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Abstract :

In aquatic environments, the term humic substances (HS) encompasses terrestrial and autochthonous
refractory organic matter. HS are one of the main fractions of natural organic matter and are important
chelators of trace elements. In environmental studies, the determination of HS is often restricted to the
dissolved fraction, and the content of HS in the suspended particles remains unknown. In this work, we
present the composition and dynamics of HS along the mixing gradient of a macrotidal estuary in both the
dissolved and particulate fraction. After the isolation of particulate HS using a solid-liquid alkali extraction
method, HS were characterized by size exclusion chromatography (SEC) and electrochemical methods.
The method, validated using a certified reference material, demonstrated a low detection limit (ug-C L-1),
a good repeatability (7.7%) an excellent reproducibility (1.3%) and was poorly prone to contamination
(filter blank <1 pg-C). Analyses of environmental samples showed a particulate fraction contributing
significantly to the total humic pool in the estuary (3—20%) and representing up to 35% of electroactive
HS. Phase transfers from the dissolved to the particulate fraction were observed and the electroactive HS
were strongly affected in the maximum turbidity zone. Multi-detection SEC analyses showed differences
in the molecular composition between the dissolved and particulate fractions. Particulate HS were more
nitrogen-rich and electroactive than dissolved HS. The non-conservative changes in the composition of
HS along the land-sea continuum evidence the existence of abiotic and biotic processes that altered HS
during their transit from river to marine waters.
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» A simple method for the determination of humic substances in suspended particulate matter is
developed and validated. » Application of the method to estuarine samples allows the quantification and
the characterization of particulate humic substances along the entire land-sea continuum of a temperate
system. P Internal abiotic and biotic estuarine processes alter the chemical composition of humic
substances during estuarine mixing.
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1. Introduction

Humification is the process that transforms detmiganic matter originating from plant and
animal decomposition into "humus". It is a compf@ocess not well understood. The most
commonly accepted hypothesis is that it would bentrolled by physicochemical,
biochemical and microbiological reactions that léathe formation of aromatic and aliphatic
compounds: humic substances (HS) (Stevenson, 1B&lare traditionally recovered from
soils via successive chemical processing and didrec After extraction, they can be
operationally defined in three groups of compourdsnins are insoluble at any pH, humic
acids (HA) are insoluble at pH < 1 and fulvic ac{##\) soluble at any pH (Thurman and
Malcolm, 1981; Moreda-Pifieiro et al., 2006). In afijti ecosystems, HS accounts for up to
20% of the dissolved organic matter in ocean wgtéessen and Tranvik, 1998; Dulaquais et
al., 2018a) and between 30 and 80% in estuarinersv@Dittmar and Kattner, 2003; Waeles
et al., 2013; Dulaquais et al., 2018b). HS areetfoee one of the main fractions composing
dissolved organic matter playing a key role in digubiogeochemistry. Among others, HS
increase the solubility of organic contaminantsn@a et al., 1997; Blasioli et al., 2008) and
stimulate the growth of some dinoflagellates (Gagmed al., 2005). Moreover there is a
growing interest in their important role as comphgxigands of essential trace metals such as
iron (Laglera et al., 2011, Bundy et al., 2015, dzuiais et al., 2018b, Whitby et al., 2020) and
copper (Voelker and Kogut, 2001; Shank et al., 2004eles et al., 2015, Dulaquais et al
2020). Quantitative analysis of HS is not easyinWlves the determination of a class of
operationally defined compounds. Moreover the di@dim of HS is also method dependent
(e.g. fluorescent vs chromatographic isolation) imgkt difficult to compare results between
different studies using different analytical method@he study of HS can also be confusing to
follow due to a complex terminology thereby therterology used in this study is synthetized
in Table 1. In this study we In order to overcothis issue, the scientific community has
implemented the use of common standards for caldorgFillela, 2014). Those standards are
provided by the International Humic Substance Sgci@HSS) with known elemental
composition and chemical properties.

Different analytical techniques allow the quanafion of HS in natural waters. The most
commonly used are size exclusion chromatographgj$Hubert et al., 2011, Abbt-Braun et
al., 2004, Dulaquais et al., 2018b), UV-visible dhobrescence spectroscopy (Senesi, 1990,
Miano, 1992, Coble, 1996, Parlanti et al., 2000erteer and Croué, 2003) as well as
electrochemical methods (Quentel at al., 1986, Gtienet al., 2006, Laglera et al., 2007,



Whitby and van den Berg, 2015, Sukekava et al.8R0While SEC methods allow the
determination of total HS carbon concentrationapréscence spectroscopy monitors the
transformation of HS, and electrochemical methogwigde information on the capacity of
HS to complex trace elements. The developmentasemethodologies led to the publication
of a large number of studies on the behaviour séalved HS in riverine, estuarine and
coastal waters. In the case of macrotidal tempestigaries, Waeles et al., (2013) studied the
seasonal variations of dissolved electroactive H8HE) in an estuary prone to a high
anthropogenic pressure from agricultural activitiBseir results demonstrated that high levels
of deHS (> 3 mg-C 1) were associated with periods of the first seastigh floods
confirming the terrestrial origin of estuarine H&lahe significant mobilization of eHS from
soil by drainage in early fall. Waeles et al., (2Dlalso showed a quasi-conservative
behaviour of deHS along the estuary most of the lyeaproposed that flocculation processes
could induce non-conservative distributions. Simiksults were reported in several estuarine
systems by analysing either deHS or total disson8d(dHS) (Sholkovitz et al., 1978, Ertel
et al., 1986, Huguet et al 2009, Asmala et al. 4204arie et al., 2017). To date, the analysis
of HS in natural waters has been carried out mainlyhe dissolved phase and only a
restricted number of studies have focused on thécpkte phase. Calace, et al. (2006)
investigated particulate HS (pHS) in the Veniceatarand in the Ross Sea (2010). These
authors determined pHS concentrations as the €ifter between unfiltered and filtered
samples and the extraction used to recover pHSlomas arduous and may not be the most
appropriate technique for large-scale studies.

Quantification of pHS in estuarine and marine watesr of particular interest for several
reasons. First, to our knowledge, there are only fmiblished data on the levels and
distribution of pHS along the entire land-sea amniim (Hair and Bassett, 1973; Harvey and
Mannino, 2001) and there are so far no publishe¢a dia peHS in estuaries. Secondly, studies
conducted in estuarine ecosystems highlightedxtended role of deHS on the complexation
and thus on the speciation of trace metal elemimiglera et al., 2011, Bundy et al., 2015,
Abualhaija et al., 2015, Dulaquais et al., 2019%né&k, understanding phase transfers of HS
and eHS along the salinity gradient will help tdtéeconstrain the estuarine biogeochemistry
of trace metals. Recent works in the oceanic enment have also shown that deHS account
for between 4 and 15% of dHS and play a key rol¢han biogeochemical cycle of trace
metals such as iron (Dulaquais et al., 2018a; Sakelet al., 2018; Whitby et al., 2020).
Unfortunately, without any data the role of peHStmace element biogeochemistry in the

marine environment cannot be established.
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In this context, this work presents a simple metbochbining solid-liquid alkali extraction

followed by electrochemical and multi-detection S&talyses for the quantification of humic

matter in suspended particulate matter. Our reguligside the first speciation study of HS

within (electroactive versus total) and betweersgdived versus particulate) fractions along

the land-sea continuum of a macro-tidal estuary.

Table 1. Definitions and terminology used to describe hustibstances in this study.

Abbreviation Term Definition Type of measur ement
HA Humic acids Humic substances insoluble at a pH|<DOC analysis after isolation onto
DAX-8 resin and precipitation at pH
1
FA Fulvic acids Humic substances soluble at any pH DOC analysis after isolation onto
DAX-8 resin
dHS Dissolved humi¢ Encompasses FA & HA in theDirect DOC analysis by size
substances dissolved fraction. exclusion chromatography. Similar fo
XAD-8 extraction
deHS Dissolved Electroactive fraction of dissolvedDirect by cathodic stripping
electroactive humic substances. This fraction is| &oltammetry
humic substanceg proxy of the binding capacity aof
dissolved humic matter for trage
elements
pHS Particulate humi¢ Encompasses FA & HA extractable |irCollection, NaOH extraction and
substances the particulate fraction. analysis by Size exclusion
chromatography after dilution ip
Ultrapure water
peHS Particulate Electroactive fraction of particulateCathodic stripping voltammetry after

electroactive

humic substances

humic substances. This fraction is
proxy of the binding capacity a
particulate humic matter for trag

elements

dilution in Ultrapure + NaCl 0.55M
fsolution

e




2 Material and methods
2.1 Sampling

For analytical tests, a freshwater sample was uBaid.sample was collected on January 14,
2019, in the Aulne River (France). The sample wakected from the shoreline using a pre-
cleaned polypropylene beaker placed at the end @&naeter pole. Immediately after
sampling, the sample was placed in a rinsed witraplire water (resistivity > 18.2 @]
Milli-Q Element System, Millipore®, called UP-wat&ereafter) and acid cleaned (0.01M,
HCI, suprapure®, Merck) 5 L HDPE (Nalgene®) bottiesed several times with the water
sample. The bottle was kept at 4°C in the darkl difitation (Calcined, 450°C for 4h, GF/F
25mm filters Whatman®) at the lab, operated 2 haifter sampling. The speciation study of
HS in estuarine and coastal waters was operate@Oosub-surface (0.5 m depth) samples
collected in the Aulne estuary (France) coverirggehtire land-sea continuum from the Aulne
River in Chateaulin to the offshore waters of thezon peninsula (Figure 1). Sampling was
carried out during the FeLINE cruise (Fe Ligandsh@ AulNe Estuary) onboard RMésione
(INSU-CNRS-UBO) during a low discharge period (408 s*) on October 22, 2018. This
water flow was among the lowest of the year (12 88 s*) and was preceded by 5 months
of low water regime. This choice of water regimeswmaade in order to have a significantly
longer residence time of the waters in the est(tar§0 days) than the timescale of sampling
(6 hours) allowing a better visualization of thedgochemical processes occurring in the
estuary. Salinity (S), pH (NBS scale) angvi@re measureth situ using an AQUAread AP-
2000 probe calibrated on the day of sampling. Tdoair@acy of the measurements is £ 0.1g kg
1 +0.05 pH units and 0.1 mg:'ifor the three parameters, respectively. The sglarid pH

of the samples were re-measured in the lab at aB&C filtration.

Water samples were collected by hand wearing ldastips gloves (Polysen®, 92cm) in 500
mL glass bottles (Schott®) previously washed witddied UP-water (0.01M HCI) and
precombusted (4h, 450°C). Water samples wereddtem precombusted (450°C, 4h) GF/F
(25mm Whatman®) filters back at the laboratory, ragpnately 2 hours after sampling. The
water samples were collected in precombusted glads (4h, 450°C). dHS samples were
kept at natural pH and analysed subsequently gitration by SEC while aliquots for deHS



determination were acidified (0.01M HCI) and kept4dC in the dark until analysis. The

filters were stored in precombusted glass vial2@tC until their use for the determination of
peHS and pHS
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Figure 1. Map of sampling location during the FELINE prograhie location of the laboratory is also
indicated. pH (open squares) and @ark squares) distribution with salinity in thellAe estuary during
sampling. The Large grey square indicates the imtaif the maximum turbidity zone (MTZ) during
sampling.

Macrotidal estuaries, such as the Aulne estuaegy/characterized by a physical zone where
fresh surface waters and marine bottom waters nteetso-called maximum turbidity zone
(MTZ). In the MTZ suspended particles brought be tiiver are blocked and sediments
resuspended (Brenon and Le Hir, 1999). The MTZasliqularly enriched in particulate
organic matter (Basoulet, 1979; Abril et al., 20@2d constitutes a physico-chemical and
biogeochemical "reactor" where phase transferstake place. The position of the MTZ
depends on the hydrological state of the river thedstrength of the tide (Brenon and Le Hir,
1999; Middelburg and Herman, 2007; Savoye et 81122 Waeles et al., 2013). The part of
the estuary where dissolved oxygen decreased isigmify and the pH values were the lowest
(Figure 1) corresponded to the maximum turbiditpedMTZ) as already observed in other
estuaries (Amann et al.,, 2014). Particle load oa fitters for a given volume further
evidenced the MTZ location in this zone (data ratven).

2.2 Analysis

2.2.1 Analysis of dissolved and particulate elesmttive humic substances

Electroactive humic substances (eHS) are defindgtleafraction of HS able to complex trace
elements (Dulaquais et al., 2018a,, 2020; Sukekaad 2018,). eHS analyses were operated
on the particulate (peHS) and the dissolved (det&tions. In both cases the analytical



method used was a differential pulse cathodic @ing polarography method (DP-CSV),
developed by Quentel et al., (1986). This simple @pid method, based on the adsorption of
the complex formed by eHS with molybdenum on thekimg electrode, has been used in
marine, estuarine and coastal waters (Chanudel,e2D6, Waeles et al., 2013, Pernet-
Coudrier et al. 2013, Marie et al., 2017; Dulagwtisl., 2018a; Gao and Guéguen, 2018).
Analyses were made with a p-Autolablll potentiogfalvanostat controlled by GPES 4.9
software and operating on a three-electrode syst@mworking electrode is a static mercury
drop electrode (SMDE), Metrohm model 663 VA, withdeop size of 0.52 mf The
reference electrode in an Ag/AgCl electrode (3 idIKCI, Suprapur®) and the auxiliary
electrode is a platinum electrode. To perform thalysis of deHS, 300 nmol*Lof Mo(VI)
were added to 15.00 £ 0.01 g of sample (weigheal laaminar flow bench) and adjusted to a
pH of 2.00 + 0.05 (HCI). After a degassing perid60 s (N > 99.999 % ALPHAGAZ,

Air liquid®), under agitation, a deposition poteitof - 0.25 V was applied for a period of 30
to 120 s, depending on the concentration of eHfiensample. Under these conditions the
Mo(VI)-eHS complex was adsorbed on the working tetete and simultaneously reduced to
Mo(V)-eHS. After an equilibration period withoutitgion of 15 s, a cathodic sweep of the
potential was carried out between - 0.25 and - ¥.68 the differential pulse mode. During
the cathodic scan the Mo(V)-eHS complex was furtleeluced into Mo(lV) produced a
guantifiable cathodic current proportional to theoaint of eHS adsorbed and thus to the
concentration of deHS in solution. The followinge&rochemical parameters were used :
Modulation time 0.05 s; Interval time 0.1 s; Steyemtial 2 mV; Modulation amplitude 0.06
V and Scan rate 19.5 m\#sThe analytical treatment of UV-irradiated seawaid not show

a quantifiable peak at the eHS potential (-0.4VAgAQCI), ensuring no contamination
during the different steps of the analysis.

For peHS analysis, the 300 nmet.lof Mo(V1) were added to 15.00 + 0.01 g of a 0.55M
NaCl (Suprapur® grade solid, Merck) solution, aoedi at pH 2.00 + 0.05 (HCI) which was
used as electrolyte. Once the electrochemical memsnt carried out to check the purity of
the electrolyte (Figure 2a), a variable quantitytied pHS extract (see extraction procedure,
section 2.4) was added to the electrochemical Te#. added volume, between 100 and 1000
puL, was adjusted by increment of 100uL until theakpesignal reached ~ 1nA. All
electrochemical parameters for peHS determinatienrewdentical to those used for deHS
analysis.

For each analysis, three standard additions 08&&5 mg-SRFA L (international standard

Suwannee River Fulvic Acid, SRFA 1S101F) solutie@revmade. This solution was prepared
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by diluting a 256.12 mg SRFA™Lstock solution (prepared by dissolving a dried snaf
SRFA in 0.1M NaOH solution). Final concentrationswaonitored by SEC analysis. After
each addition, three adsorption - redissolutionasyevere performed, producing a 12-point
calibration curve. Each addition was followed by5as degassing step. It is worth noting that
all the curves obtained were linear with a coriefatcoefficient (R > 0.995). All data are
provided in equivalent of SRFA (ug-eqSRFA) withrstard errors (SE) calculated by error
propagation using the error of the LINEST Excel@&dtion. The reproducibility of the
method was assessed on the basis of eight noneudivee analyses of the same natural
coastal sea water (Bay of Brest). The mean coretgmr (mean + SE) was 387 + 2-
eqSRFA [* corresponding to a reproducibility of 6%. Repetitgbwas calculated as the
relative SE of 11 consecutive measurements on@riilbsample of natural coastal seawater.
Repeatability was about 2%. A detection limit (LO®&s calculated and defined as 3 x SE,
with "SE" being the mean of the standard errorhef 11 consecutive measurements. For a
deposition time of 120 s, the detection limit wé 3)-eqSRFA L', Figure 2a shows an

example of the electrochemical analysis of peHSpéasn
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Figure 2. (a) Analysis of peHS in an estuarine sample by thetelehemical method. a) NaCl 0.55M pH =
2.00 + 0.05 (HCI); b) + 100 pL extract; c) + 40 ptd HS 38.15 mg-SRFA'L; d) + 40pL std ; €) + 40uL
std. The electrochemical parameters are thoseideddn the text. The deposition time is 90 s. Fhef
the addition method titration curve is 0.9995 (b2}. The calculated peHS concentration is 845 p@8q
SRFA L. (b) Example of SEC analysis of an estuarine samplEil@y blank, b) Chromatogram of pSH
analysis and ¢) Chromatogram of dHS analysis. fjeeted sample volume is 1 mL.

2.2.2 Multi-detection SEC analysis of dHS and pHS

dHS and pHS concentration and composition werermigted by multi-detection SEC. The

technique used was developed by Huber et al. (189i)e context of water treatment and



adapted by Dulaquais et al. (2018b) for the anslg$iestuarine and marine samples. The
equipment was designed and assembled by DOC-LgBauisruhe, Germany). The mobile
phase which is a phosphate buffer solution at pld.85 prepared by dissolving dibasic
sodium phosphate (6g; EMSURE®, Merck, Germany, %9.and monobasic potassium
phosphate (10g; EMSURE®, >99.5%) in UP-water (4o remove dissolved inorganic
carbon from samples an acid solution is added erhefore organic carbon analysis. This
solution was prepared from orthophosphoric acidnN(l6EMSURE®, 85%) and potassium
peroxodisulfate (2g; Alfa Aesar, Ward Hill, MA, USA7%) in UP-water (4L). The sample
filtered on-line (0.45 um PES filter, Sartorius, éktngen, Germany), passes through the
columns and is separated into 5 distinct fractiomgh one of them being operationally
defined as HS (Figure 2b). After separation, the@a is transported to a non-destructive UV
detector (UVD, type S-200, Knauer, Berlin, Germanyhose wavelength is fixed at 254 nm.
The sample is then divided into two fractions. Action is carried to the organic carbon
detector (Huber and Frimmel, 1991) and the othaatilon to the organic nitrogen detector (K-
2001, Knauer, Berlin, Germany). The calibration tbé carbon and UV detector was
performed using potassium hydrogen phthalatgHéKO,, Alfa Aesar, 99.95 — 100.05%).
The nitrogen detector was calibrated using potassiirate (KNQ, EMSURE®, > 90%).
Calibrations were conducted using five standarditswis with concentrations between 100
and 5000 pg-C.t

and 14 and 700 pg-N’prepared at different salinities according to Dukais et al. (2018b).
The extinction coefficient of phthalate € 1.63 x 18 L mol* cm™; Huber et al., 2011) was
used to calibrate the spectral absorption coefficigSEAC) of the UV detector. Mass
calibration for the determination of HS moleculagight was assessed as recommended by
Hubert et al., (2011) from fulvic acids (SRFA 1SEQIHSS) and humic acids (SRHA
1S101H; IHSS) from the Suwannee River. The arontataf HS is a calculated parameter,
defined as the absorption of the HS fraction amn®b4ver HS organic carbon concentration
(Huber et al., 2011). The aromaticity of HS is dile related to the presence of aromatic
carbon. In order to express the aromaticity asrago¢age of aromatic carbon, we compared
the SEC aromaticity obtained after analysing 8 IKH&®idards with the percentage values of
aromatic carbon provided by NMR from IHSS. Figursi®ws a linear correlation between
both variables fr= 0.986, n = 8pvalue < 0.005). According to this correlation, atuwf
chromatographic aromaticity (m2/g-C) corresponds41261% of aromatic carbon in the
humic fraction. Detection limits (DL) were deterradhin irradiated UP- water and irradiated

coastal seawater for an injected sample volume ofl2 DL were 3 and 4 pg-C1,
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respectively (Dulaquais et al., 2018b). The ref=kitya (n=10) was 2% for a coastal seawater

with a concentration of 551 + 12 pgC.L
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Figure 3. Correlation between the percentages of aromatizoca(NMR data from International Humic
Substances Society) and aromaticity determinedzeyexclusion chromatography {fy-C) determined for
8 IHSS standards.

2.3 pHS extraction procedure

The IHSS has published a general procedure for d@Rtraction, fractionation and
characterization of HS. It has been adapted farrabwater samples (Thurman and Malcolm,
1981, Baghoth et al., 2008) but also for soil sangbEwift, 1996). In the case of soil samples,
a 0.1M NaOH solution is used with a 10:1 liquidstid ratio. The extraction is carried out
under nitrogen atmosphere and stirring for at ldasburs, then the mixture is left overnight.
The supernatant containing HA and FA is recovefest aentrifugation. The FA and HA are
separated after acidification at pH 1 (HCI) frone #upernatant; the HA being insoluble at pH
< 1, remain in the precipitate while the FA remiirsolution. In another context, Brym et al.
(2014) used an extraction method developed by @sbet al. (2012) for the analysis of
particulate organic matter collected on a filtehisT procedure, called BEPOM (Base
Extracted Particulate Organic Matter), combinechwiteasurements of UV absorbance and
fluorescence, has been successfully applied tosthdy of particulate organic matter in

coastal ecosystems. Briefly, GF/F filters contagnihe particulate material are treated with a
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0.1M NaOH solution for 24 hours at 4°C. The allsgliution obtained is then neutralized with
an HCI solution and filtered at 0.2 um. In the praswork, we developed a pHS extraction
protocol in 7 steps (Figure 4) drawing from these tatter procedures and we adapted it to
analytical needs. After particles collection on EFilters (Whatman®; 25mm, step 1), filter
samples were put in contact with 6 mL of NaOH sohut{0.1M,) in 7 mL glass centrifuge
tubes. Tubes were previously rinsed first with KGlution (0.01M), then with 0.1M NaOH
solution and finally with UP-water. The filters methen crushed (step 2) with a cleaned
(0.1M, NaOH) metal rod until the filter fragmenterg about 1 mm diameter. Step 3 consists
to wrap the tubes in aluminium foil to protect g@mples from light and prevent degradation
of the photosensitive part of the HS and placed shaking table (IKA® table KS 130 basic)
at a speed of 240 rpm for one night. After a mimmaf 12 hours of contact, the samples
were centrifuged 2 min at 3000 rpm (step 4). Attentrifugation, supernatant was collected
with a cleaned syringe (HCI 0.01M, NaOH 0.1M, UPtevy filtered at 0.45um (step 5) on an
acid cleaned syringe filter (Rotilabo SprintzewiiltRoth®, CME: Cellulose Mixed Ester) and
placed in a precombusted glass vial (450°C, 4hjorBeuse, the syringe filters were rinsed
with 100mL of 0.01M HCI and 100mL of UP-water argk tabsence of contamination was
checked through DOC analysis. The pH was finallydeed to 3.00 £ 0.05 (step 6) using
small addition of HCI (ultrapure®, Merck 30%) inder to prevent precipitation of both
humic acids and metal oxyhydroxydes. The extragmewhen stored in the dark at 4°C until
analysis (step 7) by CSV or SEC. In order to vaédais protocol, several tests were carried
out : i) optimization of the extraction volume, #igaction time, iii) conditioning of the
extracts, iv) reproducibility of the analyses amthlly v) determination of the filter blanks
and of the extraction efficiency.
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Sampling and Filtration
(1) ping

GF/F 25mm d filter
(2) Filtercrushedin 6mL0,1M High liquid-solid ratio
NaOH (Suprapure®) enhances humic
lp p substances extraction
Shaking Ovemight Full extraction (kinetic effect) without
(3) 12h, room T°, dark photodegradation
(4) 2Cen.tr|;t$(g)z;tlon Separation of the filter from eluent
min rom
(5) Filtration of supernatant Elimination of residual filter
0,45um PES seringue filter debris, prevents surface reactions
Acidification of supernatant Prevents
(6) pH 3 Hcl (Ultrapure @) Fe(oxy)hydroxydes and

Humic Acids precipitation

|

(7) Analysis Quantification of humic substances and of
SEC and CSV their binding capacity

Figure 4. Method chart for the extraction of particulate htirsubstances from suspended particulate
matter. Aims and advantages of the 7 steps areaitedl.

3 Resultsand discussion
3.1 Isolation and quantification of particulate hiegnsubstances

3.1.1 Optimization of extraction parameters.
Tests were carried out on particles from freshwgier 0) and estuarine samples (S = 15) as
well as on a certified reference material from thSS and examined following peHS
analysis. The suspended particulate matter (SPM) & the freshwater sample was 114.9 +
2.1 mg L* (n = 5). The first parameter studied was the extraction volume. For all extraction
tests, the liquid-solid ratio used ¢ 100 mL NaOH per 1 g of SPM) was about 10 times higher
than the one recommended by the IHSS (10 mL NaQH. jeof solid). This was done (1) to
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facilitate the extraction considering the large snaspresented by the filter and (2) to get
enough volume of extract to perform all subseqa@alyses. Three filters were put in contact
with three different extraction volumes: 2, 4 anthb. It is worth noting that the three filters
received a similar particle load which correspontiea filtration of 186 + 11 mL of the
freshwater sample. After 12 hours of contact betwtbee NaOH solution and the filter, peHS
extracted amounts were 67.3 + 4.1; 121.1 + 7.3 HIRI0 + 6.7 ug-eqSRFA for extraction
volumes of 2, 4 and 6 mL respectively. If the antowh peHS recovered increased
significantly from 2 to 4 mL (factor 1.8), the ammiwf pHS recovered with 6 mL was not
significantly different from the ones using 4 mL.n8L of extraction volume was thus
considered to be sufficient and was used to peradtiurther peHS extractions. We note that
freshwater, estuarine and marine particles may \beta differently and thus may have
different yield of recover. However considering oasults, the potential limiting step for a
good recovery of humic substances from the padieuphase seems to be the liquid-solid
(NaOH vs SPM) ratio. The load of particles in se@wvaeing very low (< 10mg/L; Abril et
al., 2002), for the typical filtered volume in masarine studies (500-5000mL) an addition of
6mL will correspond to a liquid-solid ratio rangifiggm 120 to 1200mL per gram of solid.
This ratio is 12 to 120 times higher than IHSS reocwendations for terrestrial particles
thereby the liquid-solid ratio in our method woudd large enough for a good recovery of
humic-like substances in seawater particles.

Next the reaction time and the preservation timehef extracts were both studied. To this
purpose, two crushed filters were kept in contaith WaOH (0.1M) under agitation for 30
min (samplel) and 12 h (sample 2). Then, afterrdagation, both extracts were filtered
using an acid cleaned and rinsed syringe filtet@Qm). Immediateley after filtration, NaOH
was neutralized by lowering the pH to 3 in orderptevent further precipitation of both
humic acids (pH < 2) and metal hydroxydes (pH )} could induce a precipitation of HS
through adsorption phenomena. The determinatiorpedlS was then performed on the
filtered and pH controlled extracts. The contenpeHS from sample 1 (extraction time of 30
min) was 19.3 = 1.2 ug-eq SRFA and the contentedf$ from sample 2 (extraction time of
12 h) was 112.3 + 6.6 pug-eq SRFA. These resulteatel a clear kinetic effect of the HS
extraction with NaOH solution (Figure 5). It is th#ore necessary to allow the reaction to
take place for at least 12 hours, as recommenddteyHSS. The filtered and lowered pH
extract from sample 2 (extraction time of 12 h) waesn kept at 4°C in the dark and peHS
were then measured on different aliquots after 2n@ 11 days of storage (Figure 5). The
amount of peHS in these 3 aliquots, i.e. 134.8% 826.2 £ 7.4 and 128.0 £ 7.6 were not
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significantly different. The SE on the average lté four determinations from the sample 2
extract (including days 1 to 11) was 7.7% withvalues being equivalent when uncertainties
were considered with a 95% confidence interval ¢, tvalug s = 2.132). Considering our
experiments, an extraction of pHS on a 25mm GHtErfusing 6 mL of NaOH requires a
reaction time of 12 h. The extract that was cemged, filtered and whose pH was lowered
can be considered stable over time, for at leastays. It is worth noting thatd\legassing of
the extract did not show any improvement of theagtion yield and was not included in the

final extraction procedure.
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Figure 5. Evolution of peSH in the particulate extract (eeqsed in pg of equivalent SRFA) as a function
of extraction reaction time (left) and of preseimattime (right). All experiments where operated an

sample from the Aulne estuary (S = 0).

3.1.2. Analytical performance

Filter blank analyses were performed by applying etraction protocol described above to
precombusted filters. The peHS content measurédeirireated extracts was 0.54 + 0.06 ug
ed-SRFA (n = 3). Considering the elemental carbmmposition of the SRFA standard (i.e.
52.44%), this concentration corresponds to 0.283 fig-C. Multi-detection SEC analysis of
the same extracts gave a quantity of carbon orfiliee of 0.9 £ 0.1 pug-C. In estuarine
samples, the filter blank represented 6 + 6% (nOF} & the pHS recovered and all data
presented in the next sections were blank corrected

In order to assess the efficiency of the extragteoomass of 199.7 + 0.1 pg of SRFA standard
(1S101F, IHSS) was placed on a filter (GF/F 25mrecpmbusted) and extracted following

the procedure described above. The mass used iBrexperiment was representative of
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typical particle loads obtained after filtration e$tuarine samples. Analyses of this extract
showed a recovery of 96 + 3% and 100% + 3% fordleetrochemical and multi-detection
SEC methods, respectively.

Analytical repeatability was assessed by measuBirignes 6 distinct aliquots of the same
centrifuged, filtered and lowered pH extract (eshea sample: S = 15, filtered volume
200 mL). The peHS content of the alkali extractiagrbetween 114.8 and 135.6 with an
average of 125.2 + 9.4 ug eg-SRFA (n = 18). Thesatgbility was then 7.5%. The
reproducibility was determined by the analysistoké centrifuged, filtered and lowered pH
extracts obtained from three distinct filters tballected particles from the same water sample
(estuarine sample, S = 10, filtered volume = 200Q.nbe results varied between 204 and 211
Hg eg-SRFA with an average value of 207.6 = 2.8¢®$RFA (n = 9). The reproducibility
was thus estimated to 1.3%. The higher relativ@®Ee repeatability testg reproducibility
test) was unexpected but we relate this to theemdifft concentrations between the two
samples. The higher the concentration of peHSlatver the SE is. Considering the different
tests conducted the protocol for the extraction goentification of particulate humic
substances proposed in this work is repeatableeprdducible.

3.2 Distributions and speciation of humic substanoethe Aulne estuary

Twenty dissolved and particulate samples were cta@tealong the land-sea continuum of the
Aulne River-Bay of Brest system (Figure 1). We &mpblthe extraction method developed in
this work and determined humic substances condemtsausing electrochemical and SEC
methods. According to the terminology of Table dyrfHS fractions were determined: total
dissolved HS (dHS), dissolved electroactive HS @gHotal particulate HS (pHS) and
particulate electroactive HS (peHS). All concentras were converted into humic organic
carbon concentrations using the volumes filterext ffarticulate samples) and the carbon
content of the standard used for electrochemicahsomements (1S101F, 52.44%). The
mixing diagrams (concentrations versus salinity)haf four HS fractions are shown in Figure
6.

At time of sampling, DOC ranged between 1.07 + GriC L in the Iroise Sea and 7.20 +
0.40 mg-C [* in the Aulne River (Figure 6a). The distributioi BPOC was nearly
conservative (DOC (mg-C1) = -0.17*S + 7.90; R2 > 0.96; p value < 0.05), gesfing that
mixing between fresh and marine waters was the Wamiprocess. However this distribution
may hide internal processes such as removal ofifgpetasses of organic compounds

(induced by flocculation and or bacterial degramgti compensated by external
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(sediment/particulate release) or internal inpsitse(class transfer within DOM) as previously
observed in the same estuary (Dulaquais et al8@0The contribution of dHS (assumed to
be the total pool of dissolved humic substancebleld) to DOC was determined to be 63.6 =
7.1% along the estuary. This percentage was alowstant all along the salinity gradient
(Figure 6a) with the exception of the MTZ where Hf contribution was lower (56%) and in
the most marine part of the estuary (S > 34) whkt8eaccounted for 72% of the DOC. These
variations indicate the existence of internal dymambehind the apparent conservative
distribution of DOC in these part of the land-seatmuum.

dHS and deHS concentrations ranged respectively 846 + 51 and 77 + 5 pg-C'lin the
Iroise Sea (S = 35.2) to 4399 + 264 and 3250 + §95|L" in the Aulne River (S = 0). The
deHS concentration ranges were similar to thosertegh by Pernet-Coudrier et al., (2013)
and by Marie et al., (2017) in the Aulne estuargSdconcentration ranges were similar to
those reported by Dulaquais et al., (2018b) in sgem. The dHS concentrations showed a
guasi-conservative distribution in the estuary (iFég 6b). The concentrations gradually
decreased from freshwaters to marine waters witight « loss type » negative anomaly
between 2 to 8 of salinity. The equation of theotieéical dilution line obtained between the
two end-members (dHS (ug-C'L = -101.0*S + 4408) suggests a dHS deficit of ~5%
(corresponding to ~200 pg-CY)in this part of the estuary where the MTZ wasated
(Figure 1). By contrast, deHS showed a strong ramservative distribution in the estuary
with a sharp negative anomaly observed in the MFigure 6b). Considering the deHS
theoretical dilution line (deHS (ug-C*). = -90.2*S + 3258 pg-C 1) the losses of deHS
between 2 and 8 of salinity reached ~40% (corredipgnto ~1 mg-C [) indicating a
stronger removal of deHS compared to dHS in the MTZ

The concentrations of pHS and peHS ranged respéctrom 30.2 £ 1.8 and 3.1 £ 0.2 ug-C
L™ in the Iroise Sea (S = 35.2) to 946 + 57 pug-€and 1018 + 61 pg-Ctat salinity 5.2.
pHS and peHS distributions were very similar (Fegéc). The mixing diagrams of the two
particulate fractions (e.g. electroactive and jotadth showed a strong non-conservative
behaviour with a high positive « source type » aalgmn the MTZ. At 5.2 of salinity
enrichments up to 700 and 800% over the theordlit#ion lines (pHS = -3.5*S + 153 pug-C
L and peHS = - 4.3*S + 155 pg-C'Lwere estimated for pHS and peHS respectivelys&@he
results show that particulate humic substancescoastitute a significant fraction of humic
substances in estuarine systems, with peHS repgmeger85% of eHS (deHS + peHS) in the
MTZ.
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The very significant increase in pHS and peHS cotmagons in this MTZ can be explained
by two different mechanisms: (1) the accumulatibresuspended sediments in the MTZ that
increase the HS particle load and/or (2) a transfeeHS under flocculation from the
dissolved to the particulate phase. From a quaingt@oint of view, the deHS losses (~1000
ng-C L) appeared to be balanced by peHS inputs in the .NTTigrefore, a phase transfer
under flocculation seems to be the main mecharasoortsider.

Figure 6d describes the percentage of electroakitvdto total HS) as a function of salinity
for the dissolved and particulate phases. WitHarge part of the estuary (1 < S < 29), half of
dHS were electroactive (48 + 5%, n = 14). This petage rose up to 74% in freshwater but
decreased to 26 £ 2% (n = 4) at the end of the ngix@one (33 < S < 34). In marine
endmember (S = 35.2), this contribution was 9%.hSadow value for marine waters is
consistent with previous results showing a contrdsuof deHS to dHS varying between 4
and 15% along the water column in open marine enuients (Dulaquais et al., 2018a). For
the particulate phase, the contribution of eHS ® Vhried even more substantially with
salinity (Figure 6d). In the upstream part of tretuary (0 < S < 11) all pHS could be
considered electroactive (104 £ 5%; n = 7). Thistgbution sharply decreased in the inner
estuary (13 < S < 26, Figure 6d) and only 10.42260(n = 5) of the pHS were electroactive at
the highest salinities (29 < S < 35.2). When comgdo the theoretical dilution curves, the
percentage of electroactive HS (% eHS) in the tiirssband the particulate phases were non
conservative (Figure 6d). Strong “loss type” anaewalvere observed between 0 and 26 of
salinity in the dissolved fraction and between 1@ &5 in the particulate fraction. This
indicates distinct behaviours between electroactive non-electroactive HS within the two

physical phases.
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3.3 Characterization of dissolved and particulateric substances in riverine and marine
endmembers

Mean molecular weight (MW), aromatic carbon cont@atAC) and C/N elemental ratio of
dissolved and particulate HS were also determineliowing SEC chromatography
measurements. Over the whole salinity gradient, M¥¢ in the 640-725 Da range for dHS
and 620-850 Da for pHS (Figure 7a). The % AC intdf&ged from 1 to 22% for both dHS
and pHS (Figure 7b) and elemental C/N ratios vabietiveen 25 and 55 for dHS and between
7 and 30 for pHS (Figure 7c). Table 2 summarizediifferences of composition between the
dHS and the pHS collected in the river and marigevs. First, it is worth noting that the
characteristics of dHS in the Aulne River (MW=718,D60 AC=22.4 and C/N=26) were very
similar to those reported by Dulaquais et al. (2)18n the marine endmember, dHS
characteristics (MW=625 Da, % AC=1.86 and C/N=4Ww8)e also similar to those reported
by Dulaquais et al. (2018b) with the exception dNQGhat was found to be significantly
higher here than the one reported before (i.e. a@. high C/N of 47.5 observed here in late
summer (as compared to the C/N of 15 observed imgpmust be related to the nitrate
limitation in the Iroise Sea (N§O< 0.2uM). In such conditions, dHS may be used jpsah of
bioavailable nitrogen for autotrophic phytoplank{@ee et al., 2006) inducing an increase of
the C/N of dHS.

Table 2: Characteristics of dissolved (dHS) and particu{ptéS) humic substances collected in the Aulne
River and in the Iroise Sea. With %eHS, the peagmbf electroactive HS (fraction able to complaxé
elements); MW the mean nominal molecular weightA@, the percentage of aromatic carbon and C/N,
the elemental carbon o nitrogen ratio.

Aulne River Iroise Sea
dHS pHS dHS pHS
% eHS 73.8 100.0 8.9 10.2
MW (Da) 719 796 625 702
% AC 224 22.6 1.86 1.0
CIN 26.2 9.8 47.5 7.0

When comparing the characteristics of pHS to thadHS, pHS of the Aulne River had a
similar aromatic carbon content to that of dHS §2&22.4) but were of higher MW (796 Da
vs 719 Da) and also appeared enriched in nitrogerpeozd to dHS (C/N=9.8s 26.2). On

the other hand, marine pHS had a higher MW valG2 Javs 625) than that of dHS, a C/N
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ratio (7.0) close to the Redfield ratio and wer@mpoaromatic (% AC=1.0). These results
indicate that similarly to dHS, pHS are charactatiby a decrease of both MW and % AC
from freshwaters to marine waters. Dittmar and k&tt(2003), that studied dHS in an arctic
estuary using the same type of chromatographigetgmt, made similar observations. These
authors attribute the decrease in MW during fresamwseawater mixing to the intramolecular
contraction induced by the increase of both iotiergjth and concentration of divalent ions.
Dulaquais et al., (2018b) and Breiteinstein (20a8p observed a decrease of aromaticity
from riverine to marine waters in the Aulne estuary

Environmental pHS data are scarce and to our kragelehere is no pHS data acquired by a
multi-detection SEC or electrochemical system, mgkit difficult to compare our results
with other studies. Calace et al. (2010), in a wtadout the distribution of dissolved and
particulate HS in the Ross Sea, found C/N ratio2®8 * 4.6 and 12.2 = 2.4 for dHS and
pHS respectively. Their results indicate that marpHS are enriched in nitrogen when
compared to dHS similarly to what we report hetlee T/N value we measured in the marine
sample (7.0) indicates a composition of pHS that tightly linked to primary production at

the time of sampling.

3.4 Abiotic processes involving dHS and pHS altvegnixing zone

The strong positive anomaly of pHS in the MTZ haerb related to a transfer under
flocculation of eHS from the dissolved to the parate phase (see 3.2). SEC
chromatographic analyses indicated that in the MIEZS were of high molecular weight (>
850 Da), electroactive (100%), highly aromatic (& higher than theoretical mixing curve)
and also enriched in nitrogen (Figures 6¢ and H)s Ts in line with the characteristics of
deHS (with high MW, high aromaticity and low C/Nios) and thus supports the hypothesis
of a phase transfer of eHS under flocculation. A$Sdconcentrations appeared almost
conservative along the salinity gradient (Figurg, &be strong loss of deHS in the MTZ (~1
mg-C.L%) implies an input of non-electroactive dissolveS kb counterbalance this loss. In
the absence of any obvious sources within the watkrmn, we relate this input of non-
electroactive dissolved HS to benthic inputs. Thepprties of dHS in the MTZ showed a
slight decrease of MW (Figure 6a), a deficit of raaticity to the theoretical mixing curve
(Figure 6b) and an increase of the C/N ratio (Fegdc). All these trends suggest that the
benthic dSH transferred to the water column ardoafer MW, more aliphatic and less

enriched in nitrogen functional groups than theetsrial dHS directly brought by the river.
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The negative anomaly of % eHS observed betweemdl03& of salinity in the particulate
phase (Figure 6d) also deserves an explanationaudecpHS were all electroactive at
salinities lower than 10, a small (60pg-C)Linput of non electroactive pHS must have
occurred between 15 and 30 of salinity to balarfve deficit of peHS (Figure 6d).
Aggregation and subsequent flocculation of thealvesl non-electroactive HS released in the
MTZ is probably the most valid hypothesis to explauch an input. Nevertheless SEC
measurement uncertainties (3%) prevent from dejgcé significant loss type anomaly of
dSH induced by a small flocculation (60pg-C)L

3.5 Biotic processes involving dHS and pHS aloegniixing zone

The mixing diagram of C/N ratios indicated positi@eomalies for both the dissolved and
particulate fractions of HS (Figure 7c). In the MTthe C/N positive anomaly for the
dissolved HS can be related to the above-descréd@dtic mechanismsi.e. (1) the
flocculation of N-rich eHS and/or (2) the bentmput of N-depleted non-eHS (see 3.4).
Alternatively, the increasing C/N anomaly downstneihe MTZ (S>10) should be related to
biotic processes. We attribute this increase of @i ratio to a cumulative preferential
nitrogen uptake (compared to carbon) by heterotooplacteria along estuarine mixing.
During estuarine transit, the nitrogen content & iMay have been specifically uptaken by
“free” and particulate-coated bacteria resultingdf® becoming more and more N-depleted in
the dissolved and particulate fraction respectivéhis preferential N uptake has induced the
intense deficit of nitrogen, compared to carbon,the dissolved and particulate humic
material we observed in the last stage of mixinggfe 7c). This process was probably
enhanced by a long period a solar irradiance befangpling that maintained estuarine waters
to relatively high temperatures (T° >15°C) favouealto bacterial development. Such
decoupling between carbon and nitrogen uptake hiagen previously observed in
phytoplankton and bacterial cultures growing on lusubstrates (Hunt et al., 2000; See et
al., 2006).
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4 Conclusions

In this work, a simple solid-liquid extraction meth combined with electrochemical and
multi-detection SEC analysis was developed to sthdyphysical partitioning, the speciation,
and the chemical composition of humic substances) (iH natural waters. The extraction
conditions as well as the protocol to preserveetkteacts were optimized and validated using
a certified reference material (IHSS standard). padgormances of the method allowed the
study of the distribution of particulate HS (pH®)ray the land-sea continuum.

The analysis of natural samples collected alongetitge salinity gradient of a macrotidal
estuary allowed, for the first time, to study theape partitioning (dissolved vs particulate),
the speciation of HS (electroactive vs non-electtiga) and the composition (mean nominal
molecular weight, aromaticity and C/N ratio) of H®istinct characteristics between
freshwater HS and marine HS were identified andecmrservative distributions with salinity
in both phases were observed. The analysis of Higosition in the two phases confirmed
the existence of internal biotic and abiotic pr@essin addition to pure mixing. An intense
source of pHS in the MTZ was observed. Electrocbalanalyses allowed to identify these
pHS as originating from the dissolved phase bycilbation of eHS in the early stage of
mixing. The MTZ was also identified as a sourcenoh-eHS released from porewater. The
latter were transported across the estuary andc@ttlan apparent conservative distribution of
dissolved HS (dHS). Deficits of nitrogen, compat@darbon, in dissolved and particulate HS
were identified along estuarine mixing. We relatiis feature to a use of HS as a
bioavailable nitrogen reservoir for heterotrophiacteria and or estuarine phytoplankton
suggesting that HS may not be as recalcitrant @sgtit. Considering the role of HS in trace
element geochemistry and in bacterial nutritiore $udy of particulate HS should be now

more documented.
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Highlights:

A simple method for the determination of humic substances in suspended particul ate matter is

developed and validated.

Application of the method to estuarine samples alows the quantification and the
characterization of particulate humic substances along the entire land-sea continuum of a

temperate system.

Internal abiotic and biotic estuarine processes alter the chemical composition of humic

substances during estuarine mixing.
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