[END_REF][START_REF] Siebecker | Reduction Kinetics of Polymeric (Soluble) Manganese (IV) Oxide (MnO2) by Ferrous Iron (Fe2+)[END_REF]. The intermediate redox state, Mn(III), was generally overlooked in environmental studies as without ligands, it disproportionates into Mn(II) and Mn(IV) [START_REF] Davies | Some aspects of the chemistry of manganese (III) in aqueous solution[END_REF][START_REF] Klewicki | Kinetic Behavior of Mn(III) Complexes of Pyrophosphate, EDTA, and Citrate[END_REF]. In addition, some species can consume Mn(III) via oxidation such as reactive oxygen species [START_REF] Luther | The role of one-and two-electron transfer reactions in forming thermodynamically unstable intermediates as barriers in multi-electron redox reactions[END_REF] while other species for example some organic matter [START_REF] Stone | Reduction and dissolution of manganese (III) and manganese (IV) oxides by organics: 2. Survey of the reactivity of organics[END_REF], can reduce Mn(III). However, other organic and inorganic ligands stabilize dMn(III) for weeks (e.g. [START_REF] Kostka | Chemical and biological reduction of Mn(III)pyrophosphate complexes: Potential importance of dissolved Mn(III) as an environmental oxidant[END_REF] and highlights the importance of Mn(III) as intermediate produced during redox reactions [START_REF] Luther | Reduction of Manganese Oxides: Thermodynamic, Kinetic and Mechanistic Considerations for One-Versus Two-Electron Transfer Steps[END_REF]. During the last decade, many methodological developments have arisen based on electrochemistry [START_REF] Trouwborst | Soluble Mn (III) in suboxic zones[END_REF], kinetics of competitive ligand exchange [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF][START_REF] Madison | Abundant porewater Mn (III) is a major component of the sedimentary redox system[END_REF][START_REF] Oldham | Revisiting Mn and Fe removal in humic rich estuaries[END_REF] or using specific chemical, UV radiation and heat pretreatments [START_REF] Oldham | Revisiting Mn and Fe removal in humic rich estuaries[END_REF][START_REF] Yakushev | Importance of the different manganese species in the formation of water column redox zones: Observations and modeling[END_REF][START_REF] Schnetger | Dissolved reactive manganese at pelagic redoxclines (part I): A method for determination based on field experiments[END_REF][START_REF] Oldham | Evidence for the presence of strong Mn(III)-binding ligands in the water column of the Chesapeake Bay[END_REF][START_REF] Oldham | Soluble Mn(III)-L complexes are abundant in oxygenated waters and stabilized by humic ligands[END_REF][START_REF] Oldham | Oxidative and reductive processes contributing to manganese cycling at oxic-anoxic interfaces[END_REF],

which have investigated Mn(III) occurrence. It now appears that Mn(III) is ubiquitous since it is detected in anoxic, suboxic and oxic environments, in fresh and saline water and at concentrations ranging from hundreds of micromolar in porewater to tens of nanomolar in coastal ocean (see references above). The most common method to detect Mn(III) is based on α, β, γ, δtetrakis(4-carboxyphenyl)porphyrin, which when bound to Cd permits Mn to exchange with Cd from Cd(II)-POR that then oxidizes with O2 in the solution to give Mn(III)-POR with an absorbance at 468 nm (ε = 95,500 M -1 cm -1 , [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF][START_REF] Ishii | Spectrophotometric determination of manganese utilizing metal ion substitution in the cadmium-α, β,-γ, δ-tetrakis (4-carboxyphenyl) porphine complex[END_REF]). Moreover this POR ligand is insensitive to colloidal MnO2 [START_REF] Oldham | Evidence for the presence of strong Mn(III)-binding ligands in the water column of the Chesapeake Bay[END_REF][START_REF] Hatat-Fraile | Performance of colorimetric methods for the analysis of low levels of manganese in water[END_REF], which is commonly found in natural waters [START_REF] Oldham | Evidence for the presence of strong Mn(III)-binding ligands in the water column of the Chesapeake Bay[END_REF][START_REF] Altmann | Bestimmung von in Wasser gelöstem Sauerstoff mit Leukoberbelinblau IDetermination of oxygen dissolved in water with Leukoberbelin-Blue I[END_REF][START_REF] Tebo | Biotransformations of Manganese[END_REF]. We investigate in detail the impact of the seawater matrix on the reactivity between the porphyrin ligand with Mn(II) and Mn(III) from which we propose a new composition for the porphyrin reagent that is optimized for analysis in seawater at lower nanomolar concentrations.

.

Materials and methods

Chemicals and materials

All reagents were ACS grade. Three Mn(III)-organic complexes have been prepared. An Mn(III)-DFOB solution at ~1 mM, was prepared according to [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF] using the oxidation of MnCl2 and Desferioxamine-B (DFOB) salt from Sigma in water at pH = 9. The final concentration of Mn(III)-DFOB was determined by absorbance at 310 nm (ε = 2060 M -1 cm -1 , [START_REF] Duckworth | Siderophore-Manganese(III) Interactions. I. Air-Oxidation of Manganese(II) Promoted by Desferrioxamine B[END_REF] and was stable over a month. The Mn(III)-Tiron complex was prepared from Mn(III)-acetate salt dissolved in pyrophosphate (PP) solution ([PP] / [MnT] = 10) in de-oxygenated water at pH = 7.0 to give Mn(III)-PP [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF]. Then, Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid from Merck) was added to the Mn(III)-PP solution ([Tiron] / [MnT] = 10) to form Mn(III)-Tiron (λmax= 436 nm, ε436 = 2430 M -1 cm -1 , [START_REF] Sheriff | Manganese catalysed reduction of dioxygen to hydrogen peroxide: structural studies on a manganese(III)-catecholate complex[END_REF] that was stable over a month. Stock solutions were diluted daily in seawater to the adequate salinity.

Atlantic sea water (salinity of 35 g kg -1 ; denoted as 35) was obtained from the surface of the Atlantic Ocean (38°18.17N, 73°11.00W) on August 24, 2014, filtered through 0.20 m cartridge filters, and then stored in acid cleaned 10 L Nalgene® tanks covered with black bags.

Chelex100® resin was prepared by soaking in sea water for a few days and by adding trace metal clean base (NaOH cleaned by MgOH2 precipitation [START_REF] Wu | Low Blank Preconcentration Technique for the Determination of Lead, Copper, and Cadmium in Small-Volume Seawater Samples by Isotope Dilution ICPMS[END_REF] to maintain the pH at 8 as hydrogen ions were released from the resin. Once the pH was stabilized, the sea water was replaced and equilibrated again with the resin for one day; no pH change was observed. Blanks were prepared by cleaning the Atlantic sea water stock using the Chelex100® resin in a column permitting a contact time of 13 minutes.

Seawater from the 9 0 50 N East Pacific Rise have been sampled on April 4 and 13 of 2017 aboard the R/V Atlantis using a 24-Niskin bottle rosette equipped with a CTD profiler (Conductivity, Temperature, Depth) and oxygen, fluorescence and beam transmission sensors. Samples were collected using acid-washed tubing into acid-washed bottles after triplicate rinsing, and minimizing atmospheric oxygen contamination by overflowing bottles. Samples were filtered within 1 hour of collection through 0.2 µm membrane filters (polycarbonate from Whatman®, in a N2-filled glove bag for OMZ samples) using acid-cleaned polycarbonate filtration units. Filtered samples were then frozen and preserved at -20°C until analysis.

Mn measurement at micromolar scale

Dissolved Mn speciation was measured based on the porphyrin method developed by [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF] and [START_REF] Ishii | Spectrophotometric determination of manganese utilizing metal ion substitution in the cadmium-α, β,-γ, δ-tetrakis (4-carboxyphenyl) porphine complex[END_REF] using soluble α, β, γ, δ-tetrakis(4-carboxyphenyl)porphyrin (further named porphyrin or POR). A batch of reagent was prepared twice a day and stored in the dark. After mixing with the sample, the final concentrations of the basic reagent (after dilution with the sample) are: sodium tetraborate 500 µM, imidazole 6 mM, porphyrin 24 µM and CdCl2 24 µM.

The reagent (540 µL) was poured in a 1 cm quartz cuvette positioned in a diode array spectrophotometer (Hewlett Packard 8452B) controlled with Olis, Inc. Globalworks software.

Then, 2460 µL of the sample was added and the kinetics of the reaction was followed over 10 to 30 minutes with an interval of 3 seconds between each measurement. The absorbances at 468 and 490 nm were used to calculate the concentration according to

[Mn(III) -POR] = (A 468 -α A 490 ) ε 468 -1 d -1 + K (1) 
With A468 and A490 the absorbance at 468 nm and 490 nm, ε468 the extinction coefficient at 468 nm (95,500 M -1 cm -1 ), d the cuvette pathlength (1 cm) and K the blank absorbance of the matrix, which is equal to the absorbance of the mixture of the two reagents before the reaction starts. A background absorbance value measured at 490 nm and weighted by the coefficient α, corrects the light alteration of the reagent. α was calibrated using kinetics data that reached a plateau in absorbance rapidly (solutions with only Mn(II) ranging from 0.1 µM to 10 µM), α = 1.5 (sd = 0.4, n = 30). After 30 minutes, this correction always represents less than 0.3 µM (n=30) and less than 30% of the total signal. Noise due to the ongoing mixing into the cuvette prevents calculation of K from the very first measurement [A468(t0)]. As the reaction was pseudo-first order, the slope at the beginning was constant, which is expressed as eq. 2:

[Mn(III) -POR](t 1 ) -[Mn(III) -POR](t 0 ) = [Mn(III) -POR](t 2 ) -[Mn(III) -POR](t 1 )

(2)

with [Mn(III)-POR](t0) = 0 nM and Acor(tx) = (A468(tx) -α A490(tx)) * ε468 -1 * d -1 , we get :

K = A cor (t 2 ) -2 A cor (t 1 ) (3) 
The limit of detection of the method is 50 nM (three times the blank standard deviation over time), in agreement with previous publications [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF][START_REF] Hatat-Fraile | Performance of colorimetric methods for the analysis of low levels of manganese in water[END_REF].

The kinetic constants were then extracted with an excel spreadsheet by fitting the equation with the least-squares method. For reactions with Mn(II) only, the reaction is broken in two steps (equations 4 and 5):

Cd -POR + Mn(II) Mn(II) -POR + Cd 2+ (4)

Mn(II) -POR + 0.25 O 2 + H +  Mn(III) -POR + 0.5 H 2 O (5) 
Since the kinetically limiting step is the equation 4 [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF], the kinetic can be described by:

d[Mn(III) -POR] dt = k [Cd -POR] [Mn(II)] (6) 
The analytical solution solved the equation 6 as if [Cd-POR] was constant and equal to the initial porphyrin concentration, [POR]0 which gives:

d[Mn(III) -POR] dt = k 1,Mn(II) [POR] 0 [Mn(II)] (7) 
[Mn(III) -POR] = [Mn(II)] 0 (1 -𝑒 -k1,Mn(II)[POR] 0 t )

The model returns the value of [Mn(II)]0 and k1,Mn(II) .

For reaction with known and / or unknown ligands to form Mn(III) complexes (Mn(III)-Li), specific kinetic constants of each ligand (kapp,i) were used and considered in the model as unknown values:

[Mn(III) -POR] = [Mn(II)] 0 (1 -e -k 1,Mn(II) [Cd-POR] t ) + ∑ [Mn(III) -L i ] 0 i (1 -e -k app,i t ) (9) 
The method can identify ligands that react significantly slower than Mn(II) (kapp,Mn(II) = k1,Mn(II)

x [Cd-POR] = 1.18 10 -1 s -1 , Madison et al., 2011) such as pyrophosphate (Mn(III)-PP, kapp,PP = 2.06 x 10 -2 s -1 , [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF] and that reacts fast enough to observe an increase to a plateau within the 30 min of analyses. A limit at 90% recovery after 30 min gives a slowest limit at kapp = 10 -3 s -1 . As the distinction of two ligands occurs only if kapp,1 < 3 kapp,2 [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF], the method can thus distinguish up to four classes of ligand. The optimum distribution is kapp,1 = 0.03 s -1 , kapp,2 = 0.01 s -1 , kapp,3 = 0.003 s -1 , kapp,4 = 0.001 s -1 . To model a natural solution with unknown ligands, five calculations are done assuming 0 to 4 different ligands (with i = 0, 1, 2, 3, 4) and the best fit with the lowest i value is selected. The model returns the value of [Mn(II)]0, k1,Mn(II) and the i [Mn(III)-Li]0 and the i kapp,i .

Sometimes, for example with Mn(III)-DFOB (Figure 1), no plateau is reached during the 30 minutes of measurement but the increase produces a line. Such behavior indicates the presence of a slower reacting ligand (Lslow with kapp,slow < 10 -3 s -1 ) whose reaction with the porphyrin reagent is still at its beginning. We can write:

𝛥[𝑀𝑛(𝐼𝐼𝐼) -𝑃𝑂𝑅] 𝛥𝑡 𝛥𝑡 = ∑ k app,slow,i i [Mn(III) -L slow,i ] (10) 
With Δ[Mn(III)-POR]Δt the increase of Mn(III)-POR concentration during an interval of time,

Δt, selected once the asymptote is reached. By waiting enough time and/or heating the mixture, the term Σi [Mn(III)-Lslow,i] can be measured and an equivalent kinetic constant can be calculated with:

k app,slow = 𝛥[𝑀𝑛(𝐼𝐼𝐼) -𝑃𝑂𝑅] 𝛥𝑡 𝛥𝑡 ∑ [𝑀𝑛(𝐼𝐼𝐼) -𝐿 𝑠𝑙𝑜𝑤,𝑖 𝑖 ] (11)

Mn measurements in seawater at nanomolar scale

The porphyrin reagent was optimized for seawater by increasing the imidazole concentration and increasing the CdCl2/porphyrin ratio (from 1:1 to 100:1). The increase in cadmium concentration is to counter the effect of the chloride ion in seawater that can form cadmium chloride complexes and destroy the Cd-POR complex (see below in section 4.1). The final concentrations of the individual reagents added after mixing with the sample are sodium tetraborate (500 µM), imidazole (18 mM), T(4-CP)P porphyrin (240 nM) and CdCl2 (24 µM).

Measurements were made in triplicate with a 500-cm long wave capillary cell (LWCC from World precision instrument), a UV-VIS-NIR light source (Analytical Instrument Systems, Inc. 2000) and a diode array detector from Ocean Optics (USB 2000+) with an integration time of 5 s.

Samples were injected manually with a syringe until a constant signal was observed, then the flow was stopped, the extremities of the capillary were closed and the signal registered. The reference intensity (I0) used to calculate the absorbance (A = log (I/I0)) was acquired with clean sea water whose signal intensity at 460 nm was used as an indicator of measurement quality and have to be above 1000 counts per second. The 2 nd derivative of the raw absorbance spectrum was then extracted with a Savitzky Golay filter (SGF, Savitzky and Golay, 1964) built with 3 rd degree polynomials and smoothed with a window of 15.6 nm length. The standard implementation of the SGF filter is described in [START_REF] Gorry | General least-squares smoothing and differentiation by the convolution (Savitzky-Golay) method[END_REF] and the algorithm is given in [START_REF] Press | Numeric recipes in C: the art of scientific computing[END_REF]. Here, we have implemented the routines in the open-source programming framework R (https://cran.rproject.org/), which uses the function "sgolayfilt" in the extension package "signal". Then, the manganese concentration was calculated as:

[Mn] = β (max (A 475 '' : A 485 '' ) -min(A 465 '' : A 475 '' ) ) (12) 
where A''480 is the 2 nd derivative at 480 nm and [Mn] is the manganese concentration in M and β =1570 is a constant measured with a calibration curve for [Mn] between 0.5 and 10 nM. The absorbance signal at 468 nm is normally used for the porphyrin method [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF]. Preliminary tests demonstrated the importance to correct this signal by the 480 nm signal since the reagent exposure to light over longer periods of time degrades the signal. One blank is measured after each set of triplicates. Each sample is corrected by the average of the blank values (between 12 and 15 values) from this set. The overall detection limit is typically 0.3 nM (3 times the blank's standard deviation). After use, the LWCC was cleaned by purging the capillary 5 times with DI water, then 5 times with a concentrated Tiron solution (100 mM), 5 times with a 5% HCl solution then 5 times with DI water and finally by drying the capillary with argon during 10 minutes.

We used 4 specific analytical procedures to determine Mn speciation: a first aliquot, "HA removed and heated", was acidified to pH below 2 with concentrated HCl (to 1% v/v in sample), and was allowed to sit for 24 hours in order to precipitate humic material. The sample was then filtered again (0.2 µm) to remove humic precipitates, the pH was adjusted back to between 8 and 9 using NaOH, then the reagent was added and the mixture was heated at 90 o C for 1 hour to enhance dissolved Mn to react with the porphyrin reagent. This first step measures Mn(II) and the total Mn(III)-Lweak (first row in Table 1).

The second aliquot, "without treatment", was not acidified or heated but let sit for 3 days in dark conditions after mixing with the reagent to allow time for the mixture to react more slowly than in other procedures. This treatment measures Mn(II), and a portion, δi, of Mn(III) complexes called Mn(III)-Lweak,i. Moreover, since humic material has not been precipitated, δi x Mn(III)-HAweak,i would also react (second row in Table 1). Theoretically, the kinetics of the reaction is different for each ligand and thus the proportion δi varies accordingly. However, the experimental set up does not allow us to differentiate the ligands reacting and the model considers only two types of "weak" ligand Lweak and HAweak describing the average behavior of real ligands such as:

δ [Mn(III) -L weak ] = ∑ (δ i i [Mn(III) -L weak,i ]) (13) 
With [Mn(III) -L weak ] = ∑ [Mn(III) -L weak,i ] i

Due to this limitation, the procedure would be only semi-quantitative for "weak" Mn(III)ligand analyses.

A third aliquot, "heated only", was not acidified but heated to 90°C for 1 hour after mixing of the reagents and the sample so that all weak ligands react, then measured. This treatment measures Mn(II), Mn(III)-Lweak and Mn(III)-HAweak (third row in Table 1).

Finally, a fourth aliquot was mixed with hydroxylamine (final concentration of 100 nM) and allowed to react for 48h in the dark before processing to promote reduction of manganese(III) complexes to Mn(II). The porphyrin reagent mixture was then added, heated at 90 o C for 1 hour in an oven and measured as previously described. The hydroxylamine reduction step gives a measure of total Mn(II), Mn(III)-Lweak, Mn(III)-HAweak, Mn(III)-Lstrong and Mn(III)-HAstrong (fourth row in Table 1).

Results and discussion

4.1 Optimization of the porphyrin reagent 4.1.1 Effect from the seawater matrix -kinetics at the micromolar level

The measurements of porphyrin reaction rate for solutions containing only Mn(II) at different salinities show that the rate decreases drastically as soon the salinity starts to increase (Figure 2A). For example, at salinity (S) equal 1 in a 1 cm cuvette, the rate is over 4 times slower than in fresh water as it decreases from k1,Mn(II) (S=0) = 3000 s -1 M -1 to k1,Mn(II) (S=1) = 700 s -1 M -1 (Figure 2A). With the reference composition of the reagent (i.e.

[POR] = 24 µM), it corresponds to an apparent pseudo-first-order kinetic constant at S=1, [POR]0 x k1,Mn(II) = 0.017 s -1 which is slower than the reported apparent kinetic constant of pyrophosphate in freshwater (kapp,PP = 0.02 s -1 , [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF]. Thus, the decrease of the reaction rate with salinity limits the effectiveness of the reagent even when saline samples are diluted 35 times. By forming chloro-complexes with the cadmium, the saline matrix tends to break up the Cd-POR complex and inhibits the reaction rate. Between salinities of 29 and 1, the preponderant chloride complex is ClCd + [START_REF] Powell | Chemical speciation of environmentally significant metals with inorganic ligands. Part 4: The Cd2+ + OH-, Cl-, CO32-, SO42-, and PO43-systems[END_REF], we can thus write;

Cd -POR + Cl - CdCl + + POR 2-with K = [𝑃𝑂𝑅 2-][𝐶𝑑𝐶𝑙 + ] [𝐶𝑑 -𝑃𝑂𝑅][𝐶𝑙 -] (15) 
Since most of the cadmium reacts with the chloride to form CdCl + , we can simply the equation using [POR 2-] = [POR]0 and [CdCl + ] = [Cd]0, the concentration of the porphyrin and cadmium initially added to the solution. This equilibrium is reached rapidly and modifies the available Cd-POR for reacting with Mn(II) according to

[Cd -POR] = [𝑃𝑂𝑅] 0 [𝐶𝑑] 0 𝐾[𝐶𝑙 -] (16) 
On combining equation ( 6) with the equation ( 16), we obtain eq. 17,

d[Mn(III) -POR] dt = k [Mn(II)] [𝑃𝑂𝑅] 0 [𝐶𝑑] 0 𝐾[𝐶𝑙 -] (17) 
By inspection of equation ( 17) and equation ( 7) we get,

𝑘 1,𝑀𝑛(𝐼𝐼) = k[𝐶𝑑] 0 𝐾 1 [𝐶𝑙 -] (18) 
Figure 2B shows the k1,Mn(II) measured versus the inverse of the chloride concentration and demonstrates the strong agreement of the dataset with this model (r 2 >0.99).

Effect from changing the reagent composition

We tested the influence of imidazole concentration, pH and cadmium concentration on the kinetic rate in seawater. In agreement with equation ( 18), at pH = 8.2, the rate of the reaction increases with cadmium concentration and a 10 fold increase of cadmium (up to 240 µM) produces a 4 fold increase of k1,Mn(II) (from 15 M -1 s -1 to 60 M -1 s -1 , Figure 3A). However cadmium addition over 240 µM does not accelerate the kinetics any more. The role of pH seems more important as from pH=8.2 to pH=9.4, the rate increases 7 times ([Cd] = 24 µM, from k1,Mn(II) = 15 M -1 s -1 to k1,Mn(II) = 100 M -1 s -1 , Figure 3A). At higher pH, Mg(OH)2 precipitates, which prevents any efficient measurement. Figure 3A shows that the optimisation by increasing pH and cadmium are not cumulative, two strategies are thus possible for improving the reaction kinetics, high cadmium concentration or high pH. These two possibilities were tested against the increase of imidazole concentration (Figure 2B): at high cadmium concentration, the increase of imidazole increased the kinetics up to k1,Mn(II) = 240 M -1 s -1 ([imidazole] = 18 mM) and had no effect for higher imidazole concentrations whereas at high pH, the imidazole increased the kinetics up to to k1,Mn(II) = 520 M -1 s -1 ([imidazole] = 72 mM), before reaching a plateau. In order to conserve as much as possible the speciation of the manganese, we avoid changing the pH and selected the high cadmium concentration strategy. The final composition of the reagent is thus: sodium tetraborate 500 µM (pH=8.2), imidazole 18 mM, porphyrin 24 µM and CdCl2 240 µM.

The apparent kinetic constant of the SW-optimized reagent is kapp,Mn(II) = [POR]0 x k1,Mn(II) = 0.013 s -1 which is slower than the Mn(III)-pyrophosphate reaction rate in fresh water but fast enough to measure Mn(III)-ligand complexes whose apparent kinetic constants are between 0.004 s -1 and 0.001 s -1 in seawater. The main advantage of this optimisation is that the measurement in seawater does not require any dilution with DI water as in [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF] and lowers the limit of detection for dissolved Mn(III) with the 1 cm cuvette down to 50 nM in seawater.

Competition between porphyrin and laboratory ligands

The kinetics of the porphyrin reaction with Mn(III)-Tiron and Mn(III)-DFOB complexes (total manganese concentration, MnT, between 0.5 and 10 µM) in fresh water were studied. For solutions containing Mn(III)-Tiron, only Mn(II) was detected at 7% of the total manganese concentration, which indicates that the Mn(III)-Tiron complex is too strong for reacting with the porphyrin reagent. Some complementary analysis was performed by addition of a reducing agent (NH2OH and H2S tenfold more concentrated than Tiron) or by heating at 90 o C for 1 hour without increasing the efficiency of the reaction of Mn(III)-Tiron with porphyrin. For solutions containing Mn(III)-DFOB (see one example in Figure 1), the reaction increases during the first 40s, then the rate decreases and remains constant during the 30 min of analysis, which corresponds respectively to the reaction of some Mn(II) (that did not oxidize in the presence of DFOB) and Mn(III)-DFOB, respectively. The model (equation 9, Figure 1) reproduces efficiently the reaction involving Mn(II) with the parameters k1,Mn(II) = 2500 ± 270 M -1 s -1 (n = 14) and [Mn(II)] / [MnT] = 7 ± 2 % (n=14) in strong agreement with [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF]. As no plateau but an asymptotic line was reached, DFOB is a slow reacting ligand when bound to Mn(III). Its kinetic constant and concentration can be investigated on the interval of time Δt from t = 40 s to t = 1800s. Equation 10 becomes:

Δ[Mn(III) -POR] Δt = k app,DFOB [Mn(III) -DFOB] 0 Δt (19) 
Equation ( 19) can be solved graphically with different initial concentrations of [Mn(III)-DFOB]0 (Figure 4). The linearity demonstrates that the reaction is first order versus [Mn(III)-DFOB] while the slope value allows us to calculate kapp,DFOB = 2 x 10 -4 s -1 or k1,DFOB = 8 M -1 s -1 .

Detection of Mn at (sub)nanomolar concentrations in seawater

Validation of the method

Using higher Cd concentrations in the POR reagent mixture, we tested the precision of the method for nanomolar Mn concentrations using two seawater reference materials. We measured manganese after the heating treatment (Mn(II) + Mn(III)-Lweak + Mn(III)-HAweak) using the Canadian NASS-6 standard material at 10.1 ± 0.7 nM (n=12, consensus NASS value of 9.65 ± 0.92 nM) and in the Geotraces SAFe-S material at 0.82 ± 0.17 nM (n=9, consensus SAFe-S value of 0.825 ± 0.08 nM). These consensus values include measurements using ICP-MS as well as other analytical tools for total Mn detection after acidification of the sample. Thus, strong ligands such as Tiron, which cannot be detected as noted below, should not be present in the two reference materials as our data are in excellent agreement with the consensus values.

The precision for Mn speciation measured was verified using three solutions: one with Mn(II) only, one containing both Mn(III)-DFOB and Mn(II), and the last one containing Mn(III)-Tiron and Mn(II). The analysis of each solution was done in triplicate and for five different concentrations of total manganese between 1 and 10 nM. Two additional points at 25 and 50 nM were used for Mn(III)-Tiron since only the Mn(II) contained in the solution reacted. For the Mn(II) only solution, all four procedures (see Table 1) give the same result with 98 ± 4 % of Mn(II) recovery (Figure 5). For Mn(III)-Tiron solution, as was observed for the micromolar measurements, only 8 ± 2 % of the total manganese reacted in each procedure (Figure 5), which corresponded to the Mn(II) content of the solution and indicates that even the NH2OH (from the fourth procedure with an NH2OH reduction step) was not able to reduce and break up the Mn(III)-Tiron complex, which we describe as Mn(III)-Lunreactive (Table 1).

The Mn(III)-DFOB solution shows significant differences between the "No pretreatment" procedure (recovery of 69 %) and the other three procedures, which gave similar results (recovery of 96 ± 4 %, Figure 5) probably because all three include an heating step that accelerates the kinetics enough for the reaction to be completed in one hour. Also, the amine group in DFOB can reduce MnO2 and Mn(III) on dissociation of the DFOB ligand from the Mn; heating should enhance dissociation. Based on these results, we describe Mn(III)-DFOB as Mn(III)-Lweak (Table 1). Interestingly, DFOB contains hydroxamate functional groups and Tiron contains catechol functional groups. Although more work is necessary, it appears that our procedures may be able to distinguish Mn(III)-L complexes with ligands containing these functional groups.

Determination of the constant rate

To estimate the importance of the Mn(II) reaction versus the importance of the Mn(III)-DFOB reaction with the porphyrin without heating, two kinetics experiments were performed over 7 days in clean seawater with [MnT] = 10 nM (Figure 6). In the first kinetics experiment, the porphyrin reagent reacted with the Mn(II) only solution whereas in the second kinetics experiment, it reacted with the Mn(III)-DFOB solution (that also contains some Mn(II)). The rate constant for porphyrin reaction with Mn(II) was calculated based on equation ( 8) applied to the data from the Mn(II) only solution and gives kapp,Mn(II) = 3.6 x 10 -5 s -1 or k1, Mn(II) = 1.5 x 10 2 M -1 s - 1 . The rate constant for the porphyrin reaction with Mn(III)-DFOB was determined based on equation ( 9), the k1,Mn(II) from the Mn(II) only solution and the data from the Mn(III)-DFOB kinetics experiment. We obtain kapp,DFOB = 4.3 x 10 -6 s -1 or k1,DFOB = 1.8 10 1 M -1 s -1 (Figure 6). These k1,Mn(II) and k1,DFOB values at [POR] = 240 nM (with the 500 cm capillary) are in the same order of magnitude as the k1,Mn(II) and k1,DFOB calculated at [POR] between 6 µM and 96 µM with the 1 cm cuvette (ratios are 0.3 and 2, respectively). Based on this kapp,DFOB value, we calculated that, after 3 days, the recovery of Mn(III)-DFOB is δ = 67.6 ± 6 % of the initial Mn(III)-DFOB and that total Mn(III)-DFOB accounts for 86.6% of total manganese (Figure 6).

In natural seawater with unknown ligands, a difference between the "no pretreatment" procedure and the "heating" procedure indicates the occurrence of Mn(III)-Lweak complexes, which cannot be quantified since kapp,Lweak is unknown. In this case, only a complete (about a week long) kinetics experiment without pretreatment would be able to estimate the Mn(III)-Lweak concentration. Since the model can separate two ligands only if the slower constant is less than a third of the faster constant, only ligands with kapp,Lweak < 1 10 -5 s -1 could be identified.

First field dataset

Table 2 shows data from three samples taken before and after rain events (average wind speed of 40 km h -1 associated with 10 mm m -2 of rain) at the 9°50 North East Pacific site during April 2017. The 30 m samples were affected by rain as Mn from atmospheric dust was added to the surface waters producing a fourfold increase of MnO2 (data not shown) and after solubilization nearly doubled the total soluble Mn as Mn(II) only. The samples at 2500 meters were influenced by hydrothermal vent waters.

We can observe up to four different types of Mn speciation with our procedures (Table 1). First, a difference between the "no pretreatment" and the "heating" procedures indicates Mn(III)-Lweak occurrence whose concentration can only be known using a long kinetics experiment without pretreatment. The above description for DFOB solution is an example of the Mn(III)-Lweak detection, but we did not observe a change between these procedures for our EPR samples ("no pretreatment" data not shown). Second, the difference between the "HA removed and heating" and the "heating" procedures quantifies the concentration of Mn(III)-HAweak (Table 1). Samples from 86 m and 2500 m contained Mn(III)-HAweak (Table 2). Two processes can explain Mn(III)-HAweak occurrence: (1) the release of Mn(II) from hydrothermal vents and its subsequent oxidation in the plume (samples from 2500 m depth in Table 2), and (2) the reduction of MnO2 particles at the top of the oxygen minimum zone; in both cases, Mn(III) becomes stabilized by humic material. Reduction of MnO2 was observed on April 13 at 86 m depth less than 48h after the squall. As noted above, the rain brings MnO2 to well oxygenated surface water and on sinking increases its mixing with low oxygen water (Table 2), which reduces particulate MnO2 into soluble Mn(III)-HAweak. Third, the difference between the "heating" and the "NH2OH reduced" procedures quantifies the concentration of Mn(III)-Lstrong plus Mn(III)-HAstrong (Table 1), which was not detected in these samples. Oldham et al. [START_REF] Oldham | Soluble Mn(III)-L complexes are abundant in oxygenated waters and stabilized by humic ligands[END_REF] found strong ligands bound to Mn(III) in the St Lawrence estuary, when the concentration of Mn(III)-Lstrong was well above 10 nM using a non-optimized porphyrin reagent method. Fourth, some unreactive, with the porphyrin reagent, form of Mn(III) can be measured by other more common methods such as ICP-MS provided that the sample is stored at a pH slightly greater than 2 so that HA does not precipitate. The Mn(III)-Trion complex we synthesized is an example of such unreactive Mn(III). The difference between

MnT from ICP-MS and the "NH2OH reduced" procedure is equal to Mn(III)-Lunreactive as there is no evidence for nanoparticulate MnOx passing through 0.2 filters [START_REF] Oldham | Soluble Mn(III)-L complexes are abundant in oxygenated waters and stabilized by humic ligands[END_REF][START_REF] Jones | Concentrations of reactive Mn(III)-L and MnO2 in estuarine and marine waters[END_REF].

Conclusion

In 1-cm cuvettes, using the reagent described by [START_REF] Ishii | Spectrophotometric determination of manganese utilizing metal ion substitution in the cadmium-α, β,-γ, δ-tetrakis (4-carboxyphenyl) porphine complex[END_REF] and [START_REF] Madison | Simultaneous determination of soluble manganese(III), manganese(II) and total manganese in natural (pore)waters[END_REF], the porphyrin reaction with manganese quantitatively slows down as soon as the salinity becomes 1 which can complicate the use of kinetic competition exchange methods to identify soluble Mn(III) in coastal and oceanic samples. Thus, kinetic work must be compared for samples that have the same salinity. To compare kinetics of Mn(III)-ligand complexes for samples that have different salinities, we recommend dilution of the samples by 100 to limit the salinity effect.

Alternately and especially when expected concentrations are below 5 µM, the reagent can be modified by increasing the cadmium concentration 100 fold and increasing the imidazole concentration up to 19 mM. Used in combination with a 500-cm long path length cell and with appropriate pretreatments, this reagent has the ability to quantify the speciation of manganese in seawater at the nanomolar scale (LOD = 0.3 nM) and open the field of oceanography to manganese speciation analysis. 
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7 Tables 7.1 Table 1: correspondence between analyses and expected Mn speciation measured

  

	Procedure			Expected speciation measured
	HA removed and heated	Mn(II) + Mn(III)-Lweak	
	No pretreatment	Mn(II)	+ δ Mn(III)-Lweak	+ δ Mn(III)-HAweak
	Heated	Mn(II) + Mn(III)-Lweak + Mn(III)-HAweak
	NH2OH reduced	Mn(II) + Mn(III)-Lweak + Mn(III)-HAweak + Mn(III)-Lstrong + Mn(III)-HAstrong
	ICP-MS measurements	Mn(II) + Mn(III)-Lweak + Mn(III)-HAweak + Mn(III)-Lstrong + Mn(III)-HAstrong	+ Mn(III)-Lunreactive
	7.2			

Table 2 : Selected data of Mn(III) measurements from the EPR. Mn(III)-HAweak is the difference between the "heated" and "HA removed" procedures.
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	Date	Depth (m) σθ	O2 (µM)	"heated" procedure	"HA removed" procedure	%Mn(III)-HAweak
	April 4 th	30	21.4	215	2.86 ± 0.46	3.11 ± 0.68	-± -
	April 4 th	85	24.8	50	5.35 ± 0.99	5.61 ± 0.73	-± -
	April 4 th	2500	39.3	107	28.23 ± 1.93	10.18 ± 5.02	63.94 ± 19.07
	April 13 th	30	21.2	206	5.11 ± 0.30	5.11 ± 0.55	-± -
	April 13 th	86	25.2	21	5.31 ± 0.31	3.53 ± 0.29	33.49 ± 8.01
	April 13 th	2500	39.3	106	20.74 ± 1.05	12.50 ± 0.67	39.74 ± 6.00

Table 1 ,

 1 15 replicates were measured for each bar.
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