
The Biogeochemistry of Electroactive Humic Substances
and Its Connection to Iron Chemistry in the North East
Atlantic and the Western Mediterranean Sea
Gabriel Dulaquais1 , Matthieu Waeles1 , Loes J. A. Gerringa2 , Rob Middag2 ,
Micha J. A. Rijkenberg2, and Ricardo Riso1

1Laboratoire des Sciences de l’Environnement Marin CNRS UMR 6539, Institut Universitaire Européen de la Mer, Université
de Bretagne Occidentale, Plouzané, France, 2NIOZ Royal Netherlands Institute for Sea Research, Department of Ocean
Systems (OCS), Utrecht University, Texel, Netherlands

Abstract We present the zonal distribution of electroactive humic-like substances (eHS) along a section
from Offshore Portugal in the North East Atlantic to the Sicily Channel in the Mediterranean Sea. The
concentrations were normalized to Suwannee River Fulvic Acid and ranged from 11 μg/L to 81 μg/L. The
vertical distributions were typical of those previously reported for dissolved organic carbon in the
Mediterranean Sea. High eHS concentrations were measured in surface water and concentrations decreased
with depth before increasing again toward benthic maximameasured at some stations. We estimate that eHS
represented a relatively small fraction of the natural organic matter in the Mediterranean Sea (2–5%) but
considering their important role in the complexation and the solubility of key trace elements (e.g., iron and
copper), the eHS cycle could influence the entire biogeochemistry of these marine systems. We identified
key processes controlling the concentration of eHS. While biologically mediated production was the major
source of eHS, riverine and rain inputs as well as sediment release were also likely external sources. Low eHS
concentrations at subsurface depths pointed to photodegradation as a possible sink of eHS, but degradation
by heterotrophic bacteria seemed to be the main sink in the deep sea. Finally, we found a positive
correlation between dissolved iron and eHS concentrations. Estimation of eHS contribution to iron binding
ligand concentrations indicates the complexation of iron by eHS in the Mediterranean Sea. These
observations suggest links between the cycles of eHS and iron in the Mediterranean Sea.

1. Introduction

Among the wide range of compounds that make up aquatic dissolved organic carbon (DOC), humic
substances account for a substantial part of this pool (up to 20%; Hessen & Tranvik, 2013) with concentrations
ranging from tens to hundreds of microgram carbon per liter (Abbt-Braun & Frimmel, 2002; Laglera & van den
Berg, 2009; Norman, 2014; Obernosterer & Herndl, 2000; Trimborn et al., 2015). Historically humic substances
have been operationally divided between soluble fulvic acids and humic acids. This soil science definition is
based on their different solubility in concentrated acid and base solutions (humic acids being insoluble at
pH < 1). Here the term “humics” will be used collectively for fulvic and humic acids. Humics can also be dis-
tinguished between allochthones humics supplied by river discharge in coastal areas (Alberts & Takács, 1999;
Ertel et al., 1986; Waeles et al., 2013) and autochthonous (or marine humics) produced in the ocean interior
through microbial processes (Tranvik, 1993). In the aquatic system, the main sink of humics seems to be their
photooxidation and subsequent degradation as shown by several studies (Brinkmann et al., 2003; Chen &
Bada, 1992; Liu et al., 2010; Mopper et al., 1991). Despite their classification as refractory organic matter,
humics may not be so refractory to biological activity. Indeed, studies have shown the biological role of
humics in various metabolic pathways such as the positive effect on phytoplankton growth (Prakash &
Rashid, 1968) and their key role in the metabolism of nitrogen (Bronk et al., 2007; Müller-Wegener, 1988;
See & Bronk, 2005). Direct consumption of humics by bacteria has also been observed (Coates et al., 2002;
Cottrell & Kirchman, 2000; Rosenstock et al., 2005).

Another feature of humics is their ability to complex the key trace element iron (Abualhaija et al., 2015; Bundy
et al., 2015; Laglera et al., 2011; Laglera & van den Berg, 2009). Iron is recognized as a major regulator of ocean
productivity and thus of the ocean’s biogeochemistry (Moore et al., 2013; Tagliabue et al., 2017). In marine
system, the speciation of dissolved iron (DFe) is dominated by organic complexation >99% (Gledhill & van
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den Berg, 1994; Rue & Bruland, 1995). Complexatioof DFe by dissolved organic ligands (LFe) increases both
the solubility and the bioavailability of iron (III); it also decreases the oxidation rate of iron (II) (Boyd &
Ellwood, 2010; Liu & Millero, 2002). Organic complexation of iron is thus an important parameter in the
marine biogeochemical cycle of this element (Bundy et al., 2015; Gerringa et al., 2015; Gledhill & Buck,
2012; Muller & Cuscov, 2017; Rijkenberg et al., 2008). The exact nature of LFe is not well defined, nevertheless
among the wide range of LFe (e.g., siderophores, exopolymeric substances, and saccharides), humics have
been identified as an important class of LFe especially in coastal areas and close to shelves (Abualhaija
et al., 2015; Laglera & van den Berg, 2009; Mahmood et al., 2015). Because the Mediterranean Sea is sur-
rounded by continents and the main Mediterranean rivers are located in the Western Basin, humics could
play an important role in the complexation of DFe in this basin.

In the environment, humics have a “non-constant composition and structure, making it difficult to find an
intrinsic ‘humic’ property that can be used to determine them quantitatively” as stated by Filella (2010).
Consequently, the study of humics is dependent of the analytical method used which only allows a partial
detection of the entire humic pool. Thanks to the optical properties of humics (Coble, 2007), the zonal and
vertical distributions of humic-like fluorescence (HlF) intensities of Chromophoric dissolved organic matter
(CDOM) were reported at the basin scale (Coble, 1996; Heller et al., 2013; Jørgensen et al., 2011; Yamashita
& Tanoue, 2008, 2009). According to these studies, HlF is relatively weak at the surface, increases with depth
and is positively correlated with apparent oxygen utilization (AOU). These observations were interpreted as
an “in situ” production of humics by respiration of organic matter, leading to the accumulation of marine
humics in the deep sea. However, these methods being more qualitative than quantitative, it can be difficult
to interpret the HlF data due to lack of definition of what is really measured (Boyle et al., 2009; Chanudet et al.,
2006; Fillela, 2009; Filella, 2010; Penru et al., 2013). Indeed, humics can complex trace elements (e.g., iron and
copper) and the quantitative study of humics by fluorescence can be biased by quenching phenomena
(Poulin et al., 2014; Yamashita & Jaffé, 2008). Alternatively, electrochemical methods on a mercury drop
electrode can be used to analyze humic-like substances (HS) in seawater (Laglera et al., 2007;
Pernet-Coudrier et al., 2013; Quentel et al., 1986, 1987). Besides allowing analysis at very low signal levels
(μg C/L), these methods provide a quantification of HS that can complex trace metals which will be called
electroactive HS (eHS) hereafter. Despite being standard dependent (Quentel & Filella, 2008), these methods
are semiquantitative and allow intercomparison in term of concentration between the data sets generated.
To date, humic data generated by electrochemical methods are scarce and mostly restricted to the surface
layer and to coastal areas (Laglera et al., 2007; Laglera & van den Berg, 2009; Norman, 2014; Slagter et al.,
2017; Trimborn et al., 2015), and to our knowledge, there is no eHS data published in the Mediterranean
Sea. A recent study (see Figure 2 in Hassler et al., 2017) provides data along the water column (0–1,000 m)
acquired at one station in the South Pacific (Tasman Sea) with concentration decreasing from the surface
to the deep sea that contrast with the deep enrichment in humic-like fluorescence often recorded.
Similarly in the Artic Sea, Slagter et al. (2017) also found a decrease of eHS concentrations from the surface
to the mesopelagic waters suggesting a possible mineralization of eHS along the water column.

In this context, we investigated the spatial and vertical distributions of eHS along a zonal section crossing the
Eastern part of the temperate Atlantic Ocean and the entire Western Mediterranean Basin (Figure 1). The
relatively high vertical and spatial resolution of sampling has allowed a quantitative study of eHS in these
two contrasting marine systems. Here we present full-depth vertical profiles of eHS and we identified key
processes controlling eHS behavior aided by the hydrographic and biogeochemical data set acquired within
the framework of the GEOTRACES A04 section. Furthermore, considering the role of eHS in the complexation
of the key trace element iron, we explored the potential connections between the iron and eHS cycles. This
study provides a new step in our understanding of the marine biogeochemistry of metal binding ligands.

2. Methods
2.1. Sampling

Samples were collected aboard the Dutch R/V Pelagia at 10 stations along the eastern part of the
GEOTRACES-A04N section between 15 and 24 May 2013 (Figure 1). All samples were collected using the
TITAN-CTD frame of NIOZ (the Netherlands), with 24 ultraclean sampling PRISTINE bottles of 24 L each made
of polyvinylidene fluoride and titanium (Rijkenberg et al., 2015). After deployment the TITAN system was
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moved to a Class-100 container for subsampling (de Baar et al., 2008). Here all samples were collected using
inline filtration under N2 pressure (filtered 99.99% N2, 0.7 atm). Seawater was then filtered through 0.2-μm
Sartobran 300 cartridges (Sartorius). Samples for eHS determination were collected in acid cleaned 250-ml
HDPE Nalgene® bottles. Before collection, acid cleaned sample bottles were rinsed five times with sample
seawater. Seawater samples for analyses were then acidified at a pH of 2 ± 0.05 using ultrapure® HCl
(Merck) within an hour after their collection and stored at dark and ambient temperature before analysis in
the shore-based laboratory.

2.2. Determination of Electroactive Humic-Like Substances

In this study, eHS were quantified following the method described in Pernet-Coudrier et al. (2013) previously
used for the determination of eHS in estuarine and coastal seawater samples (Marie et al., 2017) that we
briefly describe in the following paragraph.

Before analysis, samples were introduced into an acid-cleaned electrochemical glass cell and to limit any risk
of contamination, aliquots of seawater samples (15.00 ± 0.01 g) were weighed directly into the cell under a
laminar flow bench and analyzed immediately after that the pH was checked with a daily calibrated glass
combined electrode (Hanna Hi 1331) attached to a Hanna 931400 pH meter (±0.01 precision, NBS scale)
and adjusted to 2.0 ± 0.05 with small amounts of diluted solutions (~1 mol/L) of HCl and/or NaOH when
necessary. The data were generated using a three-electrode electrochemical device (Metrohm model 663
VA) connected to a potentiostat/galvanostat μAutolab Type III unit monitored by GPES 4.9 software. The
working electrode was a static mercury drop electrode, with a drop size of 0.52 mm2. An Ag/AgCl (3 mol/L
KCl, Suprapur®, Merck) electrode and a carbon glass electrode were used as the reference and the auxiliary
electrode, respectively. The method used in this work is a follow-up of Quentel et al. (1986, 1992) and is based
on the addition of 200-nM (nanomol per litter) Molybdenum (VI) in the sample. After a deaeration step (600 s,
stirring, N2 99,99%) Mo is chelated by the electroactive HS and forms a Mo (VI)-eHS complex. At a deposition
potential of 0.000 V (240 s, stirring) the complex is adsorbed to the SDME and is subsequently reduced into
Mo (V)-eHS forming a Mo (V)-eHS-Hg complex. After 5 s of equilibration, the potential was swept into a nega-
tive direction (down to �0.600 V) using the differential pulse mode, reducing the Mo (V)-eHS-Hg complex
which releases Mo (IV) into the solution and provides a quantifiable cathodic current. Details of the mechan-
ism are described in Quentel and Elleouet (2001). The current acquisition was automatically performed by the
GPES software. As there is no commercial standard for oceanic waters, we determined the concentration of
electroactive HS by standard additions of Suwannee River Fulvic Acid (SRFA, IHSS, R 1S101F) following the
recommendations of Quentel and Filella (2008). For each titration, three standard additions were operated
and triplicate analyses for each point were done, producing a 12-point calibration curves. After each standard
addition a deaeration step (600-s stirring) was performed. All the curves were linear with a correlation coeffi-
cient (r2)> 0.99 ensuring that any measurement error was mostly due to the standard deviation of the initial

Figure 1. Cruise track of the western part of GEOTRACES A04N, yellow stars indicate sampling station locations. The colors
indicate the average chlorophyll a concentrations during the period of the cruise (15 to 24 May 2013, generated using
Moderate Resolution Imaging Spectroradiometer (MODIS)-AQUA model). The mouth of the river Rhône and the location of
western Mediterranean deep water convection are indicated.
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sample measurement rather than to the standard additions. The processing of an analytical scan in ultraviolet
(UV) irradiated seawater did not show any quantifiable peak at the eHS potential, ensuring no contamination
along the different steps of the analysis. Reproducibility was assessed, by standard additions, from eight ana-
lyses of the same natural coastal seawater (Bay of Brest). The mean concentration (mean ± SD) was
387 ± 25 μg eq SRFA/L giving a reproducibility of 6%. Repeatability was calculated as the relative standard
deviation of 11 consecutive measurements on a 15-ml sample of natural coastal seawater. Repeatability
was about 3%. A limit of detection (LOD) was calculated as recommended (IUPAC, 1978): LOD = 3 × SE, where
“SE” is the mean standard error from the 11 consecutive measurements. For a deposition time of 240 s, the
LOD was 4 μg/L eq SRFA. All data are provided with standard errors based on the triplicate analysis. The ana-
lysis of HS being standar dependent (Quentel & Filella, 2008), we normalized results in microgram per liter of
equivalent SRFA. Similar units were previously reported in the literature for the study of humic substances in
marine systems (see review by Hassler et al., 2017). Previous study on the effect of glutathione and exopoly-
meric substances on the eHS signal demonstrated that these substances does not generate any quantifiable
peak at the eHS potential (�0.43 V versus Ag/AgCl) ensuring that eHS quantification is not interfered by these
compounds (Chanudet et al., 2006).

2.3. Intercomparison With Fe-eHS Method

Most of the recent oceanographic studies of eHS (Bundy et al., 2014; Laglera & van den Berg, 2009; Slagter
et al., 2017) were conducted using the method developed by Laglera et al. (2007) and based on the com-
plexation of eHS by dissolved iron at natural pH (called Fe-eHS method hereafter). In order to ensure that
eHS data acquired by themethod developed by Pernet-Coudrier et al. (2013; calledMo-eHSmethod hereafter)
can be compared to those generated by the Fe-eHS method, we conducted an intercomparison exercise
between both methods on eight seawater samples from contrasted marine systems (Figure 2 and Table S1
in the supporting information; North Pacific, North West Atlantic, Mediterranean Sea, and coastal North East
Atlantic). Analysis of eHS by the Fe-eHS method were performed at a pH of 8.05 following the analytical pro-
cedure describes in Laglera et al. (2007) and adapted with the recommendations of Bundy et al. (2014).

Results of this intercomparison (Figure 2) show excellent agreement between the two methods
(Mo-eHS = 1.05 ± 0.09 Fe-eHS + 2.36 ± 5.02 μg/L, R2 > 0.99). The analysis of a Deep Seawater Reference
sample (Hansell lab, Batch 2017) in which eHS concentration was determined at 49 ± 3 and at
54 ± 4 μg/L eq SRFA by the Mo-eHS and the Fe-eHS methods respectively exemplified the good agreement
between these two electrochemical methods. Slightly higher values were generally obtained with the
Mo-method (+5%); however, this difference was within the uncertainties on the measurements (9%).
Results of this intercomparison exercise demonstrate that both methods allow a comparable quantification
of eHS in seawater.

2.4. Comparison With LC-OCD

Analysis of HS by electrochemical methods is defined by the standard used (Quentel & Filella, 2008); thus, any
change in the quality of humic substances along the water column could potentially induce bias of
measurement. In order to ensure that variations of eHS concentrations along the water column relies on
environmental processes, we analyzed 24 samples from a station in the Mediterranean sector (Station 11)
using liquid chromatography with an organic carbon detector equipped with a size exclusion column
(SEC-LC-OCD). This method operationally defines a humic substances fraction (Huber et al., 2011) and has
been previously used for the determination of humics in marine samples (Dittmar & Kattner, 2003). It allows
the quantification of humic substances in terms of carbon concentration, which can be then converted into
equivalent SRFA using the carbon content of SRFA (52.44% of C for SRFA 1S101F). Both methods show a very
similar vertical distribution (Figure S1) with a maximum concentration in the surface and a minimum in the
deep sea. SEC-LC-OCD measurements were significantly higher than eHS concentrations indicating that
eHS is a fraction prone to similar biogeochemical processes as the total humic pool. LC-OCD results will be
further discussed elsewhere.

2.5. Additional Data Set

Hydrological data sets including chlorophyll a used in this study were acquired using a CTD package. As
described in Gerringa et al. (2017), it consisted of a SeaBird SBE9 plus underwater unit, a SBE11plusV2 deck
unit, an SBE3plus temperature sensor, an SBE4 conductivity sensor, a Wetlabs C-Star transmissometer
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(25 cm, deep, red), and an SBE43 dissolved oxygen sensor. Fluorescence was measured as the beam
attenuation coefficient at 660 nm using a Chelsea Aquatracka MKIII fluorometer. The fluorometer signal
was calibrated against chlorophyll a and is expressed as μg Chl a/L. The Practical salinity (PSS-78) and the
potential temperature (T-90) were used to derived absolute salinity (SA in g/kg) and conservative
temperature (Θ in °C) using the GSW software version 3.06 for MATLAB (McDougall & Barker, 2011).
Apparent utilization of oxygen values (AOU, in mol/kg) were estimated using Ocean Data View software
(Schlitzer, 2007) and normalized to mole per liter sing density anomalies (σΘ).

The DFe, iron binding ligands (LFe), and conditional stability constants (K0) data sets used in this study are
those published by Gerringa et al. (2017). DFe were generated onboard by flow injection analysis following
the method described in Rijkenberg et al. (2014). The analysis of the organic complexation of DFe
was executed by competing ligand exchange adsorptive cathodic stripping voltammetry using
2-(2-Thiazolylazo)-p-cresol as competitive ligand (Croot & Johansson, 2000). Using a nonlinear regression of
the Langmuir isotherm, the electrical signal recorded in nanoampere was converted into a concentration
in nM, and the ligand concentration [Lt] and the binding strength K0 were estimated (Gerringa et al., 2014).

2.6. Statistical Analysis

Univariable and multivariable correlations were systematically analyzed using the Excel® data analysis
toolbox. All linear regression equations given in this study are provided with 95% confidence intervals.

Figure 2. (a) Map of the sampling locations (stars) of the different seawater samples used for the intercomparison exercise
for the determination of electroactive humic-like substances. Details of exact locations and depth can be found in
Table S1. (b) Scatterplot of the intercomparison exercise between the method developed by Laglera et al. (2007) (Fe-eHS
method) and the method developed by Pernet-Coudrier et al. (2013) used in this study (Mo-eHS method). Red dashed line
represents the equivalence line. Uncertainties on measurements are indicated and uncertainties on the regression are
provided for 95% of confidence interval.
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In this study we estimated the contribution of the oxidation of eHS to AOU. However, the determination of
the contribution of the oxidation of eHS to AOU can be largely biased by simple regression models
(e.g., eHS versus AOU) that do not take into account horizontal mixing (Carlson et al., 2010; Takahashi
et al., 1985). Moreover, in cases of more than two water masses with unknown chemical properties/end-
members, a multiple regression analysis must be done for an accurate determination of organic matter
oxidation contribution to AOU (Carlson et al., 2010). In this context we adjusted the eHS-AOU correlations
using a multiple linear regression model (1).

eHS ¼ α1 þ α2SA þ α3Θþ α4 AOU (1)

where α1, α2, and α3 quantify the mixing of the three end-member eHS, absolute salinity (SA), conservative
temperature (Θ), and α4 is the contribution of the eHS oxidation to AOU. The advantage of this type of model
over is that it requires no knowledge of the end-member values for each variable. See Carlson et al. (2010), Li
and Peng (2002), and Schneider et al. (2005) for further details of this approach.

3. General Hydrography

The section started from offshore Portugal in the Atlantic, passed through the Strait of Gibraltar, and followed
a southern route in the Western Mediterranean Basin up to the Sicily Channel (Figure 1). The general
hydrography and biogeochemistry of these areas are described in great detail in Béthoux et al. (1998),
Millot and Taupier-Letage (2005), Rolison et al. (2015), and in van Aken (2000a, 2000b). In the next paragraph
we briefly describe the general hydrography (Figure 3a) and circulation (Figure 3b).

Figure 3. Hydrography of the section in Figure 1. (a) Conservative temperature (Θ)-absolute salinity (SA) diagram showing
the occurrence of Gulf of Cadiz water (GCW), North Atlantic Central Water (NACW), Mediterranean Outflow Water (MOW),
North East Atlantic Deep Water (NEADW), Lower Deep Water (LDW), Atlantic Water (AW), Eastern and Western Levantine
Intermediate Water (eLIW and wLIW) and Western Mediterranean Deep Water (WMDW) along the section. (b) SA section
generated by ocean data view (Schlitzer, 2007) and simplified circulation. Arrows indicate westward or eastward current
respectively. Station numbers are indicated.

10.1029/2018JC014211Journal of Geophysical Research: Oceans

DULAQUAIS ET AL. 5486



In the Atlantic Sector, the North Atlantic Central Water was present between 100 and 750 meters (Figures 3a
and 3b). This water mass flowing northward across the Eastern Atlantic has a lower salinity (Figure 3a) than
the underlying Mediterranean outflow water (MOW, Figure 3a) centered at 1,250 m (Figure 3b). At these
latitudes MOW flows westward and entrains the Antarctic Intermediate Waters across the Atlantic Ocean
(van Aken, 2000b). Below the MOW, the North Eastern Atlantic Deep Water that follows a southward pathway
was recorded. Finally, the lower deep water (Figure 3a), partially composed of Antarctic Bottom Water,
follows a northward pathway and occupies the deep zone (>2,500 m). Eastward the section crosses the
Strait of Gibraltar that can be simply described as a two-layer system (Figure 3c). There the surface Atlantic
Water (AW) enters the Western Mediterranean Basin in the top 160 m, whereas the MOW outflow occurs
below 160-m depth (Bryden & Kinder, 1991). Inflowing AW is a mix of North Atlantic Central Water, North
Atlantic Surface Water and of the shelf and river influenced waters from the Gulf of Cadiz (Elbaz-Poulichet
et al., 2001). MOW mainly consists of modified Levantine Intermediate Water (LIW) slightly mixed with
Western Deep Mediterranean Water (Millot & Taupier-Letage, 2005). Going past the Strait of Gibraltar, the
section enters the Western Mediterranean Basin (Figure 1).

The surface circulation of the Western basin is mainly driven by circulation of the AW along the continental
slopes in a counterclockwise direction. During its advection AW is modified by evaporation increasing its
salinity (Figure 3b). The surface Mediterranean Sea is highly stratified from spring to late fall, and the residence
time of surface water is on the time scale of a decade (MerMex group, 2011) resulting in limited hydrographic
exchange between surface and deeper waters with the exception of areas where LIW and deep water are
formed. Nevertheless, intense upwelling cells in the south Western Mediterranean basin can also induce
exchange of chemical species between LIW and the surface AW (Millot, 1987). During our expedition the inter-
mediate layer mainly consisted of LIW (Figure 3b). LIW are formed in the Mediterranean Eastern Basin and
only penetrates into the Western Basin through the Sicily Channel (Figure 3b) at largest depths. Then, LIW fol-
lows the continental slope (Millot & Taupier-Letage, 2005). Along its pathway, LIW is modified (Figure 3a) with
surface and deep waters by mesoscale instabilities and finally flows out at the Strait of Gibraltar (Figure 3b).
Waters below 2,000 m were mainly composed of Western Mediterranean Deep Water (WMDW, Figures 3a
and 3b), a water mass formed on the shelf of the Gulf of Lion (Durrieu de Madron et al., 2013, Figure 1).

4. Results and Discussions
4.1. Vertical and Spatial Distribution of eHS

The concentrations of eHS vary from 11 to 81 μg/L (Figure 4). The lowest concentration was detected in the
Mediterranean Sea, at 1,500-m depth at station nine and the highest concentration was recorded at the
bottom of the mixed layer at station 1, at 23-m depth. Overall, the vertical distribution of eHS showed similar
trends at all stations (Figure 4). With the exception of station 3, all stations had eHS concentrations>40 μg/L
in the upper 100–200 m and the highest local eHS concentrations (>50 μg/L) were generally associated with
the depth of the Chlorophyll a (Chl a) maximum (Figures 4 and 5). Low subsurface (10-m depth)
concentrations were also observed at several stations (Figure 5). Below the surface mixed layer, eHS
decreased with depth while AOU increases (Figures 4 and 5), to concentrations equal to or lower than
25 μg/L in the intermediate layer. Concentrations between 200 and 600 m were similar on both sides of
the Strait of Gibraltar, ranging from 18 to 38 μg/L in the Atlantic Ocean and from 16 to 34 μg/L in the
Mediterranean Sea (Figure 4). Despite slightly higher concentrations in the Atlantic Ocean (mean
[eHS]200–600m-Atlantic = 27 ± 5; [eHS]200-600m-Med Sea = 24 ± 6), there were no significant differences on both
sides of the Strait of Gibraltar, in contrast to the vertical distribution of eHS differed between the Atlantic
Ocean and the Mediterranean Sea. While in the Atlantic eHS concentrations were quasi-uniform between
600- and 4,000-m depth, in the Mediterranean sector eHS kept decreasing with depth down to 11 μg/L
(Figure 4). As a result, the Strait of Gibraltar marked a border between the relative young deep HS-depleted
Mediterranean water ([eHS]>600m = 16 ± 4 μg/L n = 34) and the relatively old HS-rich deep Atlantic water
([eHS]>600m = 25 ± 5 μg/L n = 33). Nevertheless, low eHS concentrations were recorded in the deep offshore
Atlantic at depths influenced by the MOW ([eHS]MOW < 20 μg/L, Figure 4). This water mass was responsible
for the lowest eHS concentration recorded in the Atlantic sector (14 μg/L), which occurred at station 2,
1,250-m depth. According to the pathway of the MOW, as identified by its signature salinity (Figure 4b),
one would have anticipated the lowest eHS concentration to occur at the maximum depth at station 4.
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Instead, high HS concentrations (>30 μg/L) were recorded but these probably resulted from a benthic source
of eHS rather than to a Mediterranean eHS signature. Indeed, slight to substantial enrichments were observed
near the seafloor at some stations along the section (Figure 4). These enrichments were particularly marked at
station 4 on the west side of the Strait of Gibraltar and at station 11 in the middle of the South Western Basin.
Sediment resuspension induced by seafloor circulation, as suggested by enhanced attenuation coefficient at
bottom depth of these two stations (see Figure 2f in Gerringa et al., 2017), benthic microbial production of
eHS or release by degradation of organic rich sediments can all be invoked to explain these bottom
increases. Although it was identified as a source, our data set did not allow a fine identification of the
processes controlling this benthic eHS release and this source is not further discussed in the manuscript.

In the Western Mediterranean Sea, DOC is significantly enriched at the surface with concentrations between
70 and 60 μmol C/L decreasing along the oxycline to a quasi-uniform concentration of 35–40 μmol C/L in the
bathypelagic layer (Santinelli et al., 2002, 2010). Moreover, slight DOC enrichments close to the sediments
have often been recorded, resulting in a very similar profile between DOC and eHS in the Mediterranean

Figure 4. Spatial and vertical distributions along the section of (a) electroactive humic-like substances (eHS), (b) iron bind-
ing ligands (LFe, in equivalent Fe) plotted after Gerringa et al. (2017), (c) apparent utilization of oxygen (AOU, normalized
with potential density), and (d) chlorophyll a derived from fluorescence (Chl a), note the different vertical scale. White
contours in panel (a) indicate absolute salinity (SA) values. Figures generated using ocean data view (Schlitzer, 2007).
GCW = Gulf of Cadiz water; NACW = North Atlantic Central Water; MOW = Mediterranean Outflow Water; NEADW = North
East Atlantic Deep Water; LDW = Lower Deep Water; AW = Atlantic Water; WMDW = Western Mediterranean Deep Water;
SRFA = Suwannee River Fulvic Acid.
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Figure 5. Vertical distribution of electroactive humic like substances (eHS, open black circle; standard deviation is given
and falls mostly within the size of the symbol), chlorophyll a (Chl a, green line), and apparent oxygen utilization (red
line). Note the scale changes breaks in the depth axis and the scale difference in apparent oxygen utilization at station 4.
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Sea. In order to estimate the contribution of eHS to the Mediterranean
DOC pool, we converted the mass concentration into molar concentration
of carbon using the percentage of carbon in the SRFA standard we used
(52.44% of C for SRFA 1S101F). Based on this conversion and on DOC data
determined on samples from this expedition (Mercadante et al., 2016;
C. Santinelli, personal communication December 14, 2017), we estimated
that only ~ 5% of total Mediterranean DOC is present as eHS in the surface
layer and 2 to 4% in the intermediate and deep sea. Despite caveats result-
ing from the (semi quantitative) method we used, these estimations are in
the same range as those previously reported for Open Ocean (Laglera &
van den Berg, 2009) and reveal a relatively small contribution of eHS to
the total DOC load and distribution. Our estimation is also in good agree-
ment with Penru et al. (2013) which showed, in their study of surface
Western Mediterranean seawater, that only 6% of the DOC load is retained
by a XAD-8 resin, which is the method adopted by the International Humic
Substance Society to isolate humic substances from natural waters.

The vertical distribution of eHS in the Atlantic Ocean and the
Mediterranean Sea (Figure 4) displayed opposite trends to what was
previously observed for CDOM in other open ocean domains. The vertical
profile of humic-like fluorescence generally presents an increase of
fluorescence from subsurface to middepth and relatively uniform
fluorescence intensities in the deep waters (Catalá et al., 2016; Heller
et al., 2013; Yamashita et al., 2010). Our observations are even more
surprising since we do not observe strong surface depletion related to
photodegradation, whereas the Mediterranean Sea receives high UV inci-
dence all year long. Coastal inputs as well as a significant biological pro-
duction of eHS in the surface of the Mediterranean Sea (see section 4.2)
may compensate eHS loss by photodegradation along the section. These
different distributions could also be explained by quenching phenomena.
The complexation of iron and copper by humics is known to significantly

decrease humic-like fluorescence (Chen et al., 2013; Poulin et al., 2014; Yamashita & Jaffé, 2008) thus involve-
ment of eHS as iron binding ligand (LFe, see section 4.4) would create an apparent low fluorescence even in
the presence of relatively high concentrations. The concomitant high eHS, LFe (Figures 4a and 4b) and DFe
(Gerringa et al., 2017) concentrations in surface waters of the Mediterranean Sea support the hypothesis of
fluorescent quenching in this basin. However quenching cannot be invoked for the East Atlantic where high
eHS concentrations (Figure 4a) and both low DFe and LFe concentrations (Figure 4b) were measured. This dif-
ference in the vertical distributions of eHS and humic-like fluorescence can also be attributed to a change in
the nature of humic with depth. Each analytical method only “sees” a specific fraction of humic substances
(Filella, 2010) and the combination of both distributions can be interpreted as a shift in the quality of humic
substances from electroactive and poorly fluorescent compounds in surface to less electroactive and highly
fluorescent compounds in the deep sea. Further work is needed to confirm (or not) this hypothesis.

4.2. Surface Biogeochemisty of eHS

Photo oxidation of humic substances and the subsequent transformation into labile dissolved organic matter
(LDOM) is well documented and known to be a major sink of humic substances in aquatic systems
(Brinkmann et al., 2003; Chen & Bada, 1992; Liu et al., 2010; Mopper et al., 1991; Stedmon & Markager,
2005). This sink was depicted by low subsurface (10-m depth) eHS concentrations at some stations along
the section (Figure 5). An unexpected feature we recorded is the weak but significant correlation between
eHS and Chl a (Figure 6a) in the upper 100 m (r2 = 0.37, n = 55, p value < 0.05). Moreover, when data from
stations 9 and 11 and from 4 and 5 were removed from the statistical analysis, the eHS-Chl a correlation
was markedly improved (r2 = 0.6, n = 41, p value <0.05; ΔeHS/ΔChl a = 45 ± 11 at 95% of confidence,
Figure 6a). These data were not taken into account due to the probable influence of the Spanish shelf system
(stations 4 and 5) and of a severe rain event (stations 9 and 11, Figure S2a) during sampling at these locations

Figure 6. (a) Correlation between electroactive humic-like substances (eHS)
and chlorophyll a (Chl a) in the upper 100m depth along the section. Colored
dots were removed from the regression due to the potential influence of a
rain event (green dots, station 11 and 9) and shelf input (yellow dots, station
5 and 4); see text. (b) Calculation of the integrated eHS concentration (red
line, left axis) and associated standard error based on the eHS-Chl a correla-
tion (gray area) and of integrated Chl a concentrations (dark diamonds, right
axis). Integrated measured eHS concentrations are indicated (circles).
Significant anomalies exist close to Gibraltar (yellow dots) and during the rain
event (green dots). Station numbers are given above the figure.

10.1029/2018JC014211Journal of Geophysical Research: Oceans

DULAQUAIS ET AL. 5490



as discussed below. The correlation suggests a positive biological effect on the production of eHS and
indicates that a significant part of eHS was produced “in situ.” The positive intercept of the regression
(Figure 6a) also indicates that part of the eHS pool was produced either before the sampling or had an
allochthone origin (riverine, rain or shelf). While active production and excretion of eHS by photosynthetic
organisms is unlikely, these biogenic eHS may have been indirectly produced by LDOM transformation by
microbial metabolism (Shimotori et al., 2009; Tranvik, 1998) or by its photooxidation following the mechan-
ism proposed by Kieber et al., 1997. Photooxidation requires a time scale of several days (Kieber et al., 1997),
whereas LDOM is rapidly (turnover of minutes to day) consumed and/or transformed by heterotrophic
bacteria, archea, and also photoautotroph species. Hence, LDOM might not spend enough time in surface
waters to allow its conversion in eHS by photooxidation. As a result, the abiotic eHS production is perhaps
less intense than the biotic pathway.

Using the Chl a-eHS correlation (Figure 6a) and integrated Chl a concentrations, we calculated the surface
integrated (0–100 m) eHS concentrations (Figure 6b, dashed red line) along the section. When compared
to direct observations (Figure 6b, dots), this calculation allows identifying locations where the measured data
drift from the Chl a-eHS regression, indicating where additional abiotic processes may have impacted the HS
surface cycle. A slight negative anomaly of concentration was estimated at station 3, and two positive anoma-
lies were estimated around station 5 and 11. The negative eHS anomaly in the Atlantic can be associated to
the photo degradation of eHS resulting from an intense UV irradiation period that occurred during the weeks
preceding sampling of station 3 compared to other sampling locations (UV index >8; determined after OMI
satellite data, https://giovanni.gsfc.nasa.gov). The positive anomalies could be related to two distinct external
eHS inputs: (i) riverine discharge combined to lateral transport in the Gibraltar area (station 5) and (ii) a rain
event during sampling in the south Western Mediterranean basin (station 11).

At station 5 and to a lesser extent at station 4, eHS concentrations are larger than the calculated concentra-
tions from the regression (Figure 6b). In this sector, surface waters are mainly composed of the inflowing
Atlantic waters resulting from the surface circulation at the Strait of Gibraltar. As previously shown for trace
elements (e.g., Zn, Cu, Cd, and Co), the chemical composition of this water mass is significantly modified by
the surface waters of the Gulf of Cadiz (~20%, Dulaquais et al., 2017; Elbaz-Poulichet et al., 2001; Morley et al.,
1997; van Geen et al., 1991), which are influenced by south western Spanish rivers and the shelf. Hence, the
enhanced eHS concentrations recorded around station 5 may arise from the Cadiz shelf/river system and
have a terrestrial origin. It is well documented that the south western Spanish shelf has a high DOC signature
which persists down to the oceanic domain (Dafner et al., 2001). This high DOC load is caused by the riverine
discharge of the Guadalquivir River and to a lesser extent Guadalete and Tinto-Odiel rivers. Ribas-Ribas et al.
(2011) showed that a substantial amount of the high DOC concentrations they recorded during midspring
over the Cadiz Shelf was of terrestrial origin. Moreover, based on the carbon to nitrogen ratio, they related
this terrestrial DOC to humic substances. Here everything suggests that Spanish River discharge, combined
to the surface circulation in the Gulf of Cadiz, provided a substantial amount of terrestrial eHS to the surface
Western Mediterranean Sea.

At station 11, the integrated measured eHS concentration of 53 ± 1 μg/L was significantly higher than the
46 ± 3 μg/L concentrations calculated with the Chl a-eHS correlation. This excess of eHS was associated to
a rain event that occurred over the week preceding sampling in the surrounding areas of this station
(Figure S2a). This rain event was combined with an anticyclonic eddy (Figure S3a), which induced a significant
downwelling of 50 m of the surface waters as evidenced by density isolines (Figures S3b) and salinity distri-
butions (Figure S2b) in this area. Moreover, this rain event induced a substantial decrease in salinity in the
upper 50 m (ΔSAʃ50m = 0.43, Figure S2b) at the time of sampling. Due to the dynamic AW circulation, it would
be hard to estimate eHS concentration in rainwater from the rain amounts accumulated at a fixed point. Thus,
we used the integrated salt balance to determine the dilution factor between stations 11 and 9 and found
0.989. In the absence of riverine influence, 550 L/m2 of rainwater were necessary to induce such decrease
of salinity over the upper 50 m (Figure S2b). This value is elevated considering the rain event with maximum
precipitation of 223 L/m2; however, the water mass could have followed the rain event resulting in an accu-
mulation of fresh water during its advection before sampling.

The analysis of air mass backward trajectories (Figure S2c) clearly showed that the air mass had been influ-
enced by Western Europe including the Landes Forest (SW France). Because HS can account for a significant
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pool of the water soluble organic carbon in European aerosols (Paglione
et al., 2014; Pavlovic & Hopke, 2012; Salma et al., 2010), the positive eHS
anomaly measured at station 11 could be explained by the transfer of
eHS-rich water soluble aerosols to the surface water by rain. The eHS
rainwater concentration can be estimated by combining the positive
integrated eHS anomaly of 0.35 ± 0.15 g/m2 to the rainwater cumulated
volume estimated above. It results in an eHS concentration of
640 ± 250 μg/L. This concentration would be equivalent to an eHS
contribution of 28 ± 12 μmol C/L to the DOC load in rainwater.
Rainwater DOC load is very variable but concentrations generally vary
from 20 to 120 μmol C/L (Kieber et al., 2002; Willey et al., 2000). Humics
are thought to be a significant component of the rainwater DOC (Avery
et al., 2003; Santos et al., 2009) and account between 20% and 60% of
the water soluble organic carbon of European aerosols (Krivácsy et al.,
2001; Zappoli et al., 1999); hence, our estimation of the eHS concentration
in rainwater is in agreement with rainwater studies.

4.3. Degradation of eHS in Mesopelagic Waters

Humics are often described as refractory organic matter in the literature
(Aiken, 1985, Hansell & Carlson, 2014). Their biological production in the
surface layer through the microbial carbon pump (Jiao et al., 2010;
Shimotori et al., 2009) combined to their sequestration in the ocean
interior by oceanic circulation could be a carbon sink. Assuming this is

the case, eHS concentrations should increase with depth and would be accumulated in the deep sea with
the aging of the water masses as suggested by the increase of HlF CDOM with AOU in the deep Atlantic
and Pacific Ocean (Jørgensen et al., 2011; Yamashita & Tanoue, 2008, 2009). A major finding in this study is
the absence of eHS increase with depth. On the contrary, eHS decreased with depth with a concomitant
increase of AOU in both the Atlantic Ocean and Mediterranean Sea (Figures 4 and 5). In contrast to previous
studies, our results suggest a degradation of eHS, especially in the Mediterranean sector, by bacterial
respiration. The degradation of eHS with aging of deep waters is evidenced by the two distinct inverse
correlations between AOU and eHS in the Atlantic (Figure 7, eHS = �0.15 AOU + 36.6 ± 1.9 μg eq SRFA,
r2 = 0.44 n = 48) and in the Western Mediterranean sector (eHS = �0.47 ± 0.04 AOU + 59.3 ± 2.1 μg eq
SRFA, r2 = 0.77 n = 57). A multiple regression analysis involving eHS, AOU and two conservative independent
variables (absolute salinity and potential temperature) then allowed to correct the slope (ΔeHS/ΔAOU) for the
effects of lateral mixing. This led to corrected values of 0.18 and 0.35 μg eq SRFA/μM O2 in the Atlantic and
the Mediterranean sector, respectively. Degradation of eHS in the Mediterranean sector could have been
induced by an enhanced respiration rate of DOC (Christensen et al., 1989) resulting from the very low vertical
flux of biogenic particles in this domain (Speicher et al., 2006), which may not be sufficient to sustain their
bacterial growth (Lefevre et al., 1996).

Based on the Mediterranean AOU-eHS correlation, and assuming that eHS oxidation is the only sink, we esti-
mated the residence time of eHS in the intermediate Mediterranean Western reservoir (200–600 m), mostly
composed of LIW (28.95 < σΘ < 29.10 kg/m3). In the Sicily Channel, the LIW enters the Western Basin at 1.1
Sverdrup (Astraldi et al., 1999) with an AOU of ~58 μM. At the Strait of Gibraltar, the MOW has an AOU signa-
ture of ~97 μMmeaning that a minimum of ~39 μM of O2 was consumed in the interior of the Western basin.
Then the oxygen utilization rate (OUR) can be estimated at ~4 μM O2/year following (2), using the residence
time of water in the intermediate layer estimated by Dulaquais et al. (2017) as 9.8 years. When combined with
the ΔeHS/ΔAOU slope, we estimated an eHS degradation rate (HDR) of 1.4 μg/L of eHS per year according to
equation (3). Finally, considering the mean concentration of eHS in the LIW (~25 μg/L) the residence time of
eHS (τHS) can be estimated to ~18 years using equation (4). This turnover time of eHS with respect to micro-
bial degradation is probably overestimated because it only considers one sink; however, our estimation pro-
vides a turnover time of the same order as those reported for SLDOC (Hansell & Carlson, 2014). Based on the
distribution of eHS, their apparent degradation in the deep sea and their short residence time in the
Mediterranean Sea, we suggest classifying the Mediterranean eHS as SLDOC rather than RDOC.

Figure 7. Correlations of the concentration of electroactive humic-like sub-
stances (eHS) versus apparent oxygen utilization (AOU) in (a) the Atlantic
sector, (b) the Mediterranean sector. In (b) Western Mediterranean Deep
Waters data (black dots) were removed from the regression.
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Oxygen Utilization Rate OUR in μmol O2 L�1 yr�1
� � ¼ AOUSG � AOUSC

τLIW
(2)

eHS Degradation Rate HDR in μg eHS L�1 yr�1
� � ¼ ∣

ΔeHS
ΔAOU

∣�OUR (3)

τeHS yr�1
� � ¼ eHS½ �LIW

HDR
(4)

With AOUSG and AOUSC the apparent oxygen utilization measured in the LIW (28.95 < σΘ < 29.10 kg/m3) at
the Strait of Gibraltar (58 μM) and the Sicily Channel (39 μM) respectively, τLIW the residence time of LIW in the
western Mediterranean Basin (Dulaquais et al., 2017); [eHS]LIW is the mean concentration of eHS recorded in
the LIW (25 μg/L), and ΔeHS/ΔAOU is the multiple linear regression coefficient of the eHS-AOU correlation.

Interestingly in the WMDW (<1250 m), eHS did not correlate to AOU (Figure 7, black dots) and kept constant
concentrations (15 ± 2 μg/L). This absence of a correlation in this water mass might be interpreted as the
occurrence of a specific pool of eHS truly recalcitrant. As described in section 3 theWMDW is formed in winter
by deep convection of surface and intermediate waters in the Gulf of Lion. This dissolved organic matter
could contain a significant part of terrestrial DOC and terrestrial humics due to the direct proximity of the
Rhone River (Figure 1), a major source of DOC to the Mediterranean Sea (Sempéré et al., 2000). It is possible
that the eHS of this water mass are partially of terrestrial origin. In this scenario, two pools of eHS with
different quality coexist in the deep Western Mediterranean Sea:(i) the marine eHS, produced at the surface
and entrained by the Mediterranean circulation in the intermediate waters, which are available for
heterotrophic bacterial metabolism; and (ii) A terrestrial pool fully of humics carried by Northern Rivers
and trapped in the deep sea by WDMW convection, which is truly recalcitrant.

Another hypothesis to explain the constant eHS concentrations in the WMDW could be the limited
degradation of eHS below 1,000 m. The low abundance of heterotrophic bacteria in the bathypelagic
Western Mediterranean Sea (Tanaka & Rassoulzadegan, 2002) could lead to limited respiration of eHS in
the bathypelagic layer. In this condition input and degradation of eHS are balanced and the only sinks of
eHS from the largest depth would be the upwelling of deep waters to the mesopelagic layer as well as their
removal from the water column by adsorption/coagulation onto sinking particles.

4.4. Connections Between eHS and Fe Chemistry

Humics have been identified as an important class of iron binding ligands (LFe) especially in coastal areas and
close to shelves (Abualhaija et al., 2015; Bundy et al., 2015; Laglera & van den Berg, 2009; Mahmood et al.,
2015; Muller & Cuscov, 2017). Because the Mediterranean Sea is surrounded by continents and the main
Mediterranean rivers are located in the Western Basin, HS could play an important role in the complexation
of DFe in this basin. Based on the relatively low conditional stability constants (10.6 ± 0.2 ≤ log
K’FeHS ≤ 11.1 ± 0.2) of humic-type ligands for iron complexation determined by Laglera and van den Berg
(2009) using SRFA and SRHA as model, humics are generally considered as a weaker class of ligands (L2) than
siderophores (L1, log K0FeL1 > 12; Buck et al., 2016; Rijkenberg et al., 2008). Then humics, assumed to be rela-
tively weak, become important for the biogeochemical cycle of Fe when the relatively stronger ligands are
saturated. Gerringa et al. (2017) have reported iron binding ligand concentrations (LFe) along the section.
According to the method used in their study, the contribution of humic substances to the total ligand pool
might be underestimated, as acknowledged by the authors. Nevertheless, Slagter et al. (2017) showed that
LFe concentrations obtained with this method increases with humic concentrations and in the following
paragraphs we have considered that LFe concentrations determined by Gerringa et al. (2017; noted LFeTAC
hereafter) included at least part of the complexing capacity of humics. This assumption was further
supported by the conditional stability constant of iron binding ligands determined (11.5 ≤ log
K0LFeTAC ≤ 12.1) by Gerringa et al. (2017), which falls into the range of L2 attributed to iron humic-like
complexes (10.6 ± 0.2 ≤ log K0FeL2 ≤ 12.5 ± 0.2) in several environmental studies (Abualhaija et al., 2015;
Batchelli et al., 2010; Bundy et al., 2014, 2015; Mahmood et al., 2015: Muller & Cuscov, 2017). In the Atlantic
sector, the vertical distribution DFe and eHS were opposite (Figure 8c) and the absence of a clear correlation
between both variables suggest restricted interactions between eHS and DFe cycles in this sector. In contrast,
similar distributions between DFe and eHS were observed in the Mediterranean Sea as exemplified in
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Figure 8c for stations 5, 8, and 11. Moreover, DFe and eHS concentrations followed a significant correlation
when all Mediterranean data are considered (r2 > 0.58; p value < 10�16 n = 80), with a positive DFe/eHS
slope of 13 ± 2.5 nmol DFe/mg eq SRFA (Figure 8a). Interestingly this ratio falls into the range of the
complexing capacity of SRFA (16.7 ± 2 nmol Fe/mg SRFA) determined by Laglera and van den Berg (2009)
when uncertainties are considered. These observations indicate connections between the Mediterranean

Figure 8. (a) Correlation between dissolved iron (DFe) and electroactive humic-like substances (eHS) for Mediterranean stations. Outliers (red dots) were excluded
from the regression. (b) Vertical distribution of the relative contribution of eHS (LFeHS) to the LFe in the Atlantic (black dots) and in the Mediterranean sector (white
dots). Vertical distributions at station 1 in the Atlantic sector and stations 5, 8, and 11 in the Mediterranean sector of (c) dissolved iron (black dots) and of electroactive
humic-like substances (eHS, circles) and (d) iron ligands (LFe) to DFe ratios (LFe/DFe) when total ligand concentration measured by Gerringa et al. (2017) is considered
(LFeTAC, black dots) and when the complexing capacity of HS is removed (LFeTAC � LFeHS, open circles). The dashed red line indicates the saturation ratio of 1.
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cycles of iron and humics through the complexation of DFe by eHS. Based on the complexing capacity of eHS
for iron (noted LFeHS hereafter, with LFeHS = [eHS] × 0.0167, after Laglera & van den Berg, 2009), we estimated
the contribution of eHS to the total iron binding ligand pool (LFeHS/LFeTAC) along the water column
(Figure 8b). Our estimation indicates that eHS could account for 30 ± 12% (n = 51) of the total ligand pool
in both the Atlantic and Mediterranean Sea. The eHS contribution to the iron binding ligand pool could be
particularly high (up to 50%) in the surface waters of the Mediterranean Sea (Figure 8b).

In order to understand the role of eHS in the Fe chemistry, we then attempted to determine at which depths
eHS is important for buffering DFe against hydrolysis and subsequent precipitation. For this purpose, we
compared the vertical distribution of the iron binding ligand to DFe ratios (LFe/DFe) along the water column
(Figure 8d) when the complexing capacity of eHS is included in (i) or excluded from (ii) LFe:

1. The ligand concentrations are those determined by Gerringa et al. (2017) and include at least part of eHS,
LFe = LFeTAC.

2. The complexing capacity of eHS is subtracted from the ligands concentrations determined by Gerringa
et al. (2017) LFe = LFeTAC � LFeHS with LFe-HS = [eHS] × 0.0167 after Laglera and van den Berg (2009)

In the Atlantic when total iron binding ligands concentrations are considered (situation (i), Figure 8d, black
dots), LFe largely exceeded DFe in the surface waters and decreased with depth to LFe/DFe values between
1.1 and 2 below 1,500 m. Differently in the surface waters of the Mediterranean Sea, LFe were close to be
saturated at some depths and even below DFe in few samples (e.g., 27 m at station 5, 71 m at station 8,
and 100 m at station 11). This suggest that Fe is almost fully complexed (>99%) by LFe in both basins but also
that Fe reactivity could be more impacted by LFe biogeochemistry in the deep Atlantic and in the surface
Mediterranean Sea due to the low excess of LFe. At these depths, a slight decrease of LFe (e.g., by
mineralization) would lead to iron scavenging by marine snow or by sinking dust as described by Gerringa
et al. (2017). When the complexing capacity of eHS is now substracted from LFe (situation (ii) Figure 8d white
dots), it clearly reveals where eHS are involved or not in the complexation of Fe. Without eHS complexing
capacity, LFe would still be far from saturation (LFe/DFe > 10) in the surface Atlantic, indicating occurrence
of unsaturated strong iron binding ligands in these waters. Differently, without eHS contribution, LFe would
be saturated in large part of the water column in both Atlantic (1,500–3,000 m) and Mediterranean basins
(upper 500 m) and more prone to scavenging processes at these depths. In other words, at these depths
eHS apparently keep DFe in solution and DFe chemistry could be tightly linked to eHS biogeochemistry.
Despite uncertainties resulting from our method which does not quantify the Fe-eHS complexes, and despite
the competition between trace elements for complexation by humics (e.g., copper, Abualhaija et al., 2015;
Whitby & van den Berg, 2015), these estimations imply that humics are involved in the speciation of Fe
and thus affect its biogeochemistry in the deep Atlantic as well as the surface and the upper mesopelagic
waters of the Mediterranean Sea.

Connecting these results to the eHS cycle allows an interpretation of the sharp DFe decrease in the upper
500 m of the Mediterranean water column (Figure 8c). In this domain, the large input of DFe induced by dust
dissolution lead to high DFe concentrations (Gerringa et al., 2017) that can saturate strong iron binding
ligands (Figure 8d). Together with high eHS concentrations (biologically mediated), it can lead to the
formation of Fe-eHS complexes. As seen in the previous section (e.g., section 4.3), eHS are degraded by
mineralization in the mesopelagic waters (Figure 7b). The degradation of eHS probably releases DFe in an
inorganic form, which can be removed from the dissolved fraction by scavenging on sinking dust
(Gerringa et al., 2017) and by precipitation as iron oxyhydroxides, in absence of empty sites of strong Fe
ligands at these depths. All these processes design an “iron-humic shuttle” between the surface and the deep
Mediterranean Sea. In contrast, in the Eastern Atlantic and in the deep Mediterranean Sea, strong
iron-binding ligands usually exceed DFe (Figure 8d); thus, the role of eHS could be limited to increase the iron
solubility at depths where the strongest ligands are (nearly) saturated.

5. Conclusion

This study provides the first comprehensive and semi quantitative data set of eHS in the Eastern Atlantic
Ocean and in the Western Mediterranean Sea. We identified key processes in the marine biogeochemical
cycle of eHS and suggest classifying eHS as SLDOC rather than RDOC. The vertical distribution with high
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surface concentrations decreasing with depth was explained by twomain processes: biological production in
surface waters and microbial degradation in the mesopelagic layer. The biological mediated production
suggested by a eHS-Chl a correlation seemed to be the main source of eHS in open sea; however, rain and
riverine inputs could impact surface eHS concentrations locally. From the analysis of the significant
eHS-AOU correlations, we estimated that the mesopelagic stock of eHS could be degraded by heterotrophic
bacteria in nearly two decades which is in the same timescale as the residence time of SLDOC.

DFe and eHS showed similar distributions and a strong correlation in the Mediterranean sector. The eHS-DFe
regression showed a positive slope of 13 ± 2.5 nmol DFe/mg SRFA and suggested that eHS were, at least
partially, involved in the complexation of DFe. Moreover, we identified a probable connection between the
biogeochemical cycles of Fe and eHS. We suggest that in surface waters of the Mediterranean Sea, relatively
low concentrations of strong Fe binding ligands and high input of DFe by dust dissolution allows the chela-
tion of Fe by eHS. Then in the mesopelagic layer, the degradation of eHS releases Fe which would be prone to
scavenging by sinking dust, all creating an “iron-humic shuttle” between the upper and deep water column.

This work is a new step in our understanding of eHS biogeochemisty and raised questions about the
crucial role of eHS in the Fe cycle. On the other side, it also revealed the need for additional quantitative
eHS data in marine system, for robust identification of the different humic groups and for the develop-
ment of intercalibration exercises between methods (fluorescent methods vs electrochemical and
chromatographic methods).
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