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ARTICLE INFO ABSTRACT

Keywords: Since 2011, massive strandings of Sargassum (brown alga) have significantly affected Caribbean islands causing
Marine corrosion major health, environmental and economic problems. Amongst them, the degradation of algae releases corrosive
Sargassum

gases, hydrogen sulphide (H5S) and ammonia (NH3) which causes an accelerated corrosion of the metallic
structures of these coastal areas. The aim of this study was to quantify the impact of Sargassum strandings on the
corrosion of three types of steels (DCO1 carbon steel, 304L and 316L stainless steels) immersed for up to 120 days
at various sites in Martinique which were gradually impacted by Sargassum. A multidisciplinary approach was
developed, incorporating: (i) surface analysis through macrophotography and corrosion product examination,
(ii) weight loss measurements, and (iii) analysis of physicochemical parameters alongside microbial composition.
As a result, in the presence of degraded Sargassum, an anaerobic, reducing and more acidic environment was
correlated with high corrosion rates for all studied steels. When high density of Sargassum sp. was present,
elemental sulphur was identified in the corrosion product layers of DCO1 and 316L. Moreover, in this condition,
sulphate-reducing bacteria (SRB) were observed in the surface biofilms of 304L coupons such as Desulfobulbus
rhabdoformis. All these factors have highlighted the aggressiveness of the medium resulting from the presence of
decomposing Sargassum, leading to increased corrosion rates. Our work provides new information on the
importance of managing Sargassum strandings in order to avoid accelerated degradation of metallic structures in
harbours and coastal zones.

Carbon steel
Stainless steel
Hydrogen sulphide
Biocorrosion

(SRB)), can also influence these abiotic conditions (Daille et al., 2020;
Usher et al., 2014). In seawater composition, chloride ions are consid-
ered as the most corrosive species for steels (Enning et al., 2012; Ghosh

1. Introduction

Steels are widely used in industries, ships, platforms, marine struc-

tures and cooling plants in coastal environments (Ruiz-Luna et al., 2019;
Sun et al., 2020). Due to numerous physicochemical, mechanical and
biological processes, these environments are known to be active and
aggressive media for steels (Creus et al., 2004; Javaherdashti, 2008).
Marine corrosion results from abiotic factors, including chloride ions,
PH, redox potential, dissolved gases like dissolved oxygen (DO), salinity,
and temperature (James and Hattingh, 2015; Phull, 2010). Additionally,
biotic factors, such as living organisms (e.g., sulphate-reducing bacteria

* Corresponding author.
E-mail address: paule.salvin@univ-antilles.fr (P. Salvin).

and Kain, 2010), typically causing localised corrosion or weakening the
protective properties of the oxides layer. The chloride ions are adsorbed
by the oxide film and react with iron to form iron chlorides increasing
the anodic zones. Regarding pH, it refers to the concentration of
hydrogen ions which can enhance steel corrosion by hydrogen depo-
larization (Butko et al., 2017). However, the calcium carbonate balance
has a role of buffer in seawater maintaining the pH between 7.3 and 8.6
(Pusparizkita et al., 2023). This balance is dependent on bicarbonates,
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carbonates, borates (Phull, 2010) and temperature permitting a constant
partial pressure of CO3 (pCO2) (Bates and Johnson, 2020). An increase in
this pressure due to high biological processes causes carbonate disso-
lution resulting in an acidification of the water and accelerated steel
dissolution (Jin et al., 2014). Redox potential depends on factors, such as
pH and DO and gives information on the redox form of the chemical
species (oxidised or reduced form) in the medium (Zou et al., 2011).
Moreover, high DO induces the dissolution of iron and allows the for-
mation of corrosion products such as iron oxides, exposing steels to a
pitting or uniform corrosion. On the contrary, by promoting the for-
mation of stable layers of corrosion products, anoxic conditions can
inhibit corrosion (Ruiz-Luna et al., 2019).

Other parameters such as the presence (and concentration) of nu-
trients (phosphorus, nitrates, ammonium) have an impact on corrosion
phenomena by influencing the growth of marine organisms and the
biological colonisation of the surface (Bunet, 2020; Daille et al., 2020;
Melchers, 2004). Colonisation of artificial surfaces by pioneer bacterial
species initiates biofouling (Lee et al., 2008). These bacteria form a
primary biofilm, due to the availability of macromolecules (glycopro-
teins, proteins, organic matter) adsorbed to the metal surface and the
secretion of extracellular polymeric substances (EPS). This organised
structure allows the attachment and the protection of several types of
microorganisms such as microalga (Antunes et al., 2019). It can influ-
ence metal properties by facilitating, initiating or accelerating corrosion
processes at metal-electrolyte interfaces. This phenomenon is described
as microbially influenced corrosion (MIC) or biocorrosion (Arroussi
et al., 2022; Bermont-Bouis et al., 2007; Boudaud et al., 2010; Vastra
et al., 2016). It causes significant industrial and environmental damages
(Benaissa, 2004; Bunet, 2020a). In this phenomenon, a large diversity of
microorganisms (bacteria) is involved such as SRB associated with
iron-oxidising  bacteria (IOB) (Starosvetsky et al., 2008),
sulphide-oxidising bacteria (SOB) (Brock and Gustafson, 1976) and acid
producing bacteria (APB) (Beech and Sunner, 2004; Enning et al., 2012)
(Table 1). SRBs are characterised by anaerobic respiration, iron as
electron donor and sulphates as electron acceptors (Enning and Garrelfs,
2014). As a result of the reduction of sulphates, various sulphurous
species can be formed, in particular H,S. Instead, IOB are able to oxidise
iron (II) to iron (III) which can accumulate in ochre-like deposits of
insoluble iron oxides and oxyhydroxides (Hedrich et al., 2011). APB can
oxidise organic or non-organic matter to produce some acids such as
acetic acid, sulphuric acid attacking the steel (Javaherdashti, 2008).

Since 2011, massive strandings of brown alga Sargassum, known as
’golden tides’, have significantly affected Caribbean islands (Smetacek
and Zingone, 2013) causing major health, environmental and economic

Table 1
Examples of bacterial metabolisms involved in corrosion processes.

Metabolism- Respiration Examples of Mechanisms implied

based group mode bacterial species in the corrosion

process

Sulphate- Obligate Desulfovibrio sp. (C reduction of sulphur
reducing anaerobes ernousek et al., compounds to H,S and
bacteria 2020) reaction with Fe?* to
(SRB) form iron sulphides

Iron-oxidising Aerobes Acidithiobacillus oxidation of iron to
bacteria ferrooxidans (Wang iron hydroxide can
(IOB) et al., 2014) cause pitting

corrosion.

Sulphate- Aerobes Thiobacillus oxidation of sulphur
oxidising thiooxidans (Brock compounds using Fe>*
bacteria and Gustafson, to sulphuric acid
(SOB) 1976) which attacks the steel

Acid- Aerobes/ Clostridium aceticum production of acids
producing facultative (Little and Lee, such as acetic acid
bacteria anaerobes 2007) from fermenting
(APB) organic matter and

promotion of iron
dissolution
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problems (Oviatt et al., 2019; Resiere et al., 2021; van Tussenbroek
et al., 2017). The strandings are mainly composed of Sargassum natans
var. natans, Sargassum natans var. wingei and Sargassum fluitans var.
fluitans (Siuda et al., 2024). In the open sea, Sargassum rafts play an
important ecological role by serving as habitats, nurseries or food
sources for fish, turtles, crabs and other crustaceans (Martin et al., 2021;
Theirlynck et al., 2023). In coastal environments, the presence of thick
Sargassum rafts reduce the penetration of the light, increase the oxygen
demand due the alga degradation and the increase of organic matter
available and release organic-matter rich leachates (composed of lactic
acid, methane, ammonium and phosphorus in high levels) after degra-
dation (Cabanillas-Teran et al., 2019; van Tussenbroek et al., 2017).
Moreover, the decomposition of washed ashore Sargassum releases toxic
and corrosive gases such as hydrogen sulphide (H3S) and ammoniac
(NH3) and heavy metals (Gray et al., 2021; Mendez-Tejeda et al., 2019;
Olguin-Maciel et al., 2022). HyS is known to cause severe pitting in
pipelines due to the formation of iron sulphides, forming a non-solid
protective film on steels (Choi et al., 2011; Marchal, 1999) and sul-
phuric acid (from oxidation of H,S) (Dvoracek, 2013). NHs in presence
of water can cause stress corrosion cracking to carbon steels (Latosov
et al., 2017). All these conditions lead to a harmful environment with
eutrophication-like conditions and modification of physicochemical
parameters inducing acidification and hypoxia in coastal areas
(Antonio-Martinez et al., 2020; Lépez-Contreras et al., 2022; Oviatt
et al., 2019).

All this knowledge about marine corrosion leads us to hypothesise
that the conditions created by the Sargassum rafts washed up on the
Caribbean coasts would favour the accelerated corrosion of steels. Some
studies dealt with the seasonal distribution of Sargassum (Brooks et al.,
2018; Gower et al., 2013), the effect of Sargassum strandings on marine
fauna (Olguin-Maciel et al., 2022), microbial composition of Sargassum
rafts (Theirlynck et al., 2023), but our work is the first investigating the
impact of high density of macroalgae on marine steel corrosion. The aim
of this study is to qualify and to quantify the influence of the Sargassum
rafts on the corrosion process in seawater and to define the main abiotic
and biotic factors involved. Indeed, the exposed materials were DCO1
carbon steel (CS), 304L stainless steel (SS) and 316L (SS). A multidis-
ciplinary approach was used to evaluate the marine corrosion: (i) sur-
face analyses (macrophotography, confocal microscopy, SEM-EDS) to
identify the corrosion products and their localisation in the layer of the
metallic coupon surfaces, (ii) weight loss methods to study the corrosion
kinetics, (iii) microbial composition analysis (metagenomics, isolation
and culture) to evaluate the involvement of bacteria in the corrosion
process. A possible correlation between the variation of the seawater
physicochemical parameters, the presence of Sargassum and the corro-
sion kinetics was as well investigated.

2. Materials and methods
2.1. Exposure sites

Three sites were selected on the Atlantic coast of Martinique (which
is the most affected by Sargassum strandings) (Fig. S1). All sites were
located in urban areas and protected from the swell. Estimation of
Sargassum coverage on seawater surface was performed by analysing 1
m? from pictures of each site taken the same day. ImageJ software was
used to apply black and white filters, black for non-covered surface,
white for objects (Sargassum) at the surface of the water. The goal was to
expose coupons in zones with different alga cover. The first selected site
is Port of Marigot (PM) (14° 49 '27.0 "N 61°01'54.6 "W), which is highly
exposed to Sargassum strandings (61% of surface coverage). It is located
in an area protected from the swell by a stone dike protecting the quay.
The dike prevents the algae from circulating. It traps them in place,
where they can rot causing the seawater to turn brown. HaS weekly
concentrations reach up to 10 ppm in the air in the vicinity of the
samples measured with a Drager sensor.
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The second site is Cosmy (Co) (14° 45'10.1 "N 60°58'03.3 "W), which
consists of a beach in a calm and sheltered bay. It has mainly a clear
cover of stranded alga. A floating dam located at 100 m from the cou-
pons is present, providing a barrier preventing alga from reaching the
exposure zone.

The third site is Frégate Est 2 (FE) (14°36'30"N 60°52'29"W) which is
a calm bay frequently covered with Sargassum rafts (71% of surface
covered) composed of fresh alga. Samples were attached on a pontoon,
into the fresh algae rafts.

PM and FE sites were used to compare coupons immersed respec-
tively in decomposed Sargassum with those immersed in fresh Sargassum
rafts. Temperature, pH, redox potential and salinity were measured in
triplicate directly at each site with a portable multi-parameter sensor
(Hi98194 pH/EC/DO multiparameter Hannainstruments®). Measure-
ments were taken 3 to 4 times per trimester.

2.2. Steels

In this study, three types of steels were used: carbon steel DCO1
(composition: C: 0.12%; Si: 0.60%; Mn:0,05%; P: 0.05%; Ti: 0.01%; Fe:
cpl.), stainless steel 304L (composition: C: 0.02%; Si: 0.37%; Mn: 1.44%);
P: 0.03%; S: 0.003%; N: 0.04%; Cr: 18.0%; Ni: 8.05%; Fe: cpl.) (supplier:
SMGM, Martinique) and stainless steel 316L (composition: C: <0.03%;
Si: 0.2%; Mn: 2.0%; P: 0.05%; S: 0.02%; N: 0.1%; Cr:18,5%; Ni: 8.1%j;
Mo: <2.5%; Fe: cpl.) (supplier: Top Martinique, Martinique). Steels se-
lection was based on corrosion resistance and on its use in maritime
structures (Creus et al., 2004; Phull, 2010). CS as DCO1 is characterised
by a high carbon content, whereas SS as 304L is characterised by a low
carbon content and a high chromium content. The presence of chro-
mium allows the formation of a chromium-rich oxide protective film on
the SS surface (Jin et al., 2014). DCO1 is a steel commonly used in in-
dustry for its good bending properties, but it is not resistant to corrosion.
SS 304L and SS 316L are widely used in marine applications for fittings
and components for boats, platforms. These metals are austenitic SS and
have good ductility, strength, non-magnetic properties, weldability and
a high resistance to generalised corrosion but are susceptible to localised
corrosion (Gudic et al., 2023). Each coupon consisted of a 25x40 mm
rectangle, 1 mm thick. A 3-mm diameter hole was drilled at each edge.
The coupons were manually polished with a series of silicon carbide
papers (80, 320, 500, 800, 1200 grit) using a grinding machine (Labo-
system Struers®). The stainless steels were then chemically cleaned with
a 20% nitric acid solution for 20 min (Trigodet et al., 2019a). After-
wards, the coupons were rinsed twice in distilled water, then in an ab-
solute alcohol bath and dried with paper. This step allowed the coupons
to be in the same physicochemical conditions. Carbon steel coupons
were degreased with absolute ethanol and dried before experiment
(Kuang et al., 2007).

2.3. Experimental devices and exposure times

Coupons were attached to a 610x310 mm stainless steel frame with
nylon thread and double sleeves allowing them to be exposed in situ. The
coupons are spaced 5 cm apart. The frames were placed in the tidal zone,
where it has been reported in the literature that the conditions lead to an
accelerated low water corrosion (ALWC), responsible for important steel
degradation processes (Campbell and Beech, 2009; Smith et al., 2019).
Due to the carbon steels fast rate of degradation, DCO1 coupons were
immersed for a maximum of 60 days while 304L and 316L coupons were
immersed for 120 days. After 60 days, only a bulk of corrosion products
was left on CS coupons. DCO1 coupons were sampled after 0, 7, 15, 30
and 60 days and 316L coupons were sampled after 0, 7, 15, 30, 120 days
and 304L coupons after 0, 7, 60, 90, 120 days. Duplicates of coupons
were used for elemental composition of surface layer (DCO1), for X-ray
diffraction analysis (DCO1 and 316L), for biofilm biovolume estimation
(304L), for weight loss (DCO1 and 304L) and for bacterial community
analysis (DCO1 and 304L).
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2.4. Structural and surface characterization

2.4.1. Macroscopic observations

Macrophotographs of the steels were taken after each immersion
time on a sheet of paper with a 0.5 cm grid in the laboratory after
sampling in duplicat. Criteria used to compare coupons were: presence
and organisation of corrosion products, colour of the surface layer
(black, orange, colourless), aspect of the surface (smooth or rough),
presence of macrofouling (algae, invertebrates (barnacles)).

2.4.2. EDS and X-ray diffraction

The distribution and composition of the elements formed on the
surface of DCO1 were analysed by energy dispersive spectroscopy (EDS)
coupled to a scanning electron microscope. After sampling, coupons
were immediately fixed in a 4% formaldehyde seawater buffered solu-
tion overnight at 4 °C. Then, they were rinsed 3 times in a phosphate
buffer (pH = 7.2; 10 min) and dried overnight at room temperature
(26 °C).

X-ray diffraction was useful to identify crystal phases in corrosion
products layer of steel coupons (DCO1 and 316L) (Refait et al., 2013).
Non-fixed coupons were dried at room temperature and exposed to
X-ray beams emitting Cu-Ka (1.5408 A) using an Empyrean PANalytical
diffractometer.

2.5. Weight loss measurements

The corrosion rate was calculated for different exposure times (7, 15,
30, 60, 90, 120 days). Clean coupons were weighed prior to exposure.

A duplicate of CS coupons for each sampling time was first sonicated
(Elmasonic P 300 H, Elma Schmidbauer GmbH, frequency 37Hz, Ger-
many) in a 10% hydrochloric acid solution bath for 30s, then in 20s
increments until a stable weight was obtained. Between each sonication,
the coupons were rinsed in 3 distilled water baths, dried with paper and
weighed on a precision scale.

For SS coupons, duplicates were treated as above except that the
coupons were cleaned in a 10% nitric acid solution bath for 20 min. A
correction factor was calculated by weighing two control coupons (clean
and unexposed) before and after the cleaning according to the protocol
ASTM G1-90 (1990) el (GO1 Committee, 1999). The corrosion rate Veorr
in mm/y was estimated using equation (1):

Veorr = (K.W)/(A.T.D) (equation 1)

with K a constant (8.76x104), T the exposure time (h), A the coupon
area (cmz), W the weight loss (g), D is the density of the steel (g/cm3).

Statistical analyses tests were also carried out to show significant
differences between the estimated corrosion rates (Tukey’s multiple
comparisons test, CI = 95%, Prism-GraphPad).

2.6. Statistical analysis

In this paper, we used the corrplot package in RStudio to visualise
and analyse the correlation matrix of our dataset. The corrplot function
provides a versatile and visually appealing way to display correlation
matrices, helping to identify patterns and relationships between vari-
ables (Friendly, 2002; Wei and Simko, 2010). A correlation matrix was
realised confronting the following parameters (N = 148): immersion
time, temperature (named Temp in the matrix), pH, redox potential
(named Redox), salinity (Sal), dissolved oxygen concentration (DO),
Sargassum presence (indices O for absence and 2 for presence), chro-
mium content in steel composition (Cr) and corrosion rate (Vcorr).

2.7. Biofilm analysis
Prior to analysis, coupons were fixed according to the protocol above

(see 2.4.2). Only 304L biofilm surfaces were observed by confocal laser
scanning microscopy (CLSM) LSM 710, Zeiss®, as the black superficial
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layers formed on the DCO1 surface were easily removed and unstable. SS
coupons were labelled in darkness using 100 pL of SYTO™ 9 (1 uM,
Thermo Fisher Scientific®) and then covered with an 18 x 18 mm
coverslip. After 15 min, images were captured by CLSM at 40x magni-
fication (oil objective). Subsequently, two lasers were applied with 488
nm excitation in order to highlight the presence of DNA and a 633 nm
excitation (emission: 500-550 nm and 650-700 nm respectively) was
used for chlorophyll a (algae). CLSM was used on 220 x 220 pm zones
and each 1 pm on the coupon to obtain 3D images. Biovolumes (ym®/
pm?) were estimated using the COMSTAT program on MATLAB II soft-
ware (Heydorn et al., 2000). Statistical tests were run to highlight dif-
ferences between studied conditions (Mann-Whitney test, CI = 95%,
Prism-GraphPad).

2.8. Bacterial analysis

2.8.1. Microbial community analysis

This analysis was only carried out on the 304L coupons as the DCO1
coupons were too degraded by day 90 to be analysed. With the aim to
determine the microbial community, biofilms were sampled on 304L
coupons after 1 night, 7 days and 90 days of immersion, both from
Sargassum thalli and from surrounding seawater at the same time.
Coupons were rinsed with sterile tris buffered saline (TBS) to remove
free living cells. Attached biofilm was scraped off in TBS using a sterile
inoculator (Trigodet et al., 2019b). The biofilm in suspension was
centrifuged at 4000 g, for 20 min at 4 °C to obtain a pellet. Before
extraction, two thalli of Sargassum were rinsed with sterile TBS to
remove free living bacteria, then biofilm was sampled from all zones
(stipe, leaves) as described above. For seawater microbial analysis, 200
mL of water was filtered in duplicate on a 20 pm paper filter (Grosseron,
France) to remove organic or inorganic matter, then filtered through a
0.2 pm biosart® membrane device (Sartorius®) (Trigodet et al., 2019a).
One half of the membrane was used for biofilm inoculation and the other
half for DNA extraction. DNA extraction was performed using the
PowerLyzer PowerSoil Kit (Qiagen, France) (Smith et al., 2019) on
pellets (304L SS and Sargassum) and on membrane filters (seawater)
according to the manufacturer’s recommendations. Quantification and
quality of the total DNA were estimated by the ratio of absorbance at 260
and 280 nm using spectrophotometry (Vastra et al., 2016). Sequencing
of the V3-V5 regions of 16S rRNA gene was carried out using the Illu-
mina® Miseq® methods by Eurofins Genomics, Germany. Reads over
75% were used to obtain partial sequences which were processed using
Cutadapt software to remove primers (Magoc and Salzberg, 2011). The
FLASH algorithm was applied to contigs and chimaera were removed
using UCHIME software. The method of minimum entropy decomposi-
tion method allowed the identification and classification of operational
taxonomic units (OTUs) without requiring a 97% recovery of the se-
quences (Eren et al., 2015). Bacteria were grouped according to simi-
larity. Sequence alignment was performed using DC-METABLAST
software for a taxonomic assignment with over 70-80% of
identification.

3. Results
3.1. Macro-degradations of steels and biofilm adhesion

The comparison of macrographs of DCO1 and stainless steels at
different times of immersion are displayed Fig. 1. At Co, black and or-
ange corrosion product layers were present on the coupon surface of
DCO1. After 60 days of immersion at the Co site, macroscopic biofilms
were observed on the coupon surface with attached macroalgae, which
appeared to hold the corrosion products in place. At PM, thick, irregular
and detachable layers of black corrosion products with some orange
products increased over time when no macroscopic biofilms were
visible. When, a comparison was done within Sargassum raft-exposed
sites (PM and FE), for the same exposure duration, coupons from the
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FE site (fresh Sargassum) were less degraded, showing thin discontin-
uous black layers with visible unaltered steel layer, contrary to the PM
site (decaying Sargassum). The most degraded DCO1 coupons were from
PM (Fig. 1A).

On the 304L SS (Fig. 1B), a thin gelatinous biofilm and organic
matter were observed on day 7 on all sites. From day 60 to day 120, the
biofilms were thicker on Co coupons with visible macroalgae. While,
black corrosion products were present on the surface of coupons with
pitting and aeration cells at PM, only an organic deposit with few bar-
nacles was recorded on SS at FE. On day 7, on 304L coupons from all
sites, bacterial microfouling was observed (Fig. 2). The biovolume was
four times higher on coupons from the PM site (1.3 pm®/pm?) compared
to those from Co (0.3 pm>/pum?) but their difference was statistically
insignificant (p-value >0.05) (Fig. 2). In contrast, a significant differ-
ence was revealed when the biovolume of coupons from PM and FE (0.1
um3/um2) was compared. On day 60, an increase in microfouling
composed of bacteria and microalgae (red) was observed on coupons
immersed at Co and FE compared to PM. However, on day 60, bio-
volume estimation was not relevant because of the thickness of the
biofilm.

3.2. Influence of Sargassum on corrosion rates

Corrosion rates were estimated using the mass loss measurement
method and then compared with the classes of corrosion rates listed in
the standard NACE RP-0775-2005 (NACE, 2005). Each class is associ-
ated with a level of corrosion severity: low (<0.025 mm/year), mod-
erate (between 0.025 and 0.125 mm/y), high (between 0.126 and 0.254
mm/y) and severe (>0.254 mm/y).

Fig. 3A shows that the highest corrosion rate obtained with DC01
was 9.0 + 0.01 mm/y at PM compared to Co (1.4 £+ 0.01 mm/y). Both
correspond to severe corrosion following the NACE Standard. However,
significant differences in corrosion rates at PM were observed between
day 0 and day 7 (p-value >0.001) and on day 7 with Co coupons (p-value
>0.01). At both sites, an increase from day O to day 7, then a drop from
day 7 to day 15 of the corrosion rate were observed. After day 15, a
steady decline was measured for PM, while a slight raise was recorded
for Co. This decrease between day 7 and day 15 could be explained by an
increase in the thickness of the layers of corrosion products limiting the
diffusion of O towards the internal interface of the oxidised samples
(Palanichamy et al., 2012).

In the case of 304L (Fig. 3B), the most important corrosion rate was
also recorded at PM. The higher corrosion rate was 0.1 + 0.02 mm/y at
PM compared to 0.02 &+ 0.01 mm/y for Co on day 90. Highly significant
differences were found between day O and day 90 at PM (p-value
<0.0001), between PM and Co coupons at day 90 (p-value <0.001) and
between day 0 and at both sites coupons at day 120 (p-value <0.001).
Variations in Vo at PM with alternating increases and slight decreases
compared to Co was noted. Furthermore, according to the NACE stan-
dard, on the PM site, the level of corrosion recorded corresponds to a
moderate level while that obtained on the Co site belongs to the low
class.

3.3. Influence of Sargassum on physicochemical parameters of seawater

As shown in Fig. 4, significant low pH (6.5 + 0.1), redox potential
(—299 + 7.9 mV/Ag/AgCl) and DO (1.7 + 0.8 mg/L) have been recor-
ded for PM (decaying alga) in comparison to Co (absence or low alga;
pH: 7.8 £ 0.1), redox potential: 46 + 4 mV/Ag/AgCl) and DO: 4.9 + 1.7
mg/L) respectively. But, no significant variations were observed for
temperature and salinity (Fig. S2).

PM seawater illustrated a reductive and anoxic environment and Co
was an oxidative and oxic environment. However, during episodic
massive Sargassum strandings (only leachates remained), the DO con-
centration recorded at Co was similar to that observed at PM. In com-
parison with FE (fresh Sargassum condition), the pH was 7.3 £ 0.02, the
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Fig. 1. A - Macrophotographs of carbon steel DCO1 at 0, 7, 15, 30 and 60 days of immersion in seawater at Port of Marigot (PM), Frégate Est 2 (FE2) and Cosmy bay
(Co). B - Macrophotographs of stainless steel 304L at 0, 7, 60, 90, 120 days’ immersion in seawater at Port of Marigot (PM), Frégate Est 2 (FE) and Cosmy bay (Co).
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60 days

Fig. 2. Confocal laser scanning microscopy (CLSM) images of SS 304L surfaces after 7 days and 60 days of immersion in seawater for Co, PM and FE.

redox potential was —106 + 17 mV/Ag/AgCl) and the DO concentration
was 2.7 + 0.4 mg/L. All of our results suggested a negative relationship
between pH, DO, redox and the presence of Sargassum.

Moreover, Pearson’s correlation matrix (Fig. S3) showed a high
positive correlation coefficient between physicochemical parameters as
follows: pH and redox (0.85), pH and DO (0.82), DO and redox (0.70),
indicating a positive correlation and proportionality between these pa-
rameters. Furthermore, a significant negative correlation coefficient was

observed between the presence of Sargassum and pH (—0.81), Sargassum
and Redox (—0.61), and Sargassum and DO (—0.68), confirming the
negative influence of the presence of Sargassum on pH, DO, and redox
observed in our study. However, the correlation between Sargassum
presence and corrosion rate (Veorr) was weaker (0.33).
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Fig. 3. A-Corrosion rate calculated from mass loss of coupons exposed in
seawater from 0, 7, 15, 30 days at Port of Marigot (PM) and Cosmy (Co) for
DCO01 with standard deviation except for Co at 15d. Significant differences
calculated with Tukey multiple comparison test: ns p-value >0.05; *p-value
<0.01; **p-value >0.001. B - Corrosion rate calculated from mass loss of
coupons exposed in seawater from 0, 7, 60, 90, 120 days at Port of Marigot
(PM) and Cosmy (Co) for 304L with standard deviation Significant differences
calculated with Tukey multiple comparison test: ns p-value >0.05; *p-value
>0.01; **p-value >0.001; ***p-value <0.001; ****p-value <0.0001.

3.4. Surface analysis of immersed steel coupons

3.4.1. Chemical composition of corrosion deposit

The SEM-EDS analysis focused on DCO1 coupons (Fig. S4), which
exhibited a high accumulation of corrosion products compared to other
steel, on day 7 and day 60. Iron (in blue) and oxygen (in green) were
observed on the surface of corroded coupons for all sites. Generally,
these elements are found in corrosion products layers in aerated medium
(Fig. S4A). However, sulphur was only detected on PM and FE coupons
suggesting that its presence was correlated with high alga density.

XRD spectra analysis on DCO1 coupons of the PM and Co sites
highlighted the presence of magnetite, goethite, lepidocrocite and aka-
ganeite in all coupons on day 10 of immersion (Fig. 5). Additionally,
elemental sulphur was only detected on the PM’s coupons. However, on
day 30, lepidocrocite was absent and sulphur remained present on PM
compared to Co, where no variations in the composition over time were
observed. But, no ferrous sulphides were detected on PM’s coupons. On
316L, iron, sodium chloride and silicon dioxide were common products
found. Elemental sulphur was also present at PM coupons on day 30 of
immersion, whereas magnetite was only identified on Co coupons.

Marine Environmental Research 204 (2025) 106924

3.5. Microbial communities

3.5.1. Implication of bacterial composition

The microbial diversity of 304L coupon biofilms, collected after 90
days of immersion from PM and Co sites, along PM’s seawater and
Sargassum samples from the PM site, were evaluated through analysis of
the 16S rRNA gene (Fig. 6). At the class level, sequence analysis depicted
a higher diversity of OTU in bacterial communities within all conditions
of the PM site. In fact, five classes were identified on Co coupons which
were dominated by Alphaproteobacteria (89%), Flavobacteriia (8%)
compared to up to seven classes found in PM site conditions (Fig. 6). In
304L SS biofilms (PM), Alphaproteobacteria (72%) was also the most
dominant class, followed by Desulfuromonadia (7%), Desulfobulbia (6%).

A difference between coupons, planktonic and Sargassum micro-
biomes at the PM site was observed. In the planktonic community,
Epsilonproteobacteria (38%) was dominant, followed by Spirochaetia
(12%), Clostridia (12%) and Alphaproteobacteria (11%), Desulfur-
omonadia (10%). In Sargassum biofilm, Desulfuromonadia (27%) and
Desulfobulbia (26%) were the most abundant followed by Spirochaetia
(15%), Desulfobacteria (9%), Flavobacteriia (6%), Clostridia (6%), Bac-
teroidia (4%), Desulfovibrionia (2%). Thus, bacteria with a sulphate
respiration (Desulfobulbia, Desulforomonadia) belonging to SRB group
have been found both in Sargassum biofilm and 304L SS biofilm at PM
whereas none have been presented at Co.

At species level (Fig. S5), microbial diversity was lower on the PM
304L coupon in comparison to those of Co, with a dominance of species
belonging to Thioclava (49%) and Rhodobacteraceae family (14%). In PM
seawater, Arcobacter venerupis (36%) and Petrocella atlantisensis (12%)
were more abundant, whereas the most abundant species in Sargassum
biofilm were Pelobacter sp. (26%) and Desulfobacter latus (19%). Also,
species such as P. atlantisensis were found in all samples of PM, Desul-
forhopalus sp. which is a strict anaerobe, majorly can reduce sulphate
and fermentation (Galushko and Kuever, 2019) was present in
Sargassum (19%) and 304L SS (4.6%) biofilm at PM. Also, Desulfobulbus
rhabdoformis, a sulphate-reducing bacteria known in biocorrosion (Lien
et al., 1998), was identified only in 304L biofilm (0,1%) at PM. In
addition, SRB, which are anaerobes, as Pelobacter sp., Desulfovibrio sp.,
Desulfobulbus sp. were mostly detected in Sargassum biofilms.

4. Discussion

In the literature, average corrosion rates in seawater are estimated
for CS between 0.13 mm/y after several years of exposition (Al-Fozan
and Malik, 2008) to 1 mm/y when exposed in an accelerated low-water
corrosion (ALWC) area (Smith et al., 2019). In the case of SS, the
corrosion rate is about 0.014 mm/y for 304L SS in fully immersed
conditions (Arroussi et al., 2022). In the study presented here, the Sar-
gassum-free site Co showed corrosion rates equivalent to these values,
while the PM site, with a high density of decayed Sargassum, showed
corrosion rates 9 times higher for CS (9.0 mm/y) and 10 times higher for
304L SS (0.1 mm/y). These first observations validate the selection of
sites for our study. In fact, although all the sites had similar features in
terms of currentology, urbanisation and wave protection (bays, seawalls
or coral reefs), Co presented the classic characteristics of seawater, while
PM displayed exceptional aggressiveness towards exposed materials.
Between the two, FE enabled us to identify the role of the algae’s state of
degradation on the results, particularly in terms of erosion speed and
products.

Thus, the Co site was characterised by physicochemical values within
the known normals for seawater. Under these conditions, the corrosion
mechanisms generally described are those due to the combined are
controlled by the action of chloride ions and dissolved oxygen (Bhandari
et al., 2015; Pusparizkita et al., 2023). As for the PM site, it showed a
degraded physicochemical state, certainly related to the high density of
Sargassum present in the water column of only a few tens of centimetres.
Indeed, pH values recorded at the site were below literature and control
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Fig. 4. Mean values of physico-chemical parameters (pH, DO, redox) monitored over study period with standard deviation. markers indicate absence of Sargassum

strandings in situ.

values, as were OD and redox potential. Although oxygen-poor seawater
inhibits diffusion-controlled corrosion, corrosion processes driven by
the chloride ions, HyS and the metabolism bacteria such as SRB are
favoured (Phull, 2010; Valdez et al., 2016).

The decrease in pH at PM could be explained by the important
decomposition of Sargassum releasing acid compounds such as hydrogen
sulphide, lactic acid and CO5 (Antonio-Martinez et al., 2020;

Rodriguez-Martinez et al., 2019). The degradation of algae could be
indirectly assessed by the average concentration of HyS of 5 + 3 ppm in
the vicinity of the coupons. Apart from being corrosive, high soluble HyS
coupled with elevated CO5 concentrations have been shown to cause a
drop in the pH (Choi et al., 2011; Ruiz-Luna et al., 2019). Also, the
variations of corrosion rates of 304L SS observed at PM over time could
correspond to cycles of passive film formation and breakdown caused by
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Fig. 5. DRX spectra coupons immersed at Port of Marigot (A-G) and at Cosmy (B-H) for 10 days (A, C) and 30 days (B, D) for DCO1 and 10 days (E, G) and 30 days

(F-H) for 316L.

the presence of corrosive species such as HyS (Chen et al., 2017; Li et al.,
2014). Hydrogen sulphide is a reducing acid in solution known to in-
crease the rate of oxygen reduction, and subsequently decrease in the
redox potential (Wiener et al., 2006; Yin and Wu, 2016). Interestingly,
our study highlighted for the first time its co-presence with decaying

Sargassum.

In addition, the formation of corrosion products is influenced by

physicochemical parameters such as pH and DO (Kooli et al., 2018). The
variation of these parameters between the three sites explain the dif-
ference of corrosion by-products on the coupon surfaces. In seawater,
corrosion products formed a rust composed of three layers: outer
(red-brown), middle (orange) and inner (black) layers. Orange and
brown corrosion products often compose outer layers in presence of
oxygen. It corresponded to iron oxides, hydroxides or oxyhydroxides as
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lepidocrocite (Pusparizkita et al., 2023), goethite. Whereas, black
products are in inner layers near metal as magnetite (Pineau et al.,
2008), as seen at Cosmy site. For example, lepidocrocite is porous,
formed in the presence of a flow of oxygen at the early stage of the
corrosion. In contrast, magnetite is formed in a compact layer in
Oy-depleted zones, where anaerobes bacteria grow (Lanneluc et al.,
2015; Mercier-Bion et al., 2016), from restricted oxidation of ferric
hydroxides or reduction of lepidocrocite. It could be formed more easily
with reductive conditions as reported above for PM with low DO and
negative redox potential.

Moreover, the presence of HsS, from decomposition of algae, could
imply a mechanism similar to corrosion of the metal in neutral sulphide
abiotic environment (pH 6-13) including: i) chemical absorption of H,S
leading to chemisorption reactions and electronic discharges in the
anodic zone, resulting in the formation of sulphides such as mackinawite
(equation (2)) and ii) reduction of HyS (equation (3)) (Marchal, 1999).

Fe(;) +st(g) +H20(1) - FeSH;ds + H30+

(ag) (equation 2)

2H,S(g) +2e” — Hyg + 2HS (equation 3)

In this condition, corrosion of mild steel such as DCO1, in a liquid
medium saturated with H,S, is uniform. This dissolved gas is a weak acid
that could be formed by bisulphide (HS™) and sulphide (S%7) in seawater
by ionic dissociation (Wiener et al., 2006) or react with iron from cou-
pons forming some iron sulphides (equation (4)):

Fe(5) + HaS(g) = FeSs) + Hay) (equation 4)

Then, this reaction allows the formation of sulphide-rich forms such
as mackinawite, iron sulphides and pyrite composing corrosion products
(Cifuentes et al., 2020) and also facilitating the reductive dissolution of
the iron oxides layer of SS (Keresztes et al., 2001). In biotic conditions,
HoS is also produced by SRB metabolism by sulphate reduction
(Guezennec, 1990; Usher et al., 2014). Sulphates as an electron acceptor
is reduced to produce sulphide compounds in anaerobic conditions in
biofilms using iron as the electron donor (Enning and Garrelfs, 2014)
and forming iron sulphides. These products could be oxidised giving
products as iron oxyhydroxides, sulphates and acid sulphuric attacking
the steel (Refait et al., 2013).

In our study, no iron sulphides were detected in the corrosion
products whereas sulphur was detectable under its elemental form for
PM and FE exposed coupons. This absence could be in reality due to an
amorphous form non visible by XRD (Said Ahmed et al., 2024).
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However, two mechanisms could explain the presence of elemental
sulphur. First, at high tide, with low oxygen, the role of SRB and SOB
induce accelerated corrosion (Little and Lee, 2007). Sulphur-oxidising
bacteria (SOB) such as Thiobacillus genus or filamentous species as
Beggiatoa normally produce oxidised sulphur compounds from H,S
produced by SRB (Brock and Gustafson, 1976; Little and Lee, 2007) such
as elemental sulphur (Kabil et al., 2014) or thiosulphates (Mercier-Bion
et al., 2016; Pineau et al., 2008; Wakai et al., 2022). At low tide and in
aerated conditions, the formation of elemental sulphur could depend on
the reaction of HyS and organic matter (Cifuentes et al., 2020).

Biofilm formation on steel surfaces could lead to various issues, such
as metal corrosion linked in particular to microbial metabolism (Dang
and Lovell, 2016). In order to understand their role, an analysis of
bacterial communities has been carried out. Massive green tides have
been reported to release sulphur compounds (Wan et al., 2017). Also,
these tides, during the degradation, create anaerobic conditions
favourable for the growth of SRB (Qu et al., 2020). This phenomenon
could be comparable to what it was observed on the Martinique coasts.
The differences observed between Co 304L SS biofilm (presence of
macroalga, organic matter), FE 304L SS biofilm (barnacles, organic
matter) and PM 304L SS biofilm (organic deposit, decaying alga) could
be link to physicochemical parameters variations and HjS. A decrease in
pH could affect the stability of macromolecules and could cause the
denaturation of proteins, affecting biological mechanisms and biofilm
establishment (Koschorreck, 2008). Whereas, an O, concentration from
0.28 mg/L to 4 mg/L reduces the diversity of species present in the
medium (Mukherjee et al., 2013; Vaquer-Sunyer and Duarte, 2008) as
seen with the absence of macroscopic biofilm at PM. Moreover, the
presence of barnacles indicated that the physicochemical parameters
were different at FE. Barnacles are the most common and resilient
macrofouling organisms, which can permanently attach to solid struc-
tures in seawater with cement proteins causing localised corrosion at
fouling attachment by metal dissolution (Murugan et al., 2020). More-
over, these organisms are known to be environmental changes’ bio-
indicators, in particular for variations of pH and DO in seawater (Chen
et al., 2014). In fact, pH of 7.6 coupled to DO of 3 mg/L decrease the
settlement of larvae on solid surface. In addition, barnacles are more
sensitive to hypoxia (Campanati et al., 2016).

Indeed, in Sargassum biofilm, 3.8% of identified OTU of prokaryotes
use sulphur compounds for respiration (Hervé et al., 2021). In our study,
most of the sulfidogenic anaerobes bacteria with a sulphate reducing
metabolism belonging to Desulfuromonodia, Desulfobulbia, Desulfovri-
brionia or Desulfobacteria were found at PM on sargassum and on coupon
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biofilms. SRB such as Desulfovibrionaceae but also Spirochaetaceae play a
major role in sulphur biogeochemical cycling. SRBs are considered as
the main culprit of MIC in anoxic environments (Little and Lee, 2007;
Wang et al., 2023; Y. and Mulky, 2023). In anaerobic biocorrosion, two
mechanisms realised by microorganisms are described: i) an attack by
extracellular transfer induce by respiration, as SRB with sulphate
reduction, ii) an attack by metabolite with the production of corrosive
products with the secretion of acids secreted by APB (Gu et al., 2021;
Herrera and Videla, 2009; Li et al., 2017; Little et al., 2020; Vigneron
et al., 2016). The first corresponds to a direct attack of the metal by
oxidation of the steel allowing an electron uptake. This oxidation can
occur in the presence of potential depolarising agents such as sulphate
and nitrate. There are two types of extracellular electron transfer (EET):
i) a direct electron transfer (DET) which involves the transport of elec-
trons through the microbial cell wall by membrane proteins such as
c-type cytochromes (Beech and Sunner, 2004) or conductive pili (Usher
et al., 2014) to an intracellular hydrogenase-mediated electron transfer
system (Duan et al., 2008; Gu et al., 2021). In this mechanism, bacteria,
such as Desulfovibrio vulgaris, are in contact with the metal to use this
pathway for respiration; ii) a mediated electron transfer (MET) which
implies the presence of soluble electron transfer mediators (Lu et al.,
2024b). These mediators are responsible for transporting of electrons
from the metal (Feo) to the microbial cell membranes (Jia et al., 2017).
The carriers, as H'/H, and flavins (flavin adenine dinucleotide (FAD)
and riboflavin), have redox activities (Lu et al., 2024a). The redox
shuttles, in their oxidised form, absorb the electrons and then release
them to the membranes, in their reduced form. In this way, the bacteria
in the biofilm that are not in contact with the steel can also increase the
EET.

Bacteria such as SRB can use iron as an electron donor for energy
production in sulphate respiration (Enning et al., 2012). These electro-
active bacteria can catalyse oxidation and reduction reactions in biofilm.
Thus, the biofilm formed on the steel surface is electrogenic and accel-
erates MIC (Liu et al., 2015).

The second implies metabolic by-products. Among these bacteria,
some can also use CO; or organic matter/carbon as energy sources in
micro-aerobic and anaerobic environments (Emerson, 2018). From
decomposition of organic matter, SRB can also produce Hy that can
diffuse in the metal causing cracking and brittle fracture in the steel (Li
et al., 2024). This corrosion phenomenon is known as stress cracking
corrosion (SCC).

Rhodobacterales (Thioclava sp., Maritimibacter lacisalsi), presented in
304L SS biofilm, are also known to cause pitting corrosion (De La Fuente
et al., 2020). Others bacteria such as Gammaproteobacteria (as Alter-
omonas sp.) are considered to be the first colonisers of immersed surfaces
in early stages of biofilm formation (Ma et al., 2020) and have a good
resistance to environmental variations (Dennis Enning et al., 2012),
Spirochaetota, Bacteroidia and Bacillota has an ability to degrade organic
matter and could grow in hypoxic environments (Chen et al., 2020;
Kochling et al., 2015); these conditions could be in favour of the
development of SRB. MIC implies organisms which are physiologically
different forming a consortium distributed in biofilm on the surface of
the steel (Cernousek et al., 2020; Li et al., 2020; Y. and Mulky, 2023).

5. Conclusion

Our work demonstrated for the first time that i) macroalgae
Sargassum strandings, in particular when they are in highly degraded
state, have a negative impact on the physicochemical and biological
state of seawater, ii) within high density decomposed alga rafts, corro-
sion of immersed steel is severe and shows exceptional high values of
rate. All data recorded for 2 years from our experimental sites, one
heavily exposed to sargassum tides with decomposing alga and another
few exposed to macroalgae tides, provided key data. We highlighted that
the decaying Sargassum lowers the pH, creates an anoxic and reductive
environment in coastal zones. Moreover, anaerobic conditions favour
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the growth of sulphate-reducing bacteria (SRB) in the coupon surface
biofilm. Their implication in the corrosion process is remarkable with
the presence of sulphur in the corrosion product layers. Those results
confirm the urgency for those involved in the public sectors to collect the
seaweed as quickly as possible, to protect the coastal population and to
limit metallic structures degradation.
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