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A B S T R A C T

The durability of cover concrete in the submerged zone for floating offshore wind turbines is closely associated to the performance of the cement type used, which
also plays a key role in the environmental impact of their construction and operation. A real-world study is conducted by simulating the concrete cover, submerging
cementitious materials at a depth of 27m in Banyuls-sur-Mer, located on the Mediterranean coast of France. The objective was to identify the short-term interactions
between cementitious materials, biofilm developing at their surface, and seawater after 30- and 90 days exposure, with emphasis on, (i) the influence of cement type
on the microbial composition of biofilm, and (ii) the influence of biofilm and seawater on the microstructural, chemical composition, and mineralogical changes
within the cementitious matrix. After 30 days of exposure, scanning electron microscopy coupled to energy dispersive spectroscopy detected the formation of Mg-
rich, S-rich, and Cl-rich zones in CEM I and CEM III concrete, while CEM V exhibited the same zonation after 90 days. These findings were corroborated by electron
probe microanalysis. After 90 days of exposure, regardless of the cement type, calcium carbonate precipitated at the concrete-biofilm-seawater interface, pre-
dominantly in the form of aragonite crystals, as identified by X-ray diffraction analysis. In CEM I concrete, a brucite layer formed immediately beneath this CaCO3
deposit. The bacterial and eukaryotic diversity was identified using 16S rRNA and 18S rRNA sequencing, revealing diverse and dynamic communities over time. The
macrofouling species, marine polychaetes (or serpulids), have been identified and considered to be biomineral in origin.

1. Introduction

Decarbonizing energy by 2050 will be critical for fulfilling the re-
quirements of the Paris agreement and achieving net-zero CO2 emissions
[1]. To attain the latter and comply with green economic growth, clean
energy solutions such as offshore wind turbine structures are rapidly
expanding across Europe, with a target of 450 GW by 2050 [2]. FOWTs
is considered as a suitable solution for water depths ranging from 50 to
200m [3]. The components of FOWT such as towers and substructures
are made of steel, but the use of reinforced concrete (concrete with steel
reinforcement) is gradually increasing due to technological advance-
ments and increased size and capacity [4]. The durability of reinforced

concrete in submerged zone of marine environments present a consid-
erable challenge to their long-term performance, influencing both the
financial and environmental impacts associated with the construction,
operation, and maintenance of these infrastructures [5]. Moreover,
there are still many questions about the environmental impact of
cementitious materials, such as concrete, when deployed at sea,
particularly concerning their consequences on marine biodiversity.

Recent studies utilizing Life Cycle Analysis (LCA) models have shown
that incorporating supplementary cementitious material blends
(55–70% replacement) in cement production can reduce global warm-
ing potential by approximately 50% (from ∼450 to ∼240 kg CO2-eq/
m3) [6]. Other major benefits of using low-CO2-based binders include
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enhanced concrete durability and promoting biodiversity on concrete
surface [7–9]. Understanding marine biodiversity on concrete surfaces is
crucial, particularly since interactions between biofilms and concrete in
dynamic environments, such as seawater, can notably influence the rate
and extent of material deterioration [10]. For instance, the durability of
reinforced structures in these conditions is compromised by high chlo-
ride concentrations and other aggressive agents like sulfates, magne-
sium, and carbonates, which can alter the electrochemical properties of
steel reinforcement. Ensuring durability in submerged zones depends on
the transport property i.e., permeation and its reactivity, which refers to
the concrete’s ability to interact with seawater ions [8]. Meanwhile,
leaching of several minerals from concrete and the ingress of specific
ions into the cement matrix can initiate chemical reactions by dissolving
portlandite (Ca(OH)2), thereby reducing the pH within concrete.

The major chemical ions in seawater include chlorides, sodium,
sulphates, magnesium, calcium, potassium, and carbonates. The contact
between concrete surface and seawater thus results in multi-ion attack
due to solubility of reaction products resulting in a self-patterning
geochemical phenomenon, known as “elemental zonation” [11]. Previ-
ous studies [11–13] have documented these findings over exposure
periods ranging from 2 to 75 years for portland cements and in some
cases, blended cements. These studies highlighted the ingress of
seawater ions creating three zones: a magnesium-rich zone, a sulfur-rich
zone, and a chlorine-rich zone. However, there is a gap in the literature
regarding the deterioration patterns for low-CO2 cementitious materials,
such as CEM III and CEM V cement (also known as composite cement)
concrete, during short-term exposure in a real submerged zone of marine
environments. Furthermore, determining the composition of early ma-
rine biodiversity communities, such as bacterial and eukaryotic species
on concrete surfaces, is essential as this knowledge provides insights into
the biofilm structuring and its potential influence on the alteration of
concrete substrate, which is explored in this study.

Biological proliferation or biofouling of concrete surfaces in marine
environments are frequently observed and have been reported in the
literature on numerous occasions [14–19]. Strictly speaking, bio-
logical/microbial proliferation is a natural process that occurs on any
solid surface under favorable environmental conditions. Cementitious
materials are no exception, even if the initial pH of their surface (be-
tween 12 and 13) is not ideal for the growth of most environmental
micro-organisms. Biofouling can be divided into microfouling and
macrofouling. Microfouling is the initial microbial attachment and
macrofouling refers to the settlement of macroorganisms such as (macro
and micro-) algae, fungi, larvae, barnacles, polychaetes, and mussels
[20]. Biofouling on cementitious materials such as concrete in marine
environments is an issue of contention because it is multifaceted [21].
On one hand, micro- and macrofouling can contribute positively by
restoring or increasing biodiversity [22], while, on the other, it may lead
to biodeterioration or microbially induced deterioration of concrete [23,
24]. For instance, the construction of the FOWTs should aim to mitigate
environmental impacts as well as fulfil two key functions: ensuring
durability and increasing the ecological value of concrete. This involves
attracting marine organisms and thereby preserving marine habitats.
Bioprotection, as discussed by Coombes, involves using natural pro-
cesses or macro-organisms, such as barnacles, to protect concrete
structures [25]. However, Coombes contends that bioprotection with
barnacles is not the same as the concept of eco-design for structures.
Eco-design involves intentional design and construction of structures to

enhance ecological value from the start. This approach integrates
characteristics that promote biodiversity and creation of habitats for
marine life, rather than simply allowing natural colonization. While,
studies by Hughes et al. [23] have found biodeterioration of concrete due
to the growth and development of algal filaments between aggregates
and cement interface. Another study by Jayakumar et al. [26] demon-
strated that algal species, specifically Chaetomorpha antennina and its
secondary metabolites such as organic acids, have undesirable conse-
quences on concrete surfaces. Early colonists like bacteria, prokaryotes
such as cyanobacteria, eukaryotes like microalgae (diatoms), and fungi
are abundant planktonic communities that contribute to microfouling
on concrete structures in the marine environment [27,28]. Given that
biofilms are dynamic, biochemical cues signalled by this layer can have
an impact on larval settlement and macrofouling, either directly or
indirectly [29]. The description of macrofouling has certainly been the
subject of more work. The state-of-the-art suggests that the area covered
by biofilm and species such as barnacles (or sessile organisms) may
provide benefits in terms of microcrack closure in some places on the
exposed surface [19] and a reduction in the rate of chloride migration on
areas covered by them [30–32,17]. Another study conducted by Lv et al.
over a 22-year period confirmed that barnacle settlement area (barna-
cles acting as barriers) not only increases water absorption resistance of
concrete surface, but also enhances the pore structure [33]. There are
several gaps in the existing literature, particularly in studies on the
submerged zone, biofilm-concrete interactions, and alterations in
cementitious matrices based on the binder used, which can then be used
to forecast durability performance. This study aims to address these gaps
by providing fresh perspectives.

This study aims for a detailed investigation of concrete surface bio-
colonization dynamics of marine biofilms, microstructural evolution,
and chemical composition changes of cement matrix in concrete of three
different types of cement, namely, CEM I (Portland cement, considered
as reference in this study), and two low-CO2 cements CEM III (OPC-slag
blended cement), and CEM V (OPC-slag-fly ash blended cement), after
30- and 90 days of exposure to natural seawater. The assessment of the
short-term durability performance of the three binders presented in this
study project the early behavior of cementitious materials. These find-
ings provide valuable indications of potential long-term strengths or
weaknesses resulting from cementitious material alterations caused by
interactions with natural seawater. In this interdisciplinary research
study, we first seek to unveil the beginnings of biocolonization/
biofouling of concrete surfaces and investigate the composition of the
biological community involved in early biofouling as a function of
cement type. Then, the microstructural, chemical composition, and
mineralogical changes of concrete after exposure to natural seawater
was investigated. To investigate these objectives, we submerged plain
concrete specimens - simulating concrete cover made from three cement
types - at a depth of 27 m in Banyuls-sur-Mer, France.

The first part of the work was concerned with the comprehensive
microbiological investigation of early marine biofilms developing on the
concrete surface using environmental DNA analysis, field emission gun-
scanning electron microscopy (FEG-SEM), and quantitative image
analysis of concrete surface. Subsequently, the second part dealt with
microstructural development, changes in chemical composition of
cement matrix, and mineralogical phases formed in concrete on expo-
sure to seawater for 30- and 90 days. The characterization techniques
involved are scanning electron microscopy coupled to energy dispersive

Table 1
Chemical compositions of CEM I, slag, and CEM V cements in mass percent.

Oxide composition (%)

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Ignition loss

CEM I 66.1 22.9 3.0 2.4 0.9 2.3 0.1 0.2 1.3
Slag 42.1 35.1 11.1 0.4 7 0.1 0.4 0.4 -
CEM V 46 31 10.1 3.4 2.6 2.6 0.24 1.20 1.8
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spectroscopy (SEM-EDS), electron probe microanalysis (EPMA), and X-
ray diffractometry (XRD).

2. Experimental

2.1. Materials

2.1.1. Cementitious materials composition
The two commercial cements, namely, CEM I 52,5 N - SR 5 CE PM-

CP2 NF and CEM V/A (S-V) were supplied by Lafarge and Ciments Cal-
cia Heidelberg respectively. The third cement, CEM III was produced by
partially replacing Portland cement (CEM I) with 60 % (by weight)
ground granulated blast furnace slag (GGBFS, provided by Ecocem
(France)). Table 1 shows the chemical composition of the CEM I, slag,
and CEM V used in this study.

2.1.2. Preparation of concrete samples
Mix design of concrete specimens with three different cements are

summarized in Table 2. The mixes were prepared with a GUEDU type
45 litres NO / PA concrete mixer. We started by adding aggregates to the
mixer, followed by cement, and sand in the respective proportions. This
dry mixture was mixed for approximately two and half minutes.
Following that, we added water and mixed for around two to three
minutes. After mixing, the concrete mix was poured in two layers, each
vibrating for 15 seconds. They were cast in cylindrical PVC pipe molds

(or formwork) of 1.5 mm thickness, 12 cm in diameter, and 6 cm in
height. They were poured to a height of 3 cm in plastic molds, with the
bottom surface coated with silicon mastic around the perimeter and
secured with a weight. The surface cross-section further exposed to
seawater was thus in contact with the formwork made of this plastic
formwork. The specimens were tightly covered with cling wraps to avoid
water evaporation and cured for 36 hours in a curing room at 20℃.

2.1.3. Preparation of mortar samples
Table 3 summarizes two different types of mortar specimens pre-

pared using CEM III and CEM V cements. They were prepared in
accordance with the European standard NF EN 196–1 [34], having a
water-to-binder ratio of 0.5. The mortar samples were cast in the same
PVC molds/formwork as concrete specimens. They were poured to a
height of 1.5 cm in molds, covered with silicon around, and secured
using a weight. The curing procedure was the same as for concrete
specimens.

2.2. Description of field experiment

2.2.1. Exposure site / study area
The experiment was carried out using REMIMED platform means

(instrumentation, vessels, and diving service) at SOLA station (shown in
supplementary material), historical observation points of the Observ-
atoire Océanologique de Banyuls (42◦29.357’N / 3◦8.645-’E, 27 m
water depth, 1 km offshore, Bay of Banyuls-sur-Mer, south-west of the
Mediterranean coast of France). This site, which has been monitored for
decades by the OOB, is situated in the Parc Naturel Marin du Golfe du
Lion and close to the Réserve Naturelle Marine de Cerbère-Banyuls.
Station SOLA, at the outlet of the Gulf of Lion influenced by continental
inputs and general circulation, is integrated in coastal observation net-
works (SOMLIT and COAST-HF).

2.2.2. Affixing cementitious samples to glass reinforced plastic (GRP)
grating

Concrete and cement mortars in their PVC formwork was set on a
grating support intended for exposure to seawater. The grating shown in
Fig. 1 constitutes of a moulded glass reinforced plastic with a steel
frame. The length and width of the grating is 120 cm. The mesh size
opening is 4 cm × 4 cm with a thickness of 4 cm. They were separated
into four zones (as shown in Fig. 1) and secured at various corners using
self-locking plastic straps. The four ends of the grating are tied to a nylon
coiled rope of thickness 4 cm. This rope consists of polyethylene
mooring buoy ball to stabilize the grating in deep waters. As shown in
Fig. 1, about nine buoys are put together on one side (facing the top),

Table 2
Mix design of concrete.

Concrete
ID

Aggregates
(kg/m3)

Sand
(kg/m3)

Cement /
binder
(kg/m3)

Effective
Water
(kg/m3)

Water/
Cement

CEM I 994.05 772.23 384.75 193.40 0.50
CEM III 994.05 772.23 CEM I –

153.90
192.38 0.50

​ ​ Slag
− 230.85

​ ​

CEM V 994.05 772.23 384.75 179.48 0.47

Table 3
Mix design of mortar.

Mortar ID Sand (g) Cement (g) Water (g) Water/Binder

CEM III 1350 CEM I – 180 225 0.5
Slag – 270 ​ ​

CEM V 1350 450 225 0.5

Fig. 1. From left: On-site experimental setup before immersing the grating with cementitious specimens into sea water. C and M stand for concrete and mortar with
1,3,5 for CEM I, CEM III, and CEM V cements respectively. The photo on the rightside was captured after one week by scuba diver Bruno Hesse wherein the grating
was placed at a depth of 27 m.
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while the other end (downside) is tied to a ballast (concrete slab). The
grating is oriented southward, with the ocean currents running
perpendicular to it.

The grating, housing the cementitious materials were submerged at a
depth of 27 m in SOLA station (shown in Supplementary material S1) in
the second week of September 2022. The regional technological plat-
form REMIMED (Réseau Marin Instrumenté en MEDiterranée) provided all
services and support throughout the immersion.

2.2.3. Sampling
The first sampling was conducted in the second week of October,

after 30 days of immersion, the second sampling happened in the second
week of December, 90 days later, in the same year.

2.3. Monitoring and analyses of cementitious specimens and surface
colonization

The first section focuses on quantification of area colonized by mi-
croorganisms on concrete surfaces using image analysis, advanced mo-
lecular techniques such as environmental DNA analysis to characterize
microbial communities in biofilms, and microphotographic illustrations
of marine biofilms using FEG-SEM. In the second section, the micro-
structure, chemical composition changes, and mineralogy of concrete
specimens are characterized using analytical techniques such as SEM-
EDS analysis, EPMA, and XRD.

2.3.1. Surface colonization and biofilm characterization
After 1, 30, 60, and 90 days, photographs were taken, and visual

observations were recorded. Further, image analysis was used to quan-
tify concrete surfaces and distinguish the microbially colonized and non-
colonized areas at 90 days of exposure. In the case of marine biofilms,
biofilms covering mortars surfaces were microphotographed using FEG-
SEM. Lastly, biofilms were carefully removed and characterized using
Environmental DNA analysis after 30- and 90-day exposure.

2.3.1.1. Image analysis. Image analysis software complements visual
inspection. We used this software to quantify the area colonized by
marine organisms, notably macrofouling species and marine algae, over
time for all concrete surfaces.

The raw images were captured underwater at 27 m with Nikon D800
digital camera. The acquired raw image files (NEF format) were first
processed digitally using UFRaw software to rebalance colors (as shown
in Figure S2 in the supplementary material), simplify image segmenta-
tion by isolating the fundamental elements colonizing the concrete
surfaces with a simple automatic thresholding operation. The UFRaw
development steps included selecting a white balance to mitigate some
of the effects of underwater filming (the elimination of red and then
green wavelengths). The changes involved altering the colorimetric
properties of the images, specifically accounting for the high attenuation
in the reds caused by water absorption at these wavelengths. Additional
information is available in the supplementary material.

The following procedure was performed using ImageJ 1.38x soft-
ware to quantify and distinguish the marine fouler organisms such as
sessile organisms, algae, and the non-colonized concrete’s top surface
[35]. The threshold colour in the YUV Lab colour space was utilized to
quantify the biofouling species, such as sessile organisms such as ser-
pulids, algae, and the non-colonized concrete areas [36]. By adjusting
the values of Y and UV, the area covered by serpulids, and algae was
respectively highlighted. The resulting images were processed with a
binary system that uses black and white pixels [36], and references
therein. The data is further collated and expressed as a percentage of
total area fraction covered by serpulids and algae. The mean and stan-
dard deviation for the total area colonized, serpulids, and algae were
calculated for six images in CEM III and CEM V, as well as two images in
CEM I. The biocolonization (area colonized by microorganisms) at 30

days was not quantified as it was challenging to distinguish between
colonized and non-colonized concrete surface areas.

2.3.1.2. Field emission gun-scanning electron microscopy (FEG-SEM).
FEG-SEM is used to observe the surface of cementitious materials at
broad magnification levels, including the nanometer scale of microor-
ganisms. This technique qualitatively complements other techniques by
providing important information about the appearance, size, and orga-
nization of microbial cells in the biofilm [37].

Observations of the biofilms formed on the various mortars were
carried out in the "Analysis and Processes" Service of the Chemical En-
gineering Laboratory on a Leo 435 VP-Carl Zeiss SMT microscope (JEOL
JSM-7100F + EDX Oxford ASDD X-Max 50 mm2). SEM observation of
biofilms requires pre-treatment of the colonized samples. This treatment
consists of three successive steps: fixation, dehydration, and metalliza-
tion. For the first step, fixation, samples are immersed in a fixation bath
containing 2 volumes of 5 % glutaraldehyde, 1 vol of phosphate buffer
(0.4 M at pH 7.4) and 1 vol of distilled water for 25 minutes. The sam-
ples were then washed thoroughly in two successive baths for 20 min
using a solution composed of 1 vol of phosphate buffer (10 mM - pH
7.4), 2 volumes of 0.4 M sucrose and 1 vol of distilled water. The second
step is dehydration, which follows step one. This step is essential to
prevent volatile water from disturbing the vacuum in the SEM chamber.
Dehydration is carried out gradually to avoid osmotic stress for micro-
organisms adhering to the sample to be analyzed. First, the sample is
immersed successively in baths (water/acetone) with increasing pro-
portions of acetone: 50 %, 70 % and 100 % for 5 minutes, then the
sample is placed in a solution containing 50 % acetone and 50 % hex-
amethyldisilazane (HMDS) for 35 min, and finally in a bath of 100 %
HDMS until the solvent has evaporated completely. The final step is
metallization. Prior to microscopic observation with FEG-SEM, the
dehydrated samples were cold sputtered with a thin layer of gold of
around 10 nm to make the surface of the sample conductive.

2.3.1.3. Environmental DNA analysis, bioinformatics, and statistical
analysis – advanced molecular approach. DNA samples were collected
and prepared following protocols previously implemented at the lab and
published [38,39]. Rosella Biosystem facilities performed the
high-throughput sequencing following their routine protocols. Briefly,
16S rRNA, 18S rRNA genes, and ITS genomic fragments were separately
amplified by PCR using respective primers 341 F/1391 R [40,41],
391 F/1626 R [42] ITS-u1/ITS-u4 [43]. The ZymoBIOMICS Microbial
Community DNA Standard (ZymoResearch, USA) was used as positive
control. A 30-cycles PCR was conducted using the UCP Multiplex PCR
Kit (Qiagen, USA) under the following conditions: 95◦C for 15 min,
followed by 30 cycles of 95◦C for 30 s, 55◦C for 30 s, and 72◦C for 3 min,
after which a final elongation step at 72 ◦C for 10 min was performed.
After amplification, librairie preparation and indexing were performed
with the Native Barcoding 24 kit V14 (Oxford Nanopore Technologies,
UK). Sequencing was finally performed on a MinION following the
manufacturer’s guidelines and using MinION flow cells (R10.4.1) (Ox-
ford Nanopore Technologies, UK). Briefly, bioinformatic analysis relied
first on a base calling step which was performed using Dorado v0.3.3 in
simplex super accurate mode using model v4.2.0 and default parame-
ters. Then, the obtained fastq files were filtered for read length using
Seqkit v2.1.0 [44] keeping discarding reads below 500 bp and above
2000 bp. Subsequently, the deconvolution of the 16SrRNA genes,
18SrRNA genes and ITS amplicons was conducted. Before taxonomic
assignment by Kraken2 v2.1.2 [45] based on Silva (v138.1) [46] and
Greengenes (version of 03.06.2017; DeSantis et al., 2006) [47]. Data
analyses were then conducted with the R package [48] Phyloseq. DNA
sequences were submitted to NCBI (Bioproject PRJNA1088521, Bio-
samples SAMN40475501 to SAMN40475506).
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2.3.2. Chemical and mineralogical analyses of cementitious materials
All the chemical and mineralogical analyses were conducted on

cementitious materials, namely, concrete specimens at 30 and 90 days of
exposure, along with control specimens.

2.3.2.1. SEM - EDS. Scanning Electron Microscopy coupled to Energy
Dispersive X-ray Spectroscopy (SEM-EDS) was used to characterize the
microstructure of concrete exposed to sea water. A field emission SEM
microscope (JEOL JSM-6380LV with accelerating voltage 15 kV) in
backscatter electron (BSE) mode was used to collect images. SEM
equipped to EDS detector (Rontec XFLASH 3001) provides element
specific mapping of a surface. The various steps involved in the prepa-
ration of flat-polished specimens are as follows. After the respective
exposure duration (say, 30 and 90 days), concrete specimens were
collected from sea water, dried, and used for microstructural in-
vestigations. The cylindrical specimen was sawn using a diamond saw
perpendicular to their axis to characterize the microstructure of plane
top surface (exposed to seawater) of all materials. They were further
immersed in an epoxy resin (resin and hardener Presi Ma2+ or Araldite
2020) in 25 mm plastic mold. After 24 hours, they were polished using
silicon carbide discs (Presi) of grain size of 26 μm (600), 22 μm (800), 15
μm (1200), and 10 μm (2000) and then coated with a thin layer of
carbon [49,50]. Backscattered Electron (BSE) imaging mode was used to
obtain information of the top surface of concrete specimens. BSE images
were taken at 50x magnification to record the overview of the top sur-
face, and 200x to analyze the chemical (EDS analysis) and morpholog-
ical changes of the hardened cement paste.

2.3.2.2. EPMA. Electron probe microanalysis (EPMA) was performed
using CAMECA SX FIVE with an accelerating voltage of 15 kV, a current
of 10 nA, and a scanning area of the beam was 2*2 µm. EPMA, being a
quantitative technique, was used to determine the chemical composition
of different hydrated cement pastes. The analysis was done on flat-
polished concrete specimens on the top side exposed to sea water. The
sample preparation procedure is the same as for SEM-EDS. Certain
specific points were examined excluding the aggregates and anhydrous
cement grains. The elements investigated were Ca, Si, Al, Fe, Cl, Mg, S,
K, Na and Ti. Before each series of measurements, the equipment was
calibrated with known chemical compositions of natural and synthetic
standard materials. Quantitative measurements yield the X-ray intensity
emitted by a particular element, and this intensity is compared with the
standard of the same element. The results obtained are expressed in
terms of mass percentages of the respective elemental oxides. In general,
the total percentage for cementitious materials is around 75–80 %, with
the remaining percentage attributed to the presence of hydrogen, car-
bon, oxygen, phosphorus, and some trace elements not included in the
program analysis. However, the microprobe data were analyzed ac-
cording to a method published by Bertron et al. to assess the absolute
oxide composition varying over time [49]. Table 4 shows the average
oxide composition of various compounds in CEM I, CEM III, and CEM V
control concrete prior to seawater exposure.

2.3.2.3. XRD. X-ray diffraction (XRD) was adopted to identify the
mineralogical phases of concrete specimens. The measurements were
carried out on concrete specimens of three different cement types in

function of depth of sound and altered zones after 30 and 90 days of
exposure to seawater. The protocol developed by Bertron et al. for sample
preparation and XRDmeasurements was followed here [51]. The control
concrete specimens were analyzed after 8 weeks of curing. Data was
collected with a Brucker D8 diffractometer in 2θ configuration, 4–70◦,
0.25 s per step in 0.02◦ increment, using a monochromator incident
beam, and CuKα radiation (λ = 1.54 Ǻ, 40 kV, 40 nA, 15 minutes) with a
rotating sample holder.

3. Results

3.1. Visual observations of concrete surface

In a pioneering effort, we report the results of visual observations of
marine microfouling preceding macrofouling (Fig. 2) on the top surface
of concrete of three different cement types, namely, CEM I, CEM III, and
CEM V, after 1, 30, 60, and 90 days. The photographs clearly indicate
that, at 30 days of exposure, algal assemblages have grown and devel-
oped on concrete surfaces. Following 60 days exposure, marine in-
vertebrates, particularly juvenile and very few adult sessile organisms
(known to be calcareous in chemical composition [59]), appear on
concrete surfaces. Finally, after 90 days, we see that CEM III and CEM V
cements are substantially colonized by sessile organisms with algal
areas. While CEM I maintain nearly the same level of
macro-colonization. Overall, micro- and macrofouling evolve dynami-
cally. It is also pertinent to note from the photographs that
non-colonized areas are reducing over time. The following findings from
image analysis corroborate the assessment of visual appearances, spe-
cifically the differentiation between biocolonized and non-colonized
areas.

3.2. Quantification of microbial colonization of concrete surface using
image analysis

Visual inspections indicate the growth of macro fouling species,
namely, calcareous serpulid tubes after 60 days (Fig. 2A). Furthermore,
after 60 and 75 days (not shown here), the concrete surfaces of all
cement types appear strikingly similar. As a result, the presented image
analysis results were investigated after 75 and 90 days. Fig. 2B shows the
percentage area covered by macro fouling organisms, i.e., serpulid tubes
(also known as serpules), algae, and the total area after 75 and 90 days of
exposure to seawater. The formation of bacterial biofilm starts within
minutes of immersion in seawater [28,52], but the macrofouling, i.e.,
evolution of macroorganisms such as serpulid tubes is observed between
50 and 60 days (shown in Section 3.1). Based on the total area of bio-
colonization following 90 days of exposure, we find that CEM I and CEM
III cement types have a slightly higher total percentage fraction covered
than CEM V cement. From the data, we notice a 15–20 % increase in
total colonization between 75 and 90 days. The image analysis data is
aligning with visual inspections, which show an enrichment of serpulid
species on concrete surfaces, with CEM III covering a slightly wider area
than the other two cement types.

According to our findings, image analysis is an effective tool for
measuring both the total area of biocolonization and the area covered by
serpulid tubes on the concrete surface. The relative area covered by algal

Table 4
Chemical oxide compositions of hydrated cement paste for CEM I, CEM III and CEM V control concrete specimens by EPMA (average value of 100 points).

CEM I

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Cl TiO2 Other oxides + H2O

35.64 23.12 7.79 2.62 1.87 2.9 0.28 0.76 0.035 0.43 24.46
CEM III
38.82 23.77 4.55 1.83 1.55 2.93 0.33 0.19 0.17 0.23 25.63
CEM V
37.02 23.36 7.17 2.52 1.42 2.79 0.37 0.77 0.04 0.35 24.19
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Fig. 2. (A) Photographic images (captured by Bruno Hesse) of the top surface of concrete showing evolution of biofilm formation at different immersion times (in
days). An example of calcareous sessile organism (serpulid tubes) circled in red on CEM III concrete surface after 60 days of exposure; and (B) Bar graph showing the
area colonized (in terms of percentage) by serpulids, algae, and total macrofouling on top surfaces of concrete analyzed using image analysis at two different
exposure times.
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groups on the concrete surface should be interpreted with caution, and
additional studies, such as confocal microscopy, are required to sup-
plement accurate data on algae distribution.

3.3. Microscopic illustration of marine biofilm on cementitious surface

Fig. 3A, B, and C shows FEG-SEM observations of diatom frustules in
marine biofilm on mortar surfaces at different exposure times. Fig. 3A
shows the abundance of diatoms on the surface of CEM Vmortar after 30
days of exposure to seawater. Fig. 3B and C illustrates individual diatom
frustules that appear to be embedded in a mineral (mostly calcium
carbonate deposit) on the surface of CEM III and CEM V mortars
respectively. These findings clearly demonstrate the presence of bio-
colonization on the surface of the materials by microorganisms other
than bacteria, at least by diatoms (eukaryotes).

3.4. Investigation of microbial communities based on cement type

Bacterial colonization of surfaces emerged as a crucial factor during
both 30 and 90-day samplings, showcasing a diverse array of pioneer
colonizers (shown in Fig. 4). Within the biofilm, Proteobacteria
demonstrated dominance, particularly Alphaproteobacteria (34.1 % ±

8.6 of total sequences) and Gammaproteobacteria (23.5 ± 9.4). Addi-
tionally, Planctomyceta, Firmicutes, and Bacteroida were prevalent,

constituting 1–15 % of the biofilm. Interestingly, no significant diversity
variations were observed between sampling months or types of cement
(P>0.05).

Eukaryotic colonization also played a significant role during both
samplings, evident through the utilization of the 18S rRNA and ITS
genetic markers (shown in Fig. 5 and ITS genetic marker data shown in
supplementary material). The 18S rRNA marker highlighted substantial
biofilm colonization by Nematozoa (47.1 % ± 14.5 of total sequences in
October), Arthropoda (8.1 % ± 3.8), Ascomycota (13.1 % ± 2.9 in
December), and fragments of Embryophyta (33.8 % ± 9.8). Meanwhile,
the ITS genetic marker unveiled diverse colonization by Oomycota
(0–14 %), Cnidaria (38.9 % ± 16.4), and Arthropoda (4.9 % – 65.8 %).
The 18S rRNA marker indicated significant differences in eukaryotic
colonizing diversity between 30 days and 90 days samplings (P<0.05),
but not between types of cement (P>0.05), a result consistent with the
findings from the ITS genetic marker.

Notably, an exception was observed in the CEM III sample collected
in December. Here, the colonizing diversity appeared significantly
different (P<0.05) from all other samples, as indicated by the ITS ge-
netic marker. This sample was dominated by an unidentified group of
Arthropods, comprising 65.8 % of total sequences.

Fig. 3. FEG-SEM image of: (A) Biofilm containing diatoms (circled in red) on the surface of CEM V mortar at 30 days of exposure; (B) Diatom on CEM III mortar
surface at 30 days exposure; and (C) Magnified view of pennate diatom on the surface of CEM V mortar at 90 days exposure.
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Fig. 4. From left to right: Bacterial diversity (16S rRNA) of marine biofilms colonizing the three different types of cement immersed for 30 (October) and 90
(December) days.

Fig. 5. From left to right: Eukaryotic diversity (18S rRNA genetic sequences) of marine biofilms colonizing the three different types of cement immersed for 30
(October) and 90 (December) days.
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3.5. Characterization of altered and control concrete specimens

The changes in microstructural, chemical oxide compositions, and
mineralogy in control and concrete specimens exposed to seawater for
30 and 90 days are presented below.

3.5.1. CEM I concrete

3.5.1.1. Microstructural and chemical characterization. Fig. 6 depicts
microstructural observations performed with a scanning electron mi-
croscope in back scattered electron mode of the top layer of CEM I
control concrete (A) and exposed to seawater for 30 (B) and 90 days (C).

A clear distinction can be made between control and specimens
exposed to seawater. As shown in Fig. 6A, in control concrete, the

Fig. 6. SEM observations (BSE mode) of top surface of CEM I concrete; Overview of top surface of control (A), after 30 - (B), and 90 days (C) of exposure to sea water.
Higher magnification of a specific area of the top surface of control (D), and after 30 days (E). Specimens exposed for 90 days show the growth of serpulid species on
the concrete surface: cross-section of serpulid tube (F), and area without macrofouling species (G).
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topmost layer consists of big aggregates along with the distribution of
smaller aggregates in between the cement paste. The brightest areas in
terms of grey scale in the cement paste correspond to the denser phases,
i.e., anhydrous cement grains, while black color indicates pores, and
intermediate grey levels correspond to the hydrated cement matrix,
composed mainly of calcium silicate aluminate hydrates (C-A-S-H),
calcium hydroxide, and calcium aluminate hydrate phases, and aggre-
gates. There is moderate contrast between aggregates and cement paste.
While in the specimens exposed for 30 days (Fig. 6B and E), we noticed
the development of a uniform, thin, and dense deposit on the top layer in
contact with seawater and biofilm (visual inspections revealed a thin
layer of slimy biofilm over this crust). Within this deposit, a distinct and
uniform thin layer (less contrast in appearance underneath the deposit)
is noticeable. The cracks visible on the specimen (Fig. 6E) are likely
caused while sawing the sample for SEM-EDS analysis. Beneath this
layer, cement paste has considerable density and compactness. The most

striking feature observed for concrete specimens exposed to sea water
for 90 days is the growth of biogenic and biomineral (inorganic minerals
produced by organisms in natural seawater [52]) macrofouling species,
serpulid tube worms on its outer layer (with overlying biofilm). The
overview of the transverse cross-section of the surface deposit along
with serpulid tubular wall is shown in Fig. 6C. The tubular shell was
found to be several hundred microns in thickness, and concentric layers
of slightly different contrast was observed. It is interesting to note that
some areas on the outer layer of concrete surface were covered with
these macrofouling organisms, while the remaining were uncovered.
There is no discernable difference in contrasts between the serpulid tube
wall and the precipitated scale deposit. This might be due to similarity in
the chemical composition. Just beneath the serpulid tubular wall, a thin
interfacial layer can be seen. SEM observations suggest that the char-
acteristics of cement paste in the core are like those observed at 30 days
of exposure.

Fig. 7. Elemental mapping by SEM-EDS of BSE images in Fig. 10 (D), (E), (F), and (G) at 30 and 90 days of exposure to seawater.
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Fig. 7 shows the EDS elemental maps providing the elemental dis-
tribution of various elements in concrete. SEM coupled to EDS reveals
the chemical concentration of individual elements such as calcium,
magnesium, sulphur, and chlorine. The brightness of the elemental 2D
images is determined by the relative concentration of the element. After
30 and 90 days, we observe significant calcium deposits on the outer
layer of exposed specimens. A distinct layer of magnesium-rich zone
(orange) lies beneath this deposit. As soon as this Mg-enriched zone
ends, sulphur-rich (light yellow), and chlorine-rich (pink) zones appear.
Comparing 30 and 90-day exposed specimens, we see that the Cl-rich
zone begins shortly after the S-rich zone at 30 days, whereas the S-
rich and Cl-rich zones overlap at 90 days.

3.5.1.2. Chemical composition profiles characterized using EPMA. The
focus of electron microprobe analysis was specifically on chemical
composition of hydrated cement paste, with the exclusion of aggregates
and anhydrous cement grains. Figure S3 (in supplementary material)
and Fig. 8 depict the chemical variations of various compounds across
the specimen as a function of distance to the surface in contact with
seawater and biofilm measured by EPMA after 30 and 90 days of
exposure. The three zones are divided based on the variation of calcium
pattern, (1) the internal/core zone, (2) a transition zone extending from
the surface to a general depth of about 220 micrometers, and (3) the
scale deposit. The chemical composition profiles obtained from EPMA
are consistent with the elemental maps generated through SEM-EDS
technique.

The analysis of the specimen exposed to seawater for 30 days
(Figure S3, included in the supplementary material) indicates the
following:

• Zone 1 or the internal zone, from 250 µm from the surface, maintains
a uniform concentration of CaO, which corresponds to the CaO
content of the control specimen. It is important to note that the local
fluctuations in average SiO2 content from the transition zone across
the specimen remain relatively constant. Furthermore, the average
magnesium oxide content in the internal zone has decreased rela-
tively. Regarding chloride concentration in this zone, it reaches a
maximum of 0.7 %, compared to 0.035 % in the control, indicating
that chloride ions have diffused through the porosity and bound to
the cement matrix.

• CaO content in Zone 2 or transition zone is 41 %, which translates to
very mild decalcification. Further chemical analyses reveal a
magnesium-rich layer beneath the scale deposit with an average

content of 0.7 %, while this transition zone has the highest SO3
content, 2.9 %. The SO3 content increases at 120 µm and then re-
mains steady. The concentration of chlorides increases from the
surface inwards, following the chemical line from 200 µm.

• The crust is a calcium-rich surface deposit. It is the outer layer having
35 µm in thickness. The average CaO composition in this zone rea-
ches 61 % by mass, with other contents such as SiO2, MgO, SO3, and
Cl having negligible content in comparison to the following two
zones.

The chemical oxide composition profile measured by EPMA for
specimens exposed for 90 days is shown in Fig. 8. For this analysis,
points were chosen on hydrated cement phases beneath the calcareous
serpulid tube. As we move from internal zone to the deposit surface:

• The chemical pattern lines in the internal zone, or Zone 1, for CaO,
MgO and sulphates, are similar to 30-day exposed specimens. How-
ever, the concentration of chlorides has reached 1.4 %. Additionally,
sulphur-rich and chlorine-rich zones overlap as seen in elemental
mapping (shown in Fig. 7).

• Zone 2, or transition zone extends between 35 µm and 268 µm. The
concentration of CaO drops to 38 %, while MgO increases to 6 %.
The chemical composition presented here supports the elemental
maps that show a thick Mg layer. Thereafter, passage of SO3 is the
highest in the middle of transition zone, followed by uniform highs
and lows across the specimen.

• The crust is a calcium-rich deposit with the same thickness as the 30-
day exposed specimen and has a CaO concentration of 58 % on
average It is noticeable from SEM image (Fig. 6) that this deposit has
been covered with calcareous serpulid tubes. At various points
within the calcareous serpulid tubular wall, we identified different
locations and determined the calcium oxide (CaO) and magnesium
oxide (MgO) compositions, calculating and averaging them accord-
ingly. The chemical compositon of CaO is 50 ±0.9 %, and MgO is 7
±0.6 %. These findings are consistent with elemental maps in Fig. 7.

3.5.1.3. Characterization of mineral phases using X-ray diffraction.
Fig. 9A shows the XRD pattern of scale deposit (or calcium crust) and the
surface at 15 mm of CEM I concrete characterized by XRD analysis after
30 and 90 days of exposure along with control specimen. Aggregates
comprise most of the concrete composition, with quartz being the most
common mineral. This made it more difficult to determine the peak
diffraction patterns of most crystallized phases, including anhydrous
and hydrated compounds. After 30 and 90 days, the scale deposit con-
sists of calcium carbonate and calcite peaks, with aragonite polymorph
peaks being predominant. Diffraction peaks of calcium hydroxide (CH),
quartz, calcium aluminum silicate (CAS), anorthoclase, albite-calcian
(peaks corresponding to aggregate minerals) were identified at 15 mm
surface. To identify the magnesium-rich minerals, the top surface of the
30-day-exposed CEM I specimen was gently polished (with 1200 micron
SiC discs). Fig. 9B depicts the diffractogram of peaks associated with
brucite (Mg (OH)2), aragonite, calcite, and quartz minerals.

3.5.2. CEM III and CEM V

3.5.2.1. Microstructural, chemical composition, and mineralogical char-
acterization. The SEM-EDS observations and analyses for CEM III and
CEM V concrete differ from those for CEM I in the following ways: (a)
there was no significant calcium-rich deposition, (b) regardless of the
exposure duration, no distinct Mg-rich layer was observed in the
elemental maps, and (c) an interfacial layer beneath the serpulid tubular
wall seems to be absent. It is interesting to note the uniform distribution
of magnesium spots throughout the cement matrix in CEM III and CEM V
cement types. After one month exposure, elemental maps of CEM V
concrete show that presence of chloride ions is almost non-existent;

Fig. 8. Chemical composition profile of cement matrix in CEM I concrete after
90 days exposure to seawater with total, CaO, SiO2, MgO, SO3, and Cl analyzed
by EPMA. The dotted red rectangle over MgO composition indicates an Mg-
rich layer.
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Fig. 9. (A) XRD patterns of scale deposit on top surface and its surface at 15 mm of CEM I concrete and control specimen (2theta-CuKα); (B) An XRD pattern obtained
after gentle polishing of the CaCO3 scale deposit, revealing brucite mineral in CEM I concrete after 30 days of exposure;(C) SEM image of top surface of CEM I
concrete at 200x (100 µm) magnification indicating brucite layer.
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Fig. 10. (A) Overview of top surface of CEM V concrete after 90-day exposure to seawater; (B) Cross-section of serpulid tube in BSE mode; (C) Elemental maps of (B);
(D) Chemical composition profile of cement matrix in CEM V concrete after 90 days exposure to seawater with total, CaO, SiO2, MgO, SO3, and Cl analyzed by EPMA.
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Fig. 11. From left to right: XRD patterns of concrete surface and the surface at 15 mm for (A) CEM III and (B) CEM V cement types for control, after 30- and 90- days
exposure to natural seawater.
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however, appears following three months exposure, with overlapping of
S- and Cl- zones (Fig. 10C).

The average chemical oxide composition obtained by EPMA for CEM
III and CEM V control concrete is shown in Table 4. The electron
microprobe findings for CEM III and CEM V concrete are presented here
(shown in Fig. 10D and Figure S7 in supplementary material), showing
significant differences from CEM I concrete. Consistent with the SEM-
EDS results, the division of chemical zonation is slightly different from
CEM I concrete due to the absence of thick calcium deposit in CEM III
and CEM V concrete after exposure to seawater. Therefore, based on the
patterned variations in sulphate concentration in these two cements, we
divide it into two zones, (1) the internal zone/core, and (2) transition
zone.

In the case of CEM III concrete, the thickness of calcium scale deposit
is limited to 3 µm (shown in Figure S7 of the supplementary material).
Irrespective of exposure time, the overall percentage of calcium oxide is
almost the same as control. In contrast to CEM I concrete, which
exhibited high levels of magnesium oxide precipitation on the top sur-
face, the distribution of magnesium oxide in CEM III concrete remains
consistent throughout the specimen. Moving to SO3 content, we notice a
general trend of increase from the transition zone with a sharp peak as
we enter the internal zone at both immersion times. In the interior zone
(or Zone 1), overlapping of chloride and SO3 chemical lines is conspic-
uous. The changes in SO3 content after one month and three months are
7 % and 4.3 % respectively within the transition zone suggesting slight
sulphur enrichment in the latter. For the internal zone, it goes up to
3.1 % and 3.5 % after one and three months respectively. Upon one
month’s exposure, there is less chlorine content (0.7 %) in the transition
zone, but after three months, there is an increase to 2.5 %. From the end
of the transition zone into the internal zone, the pattern and content of
the chemical line for chlorine is nearly identical in both cases.

Fig. 10D shows the findings of EPMA for CEM V cement after three
months exposure. The transition zone is 268 µm in length that lies before
the internal zone. Despite elemental mapping revealing a calcium de-
posit on the outer layer, measurements from this analysis do not support
this. Scarce amounts of calcium oxide are noticed at 18 µm, even though
the overall CaO across the specimen (38 %) remains the same as in the
control specimen. The patterned chemical variations in MgO content are
same as the CEM III cement, alongside, the concentration is same as in
control specimen. Sulphur content (3.5 %) is higher and closer to the
outer layers, and as we approach the core, sulphur content (3 %) slightly
increases between 700 and 1000 µm and then stabilizes. Sulphur and
chlorine zones overlap from the outer layers, as indicated by elemental
mapping, which is corroborated here. The percentage of chlorine con-
tent in the transition and internal zone is approximately the same
(1.5 %).

We observed the development of serpulid tubes on both cement types
at 90-day exposure. The chemical composition of the serpulid tubular
walls was analyzed using the same approach employed for CEM I. For
CEM III concrete, the composition was 51 %± 2.3 % of CaO and 6.2 %±

0.7 % of MgO, with CEM V concrete showing nearly identical results
(CaO - 51 %± 2 % and MgO - 6 %±0.6 %).

3.5.2.2. Characterization of mineral phases using X-ray diffraction.
Fig. 11A and B show the XRD patterns of the top surface with the
calcium-bearing deposits and the internal surface at 15 mm of CEM III
and CEM V concrete specimens respectively. CEM III and CEM V con-
crete, like CEM I concrete, exhibit several peaks associated with fine
aggregates. This reduces the signal intensity corresponding to cement
hydrate peaks, which can sometimes overlap, making them difficult to
discern. The diffractogram of scale deposit at 90 days reveal aragonite
crystal as the most dominant polymorph on CEM III and CEM V concrete
surfaces. In the 15 mm surface of CEM III concrete, some of the
cementitious phases present include calcium hydroxide and anhydrous
phases such as calcium iron aluminum silicate and dicalcium silicate.

Irrespective of time, the top surface of CEM V concrete indicates a few
peaks corresponding to the presence of highly crystalline minerals like
calcite magnesian(co-precipitation of Mg2+ into CaCO3 [53]), clino-
chlore (Mg)5Al(AlSi3O10)(OH)8 (aluminosilicate mineral [54]), and
chabazite (zeolite (CaAl2Si4O12.6H2O) in OPC-fly ash blended ce-
ments [68]) peaks. At 15 mm from the top surface, calcium hydroxide,
calcium aluminium silicate, dolomite, moissanite (mineral associated to
fly ash content [55]) peaks are observed. The primary distinction in the
mineral composition of exposed surfaces between CEM I and CEM V is
the presence of a few peaks corresponding to calcite magnesian in the
latter.

4. Discussion

The discussion below centers on the short-term interactions between
biofouling, concrete, and seawater made from three cements in marine
environments submerged at a depth of 27 m. It is organized into two
sections, the first addressing the biodiversity on the concrete surface,
while the second examining the alteration of concrete after exposure to
natural seawater.

4.1. Biodiversity on the surface of concrete

In this experimental program, we installed concrete specimens made
of three types of cement to evaluate biofouling on the concrete surfaces
after 30 and 90 days of exposure to seawater. As solid surfaces are
typical hotspots for biofouling, assessment of microbial proliferation (or
the biofilm development) at short-term is crucial to investigate long-
term biofouling dynamics and predict potential changes in microbial
communities of marine biofilms that could potentially influence the
initiation of biodeterioration or bioprotection of concrete. Initial mi-
crobial colonization on concrete surface is influenced by the intrinsic
properties of the material, including physical attributes like porosity,
roughness, and hydrophobicity, and chemical properties such as
chemical composition and surface pH [14,36]. Roughness, hydropho-
bicity, and surface pH has been a subject of work by Hayek et al. indi-
cating that rough surfaces exhibit higher receptivity to initial microbial
colonization [36]. In addition to the above-mentioned attributes,
carbonated surfaces and slag-blended cement-based concrete demon-
strate early receptivity to microbial colonization [14,36,56]. Further-
more, sustainable materials for the construction of floating offshore
wind turbines, such as low-CO2-binder systems, for example, slag-based
blends should be prioritized, as done in this study. In light of this, a
recent study conducted in the subtidal zone by Bone et al. [9] found that
slag-based mortars had the lowest receptivity to biofouling compared to
Portland cement and a natural Roman binder after one year of exposure.
Their research has revealed that the differences in the biocolonization
on surfaces, influenced by cement type, harbors, and ecological metrics,
highlight the need for further investigation into the changes in the
chemical composition of cement.

The primary biofilm community on the surfaces of cementitious
materials like mortar and concrete in marine environments are like
those found on other substrates, with bacteria and diatoms being the
most predominant [57]. The FEG-SEM observations of the surface of
mortars as shown in Fig. 3A, Fig. 3B, and Fig. 3C clearly indicate the
presence of diatoms on mortars made of two cement types, namely, CEM
III and CEM V at different exposure times. A recent study by Georges et al.
demonstrated that the diatom species, Cylindrotheca closterium can
assimilate dissolved silica from mortar surfaces in a silica-limited envi-
ronment [58]. However, it remains unclear if the diatoms on the mortars
in our study assimilate nutrients like silica from the cementitious matrix,
given that natural seawater contains silica. The microbial communities
identified through DNA-based-analysis were exclusively marine taxa,
with Alphaproteobacteria and Gammaproteobacteria being the dominant
groups in the biofilms, consistent with previous studies on artificial
substrates in marine environments [59]. The comparison of bacterial
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diversity on concrete surfaces made from CEM I, CEM III, and CEM V
cement types revealed no significant statistical differences after 30 and
90 days of exposure. Notable bacterial species identified included Ba-
cillus, Sulphitobacter, and Pseudomonas, known for altering natural sub-
strates such as stone, were detected on the concrete surfaces as well
[60]. Nevertheless, these species did not appear to influence the
microstructure, chemical composition, and mineralogy of the concrete
surfaces within this exposure duration.

Qian et al. have highlighted that the interaction between abiotic
surfaces and the biofilms forming on these surfaces are influenced by
differences in selective forces, which might explain the behavior
observed on concrete surfaces [59]. Previous studies suggest that pro-
karyotic diversity in biofilms on various surfaces of substrates produce
chemical cues that may influence microbial attachment as well as
determine which type of microorganisms and larvae of macroorganisms
settle [61–63]. While the diversity of prokaryotes in marine biofilms is
well-documented, eukaryotic diversity has not received much attention.
Meanwhile, our study has, for the first time, identified eukaryotic di-
versity on concrete surfaces made of three different types of cement (as
shown in Fig. 5). Significant variations in the relative abundance of
sequences in different eukaryotic groups were noted after 30 and 90
days of exposure to seawater. Although the eukaryotic diversity high-
lights arthropods, nematozoa, embryophytes, visual inspections, strik-
ingly showed colonization by polychaetes (belonging to annelids class).
These polychaetes are calcareous tube-building marine sessile organ-
isms known to be common fouling species on a variety of substrates such
as rocks, artificial substrates, coral reefs, in environments such as
seawater, fresh water, and brackish water [64]. Yet, there is no infor-
mation reported in the literature on the mechanism of how polychaetes
grow and settle on concrete surfaces in seawater. There are several
research studies that have been investigated in the past on the mecha-
nism of growth of these species on substrate surfaces [65–68]. A study by
Nedved et al. based on a laboratory experimental research proposed a
model for biofouling using the serpulid tubeworm, Hydroides elegans
[69]. They demonstrated that the larvae of these organisms are specif-
ically induced from the biochemical cues of the biofilm consisting of
bacterial communities. The larvae of these species attach themselves
using adhesive secretions, mature in less than three weeks and meta-
morphosize into juvenile and adult forms. Due to their short larval
phase, these tubeworms have the rapid ability to colonize substrates,
including concrete surfaces [69]. Other marine invertebrates such as
barnacles, tubeworms, and molluscs have the capacity to inhabit and
establish colonies on hard substrates like corals, reefs, submerged arti-
ficial structures, limestone-based materials, and rocks as indicated in
previous studies [70–72]. Interestingly, serpulid tubeworms were found
to adhere firmly to concrete surfaces, demonstrating significant resis-
tance to dislodgement. Additionally, a study conducted by Hutchings
et al., underscores the notion that polychaeta exhibit macroboring
behavior in calcium carbonate-based corals [86]. But it is too early to
say about the interactions between the polychaetes and concrete after
90-day exposure.

To our knowledge, this study is pioneering in examining the dynamic
microbial communities on concrete surfaces made from three different
cement types. This is characterized by combining a sequencing of 16S
rRNA, 18S rRNA, and ITS markers at short-term, i.e., after 30 and 90
days of exposure to seawater at 27 m depth. However, the limitation of
DNA barcoding is the difficulty in identifying many taxa due to lack of
referencing of microbial sequences in public integrated databases.
Future studies should emphasize the long-term monitoring and identi-
fication of microbial colonization and succession on concrete surfaces.
Examining microbial diversity alongside the chemical characterization
of concrete will strengthen our understanding of whether biodeterio-
ration or bioprotection is favored. Additionally, it is vital to monitor
changes in biofouling over time based on cement type to ascertain if the
chemical composition of the cement supports specific species at sub-
merged depths.

4.2. Deterioration of concrete in natural seawater

Natural seawater, with its complex mixture of organic and inorganic
components and microorganisms, may affect the durability of concrete
structures, depending on the marine exposure zone. In the submerged
zone, concrete experiences less deterioration due to constant water
saturation and limited oxygen, which may enhance hydration and result
in a denser microstructure. However, it still remains vulnerable to multi-
ion chemical attack and biofouling activity, which may deteriorate (or
probably offer (bio) protection) concrete over time. This study compares
the deterioration patterns of two low-CO2-based cements, CEM III and
CEM V, with conventional cement, CEM I, after 30- and 90-days expo-
sure to natural seawater, focusing on multi-ion interactions involving
calcium, magnesium, sulfur, and chloride. The findings highlight the
changes in microstructure, chemical composition, and mineralogy as a
function of cement type over time.

Calcium scale deposit and serpulid formation: After 30 and 90-day
exposure periods, SEM-EDS investigations confirmed the presence of
uniform calcium-rich scale deposit following the biofilm layer of con-
crete surfaces, irrespective of cement type. Additionally, electron
microprobe analysis was used to quantify the mass percentage of cal-
cium oxide as a function of depth. The results indicated that the deposit
thickness on the concrete surface was significantly higher for CEM I (∼
35 µm) compared to CEM III and CEM V (∼ 3 µm). The mineralogical
characterization performed using XRD confirmed the presence of cal-
cium carbonate and their polymorphs, namely, aragonite crystals on
CEM I concrete surface at both exposure times, but not in CEM III or CEM
V until 90 days. This is consistent with previous studies by Buenfeld et al.
[73] and Weerdt et al. [11], [74] showing CaCO3 deposit consisting of
aragonite as the most dominant polymorph in Portland-based cements.
The XRD pattern of the CEM V concrete surface revealed some peaks
associated with magnesian calcite. Furthermore, the XRD pattern shows
calcium carbonate peaks on control specimens of CEM I, III, and V
concrete surfaces, which might be caused due to natural carbonation
process [75]. The varying thickness of calcium carbonate precipitated
layer as well as their mineralogy possibly indicate the influence of the
cement type at both exposure periods. The hydrated calcium phases in
the cement matrix differ considerably among the cement types studied.
CEM I is characterized by a high calcium-to-silicon (Ca/Si) ratio, while
CEM III and CEM V exhibit a lower Ca/Si ratio. The variations in Ca/Si
ratios in cement matrix plausibly influence the reaction kinetics of cal-
cium carbonate precipitation on the concrete surfaces in seawater. The
carbonates participating in this precipitation reaction, deposited on the
concrete surface may originate from pelagic sediments, which account
for one-third of the total content in seawater [76]. This calcium car-
bonate mineral has three polymorphic modifications, namely, calcite,
aragonite, and vaterite, with the former being the most thermodynam-
ically stable in seawater and vaterite being least stable. The develop-
ment of certain modifications in polymorphs via precipitation in
aqueous solution is determined by the initial concentration of constit-
uent ions, temperature, dissolved impurities, and, under certain condi-
tions, suspended impurities [77,78]. Suspended silicate minerals are
another commonly overlooked source, and if present in sufficient
quantities, they contribute to the slight or moderate supersaturation of
calcium carbonate polymorphs under these conditions [79]. Over time,
specifically after 90 days, the precipitated calcium carbonate surfaces
revealed the presence of biogenic and biomineral serpulid tubes. Visual
observations and SEM images indicated the attachment of adult and
juvenile polychaetes (serpulid tubes) on all the concrete surfaces. The
local chemical composition of a cross-section of the serpulid tubular
wall, analyzed using electron probe microanalysis (EPMA) and shown in
Fig. 11, revealed that they were mainly composed of calcium oxide (CaO
∼ 51 %) and of magnesium oxide (MgO ∼ 6%). The mineral compo-
sition was confirmed using XRD (shown in Figs. 8, 9, and 10 in sup-
plementary material). The XRD spectra for serpulid tubes present on
CEM I concrete indicate peaks corresponding to two polymorphs of
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calcium carbonate: aragonite and Mg-calcite. The numerous peaks
associated with aragonite crystals should be interpreted with caution. It
is possible that calcium carbonate deposits on the CEM I concrete surface
may have adhered to the serpulid tubes. When removing these species
from the surface, these deposits may have been included in the analysis,
potentially affecting the XRD analysis. In contrast, the diffractograms of
serpulid tubes on surfaces of CEM III and CEM V concrete revealed only
Mg-calcite (with traces of SiO2 due to sand particles). It is interesting to
note that these species are biomineral [94] in nature. Biomineralization
is the process by which living organisms produce and control the pre-
cipitation of crystalline minerals. Our results are consistent with the
literature indicating that the calcifying polychaetes are composed of
different polymorphs of calcium carbonate [52,64]. Polychaetes develop
in seawater through a series of biological processes, and their miner-
alogy and chemical composition are influenced by generic factors, water
temperature, environmental conditions, and the Mg/Ca ratio in
seawater [80,81]. Most biomineralized species such as sea urchins,
mollusc shells, and corals consist of a single dominant polymorph of
CaCO3 [52]. Our results show Mg-calcite as the most dominant mineral
of all three cement types. Moreover, the mineralogy of these serpulid
tubes seem to be unaffected by the concrete surface and cement type
within this exposure duration.

Magnesium enriched zone: Elemental mapping revealed a distinct
layer rich in magnesium (Mg) beneath the calcium carbonate (CaCO3)
deposit at both 30 and 90 days in CEM I concrete (as shown in Fig. 7). In
contrast, this layer was not observed in CEM III and CEM V cement
types. This layer is composed of brucite crystals in CEM I concrete as
shown in XRD analysis in Fig. 9. Magnesium, the second most abundant
cation in natural seawater, may influence the kinetics of precipitation on
concrete surfaces, varying with the type of cement used at submerged

depths. Our findings suggest that the precipitation of brucite on concrete
surfaces is likely dependent on the pH of the substrate. CEM III and CEM
V, characterized as low-pH cements with pore solution pH between 11
and 12.5 (due to the presence of slag and fly ash), exhibit minimal or no
portlandite in their hydrated matrices. The absence or minimal presence
of portlandite in cement matrices creates different chemical conditions
within the cement paste, which promote the precipitation of different
magnesium hydrates. Several authors identify brucite precipitation at
various exposure periods in CEM I cements, as well cements consisting of
SCMs, which sometimes appear in cracks or within the CaCO3 crust close
to the top concrete surface exposed to marine environment [11,73].
However, it is important to note that in blended cements, brucite pre-
cipitation might occur at later stages of exposure in comparison to CEM I
cement type [11]. Despite the ingress of seawater ions such as sulphates
and chlorides into the cementitious matrix, magnesium ions do not
travel deeper than other ions competing with them due to their small
ionic radius and reactivity, as measured by electronegativity (1.31), and
are more likely to deposit on the top surface [82,13]. According to the
literature, this layer may function as a temporary barrier against other
chemical ions, such as chlorides [83,12]. However, we raise doubts
about this hypothesis. The substantial thickness of calcium carbonate
deposits, along with the presence of biomineralized species on the
concrete surface, might limit the ingress of chlorides and sulfates. This
protective layer may be more effective than the brucite precipitated
layer in enhancing concrete durability and reducing further
deterioration.

In the aforementioned zone, elemental maps (as shown in Fig. 7)
indicate slight leaching of Ca(OH)2 in CEM I concrete after 30- and 90-
days exposure. These findings are supported by EPMA, confirming that
the decalcification front is deeper at 90 days, with ≅ 25 % of CaO

Fig. 12. Chemical composition of biogenic polychaetes on concrete surfaces of three cement types after 90 days exposure to seawater analyzed using electron
microprobe analysis.

Fig. 13. Representative chloride profiles in three different cement matrices of concrete obtained through electron microprobe analysis at two exposure periods.
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(control specimen having ∼ 36 % of CaO). The data presented here are
consistent with the literature, suggesting progressive phase dissolution-
precipitation and diffusional stages [11]. The leaching of calcium from
the cement matrix is a complex and multistage process observed pri-
marily when the highly alkaline pore solution, saturated with por-
tlandite (pKa = 12.6) within a sound cement matrix, interacts with a
relatively acidic environment. In our study, this environment was rep-
resented by natural seawater, which typically has a pH between 7.5 and
8.5 [84]. This chemical equilibrium shift results in increased dissolution
of calcium hydrates, notably portlandite, within the cement matrix.
Consequently, dissolved calcium ions are leached into seawater and that
might partly recombine to form calcium carbonate deposit on the sur-
face, leading to a reduction in calcium content within the concrete.
However, our SEM-EDS and electron microprobe investigations reveal
no detectable calcium leaching from CEM III and CEMV concrete at both
exposure times. This finding highlights the enhanced chemical resis-
tance of these low-carbon-based cements to natural seawater at these
exposure periods.

Sulphur-enriched and chloride-enriched zone: In a multi-ion environ-
ment such as natural seawater at submerged depths, chlorides and sul-
phates are in competition to penetrate and interact with the cement
hydrates such as calcium hydroxide (CH), (unhydrated and hydrated)
calcium aluminate hydrates (CxAyHz), and calcium silicate aluminum
hydrate (C-A-S-H) in the cement matrix. The combined attack of chlo-
rides and sulphates depends on the content of calcium aluminate in
cement matrix [85]. Our findings indicate that, when comparing control
concrete (∼3 %) to concrete exposed to seawater (between 3 % and
4.5 %) among different cement types, the chemical composition
analyzed using an electron microprobe shows slight increase in sulfate
concentration. The only exception is zone 2, which exhibits a slightly
higher sulfate concentration ∼3–4.5 %) than other zones (∼3 %).
Comparing concrete exposed for 30 and 90 days, CEM III and CEM V
cement types exhibit increased sulfur concentration over time. However,
the concentration of sulfate in CEM I remains nearly unchanged across
both exposure durations. This stability may be attributed to the use of
CEM I SR (sulphate resistant) cement in this study, which contains
moderate alumina, reducing its capacity to react with sulfate. Irre-
spective of cement type and exposure period, microprobe analysis in-
dicates that the concentration is slightly higher within the 100–300 µm
depth range of the matrix. Despite CEM III and CEM V containing higher
amounts of alumina, electron microprobe findings indicate that sulfur
ingress and enrichment is almost the same in both cement types. This
suggests that, within the exposure time of our study, alumina likely has
no significant influence on sulfur reaction with cement matrix. Given the
absence of cracks or spalling and no evident damage or attack during
this short exposure, it is noteworthy that the observed changes may
represent sulfur enrichment [11] rather than sulfate attack leading to
gypsum and expansive ettringite formation at both exposure times.
However, this might change with evolution of exposure time.

Chlorides, the most abundant anions in seawater, interact with hy-
drated cement compounds. Elemental maps and microprobe-analyzed
profiles of concrete specimens reveal that Cl-rich zones often follow S-
rich zones, with occasional overlaps between the two. The representa-
tive chloride profile for bound chlorides of three cement types at two
exposure periods is depicted in Fig. 12. The chloride profile reveals
varying binding capacities among the cement types, with CEM III and
CEM V demonstrating greater binding than CEM I. Additionally, the
saturation depth advances toward the internal zone over time. While the
binder type appears to have little effect on the penetration depth, it
significantly influences the chemical chloride binding. Irrespective of
cement type, chloride ion penetration increases with the exposure
duration. Our findings reveal that the surface of the concrete exhibits
slightly lower chloride concentrations compared to the internal zones.
Moreover, the chloride concentration decreases after 1100 µm, sug-
gesting that, within the short-term exposure duration studied, chlorides
have not penetrated deeply into the concrete. Previous research studies

has shown that SCMs, such as GGBFS and fly ash, have a higher chloride-
binding capacity due to higher alumina content in SCMs and a decrease
in Ca/Si ratios in slag and fly ash, results in the formation of calcium
aluminate silicate hydrate (C-A-S-H) and increase in chloride binding
[86]. On the other hand, it is still unclear how the presence of the ser-
pulid tubular walls along with the developed biofilm might alter the
ingress of chloride ions into the cementitious matrix from the surface
over time Fig. 13.

5. Conclusions

This study is the first to compare the durability of three cement types
(CEM I, CEM III, and CEM V) in submerged marine environments,
focusing on biofilm-concrete interactions using advanced and diverse
analytical techniques. Conducted in real-world marine conditions, it
provides more realistic insights than laboratory tests. Environmental
DNA analysis revealed that bacterial colonization, irrespective of
cement type or exposure time, serves as an essential metric in biofilm
formation, while eukaryotic communities showed dynamic changes over
time but not by cement type. The findings suggest that cement type does
not influence biofilm structuring within the first 90 days of exposure.
Short-term findings also indicate that CEM III and CEM V are more
resistant to calcium leaching than CEM I, due to the presence of sup-
plementary cementitious materials (SCMs) like slag and fly ash. Addi-
tionally, the deposition of calcium carbonate and biomineralized species
on concrete surfaces may play a role in long-term durability. The
absence of brucite precipitation in CEM III and CEM V, in contrast to its
presence in CEM I, aligns with the literature but may alter over time.
Furthermore, variations in chemical chloride-binding across concrete
depths indicate that CEM III and CEM V have a greater chloride-binding
potential than CEM I at these depths. These results can be effectively
utilized in the design of sustainable and durable structures for harsh
environmental conditions. Future research should focus on examining
the long-term durability of different cement types at these depths, as
well as identifying the microbial diversity in marine biofilms that may
contribute to biodeterioration or bioprotection. This would provide in-
sights into the associated changes in the microstructure, chemical
composition, and mineralogy of concrete.
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