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Abstract: In this study, we aimed to investigate the effect of artificial reefs (ARs) made from concrete,
steel, and steel slag on the concentrations of As, Cd, Cr6+, Cu, Hg, Ni, Pb, and Zn in marine ecosystems.
We conducted a field investigation of the concentration of heavy metals (HMs) in seawater and marine
organisms in the East Sea, South Korea and complemented it with an indoor elution experiment.
The concentrations of the eight HMs in the field investigation and elution experiment satisfied the
environmental standards. In the elution experiment, elution of Cr6+ from the concrete models was
confirmed; however, it may be insignificant in marine ecosystems. These results revealed that the
effect of ARs made from concrete, steel, and steel slag on the concentration of HMs in the marine
environment was insignificant.

Keywords: seawater; marine organism; concrete; steel; steel slag

1. Introduction

The macro-algae forests in the ocean are major components of the ocean material cycle
as a primary producer, and they also provide habitat and spawning grounds for fish [1].
Antoine de Ramon et al. [2] reported that macro-algae forests can remove 53 billion tons
of CO2 per year if they cover 9% of the ocean. Macro-algae forests contribute to a healthy
ocean ecosystem as well as an increase in blue carbon; however, they are vanishing due to
an increase in seawater temperature caused by global warming [3,4]. Ocean afforestation
projects with artificial reefs (ARs) are being widely adopted worldwide as a countermeasure
against the dilemma of the vanishing of macro-algae forests. Many studies on afforestation
or reforestation using AR have shown successful results by acting as artificial substrata for
macro-algae [5–7].

AR is defined as a human-created underwater structure. They are typically formed
to promote the renewal of marine organisms (e.g., fish, shellfish, and seagrass). Over
40 countries have implemented ARs to continuously use and protect fishery resources [8–10].
AR projects in South Korea started in 1971, and as of 2019, a total of 229,733 ha of ARs had
been installed [11]. Various ARs are being developed to improve their capabilities and cost-
effectiveness, and 87 types of AR have been developed and installed in the coastal seas of
South Korea [12,13]. Concrete is primarily used as an AR material because it is cost-effective
and easy to mold [14]. Other opportunity materials are also being used to reduce material
costs and to recycle by-products [15]. In the U.S., most steel reefs are built from abandoned
structures, such as decommissioned vessels, petroleum platforms, and bridges [16]. Triton
ARs, which were developed with steel slag by POSCO and RIST corporations, are installed
on Ulleung Island in South Korea to foster macro-algae forests [17,18]. Along with the
diversification of materials utilized in ARs, the adverse effects of ARs on marine ecosystems
are an emerging problem. While there are many studies on the effect of ARs on marine
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ecosystems [15,19–21], quantitative evaluation of heavy metal (HM) elution from ARs
is limited.

The HM contamination of the ocean is a concern at a local as well as a global scale
because of their permanence and toxicity [22,23]. HMs can cause biological accumulation
and a reduction in species diversity and abundance in marine ecosystems [24]. HMs not
only degrade marine ecosystems but also affect humans. Critically high concentrations
of HMs in seawater and marine organisms may cause concerns for humans who rely on
marine resources for space, recreation, and food [25]. Most HMs in the coastal sea were
introduced from rivers and non-point sources in an anthropogenic manner [26]. Fowler [27]
reported that coastal seas located near densely populated areas typically have the highest
HM concentrations. To cope with HM contamination, it is necessary to monitor and account
for the factors that likely lead to high HM concentrations.

In this study, we investigated the effect of ARs, which were made from concrete, steel,
and steel slag, on the concentrations of eight HMs (As, Cd, Cr6+, Cu, Hg, Ni, Pb, and Zn) in
seawater and in marine organisms. An indoor elution experiment was also conducted to
quantitatively evaluate the HM elution from the materials employed in ARs. Our results
provide researchers and professionals with knowledge of the environmental safety of AR.

2. Materials and Methods
2.1. Concentrations of Heavy Metals in Seawater and Marine Organisms

The study area was the east coast of South Korea with a depth of 5–24 m. In this
region, afforestation projects with artificial reefs were conducted every year to restore
coastal environments damaged by coral bleaching [28]. In 2019, 62,513 ha of artificial
reefs were installed, however, there are no studies on the relationship between ARs and
HMs [12]. We selected six AR sites for the field experiment, consisting of three materials
and two installation years. The materials used were concrete, steel, and steel slag, and the
installation years were 2016 and 2020. Natural rock 1 km from the AR site was considered
as a control site. The locations and depths of the sites are listed in Table 1 and shown
in Figure 1. The cases were identified as follows: concrete AR-control (CC), concrete
AR-built in 2016 (C16), concrete AR-built in 2020 (C20), steel AR-control (SC), steel AR-
built in 2016 (S16), steel AR-built in 2020 (S20), triton AR-control (TC), triton AR-built in
2016 (T16), triton AR-built in 2020 (T20). Triton AR represents the AR made with steel
slag. We compared the concentrations of HMs in the AR sites with those in the control
sites. The results of S16 were compared with those of CC, considering location. We also
checked whether the concentration of HMs at the AR sites satisfied the environmental
standard values. The marine ecosystem protection standards (MEPS) of South Korea [29]
were adopted as criteria for HMs in seawater, and the standards of eight countries for the
allowed concentration of HMs in shellfish and mollusks (SACHM) were considered for
HMs in marine organisms [30]. The standard values of the MEPS and SACHM are listed
in Table 2.

Table 1. Location and depth of sites for control and experiment.

Cases Latitude (N) Longitude (E) Depth (m)

Concrete AR

CC 36◦09.168′ 129◦24.097′ 5

C16 36◦09.126′ 129◦24.155′ 10

C20 36◦08.974′ 129◦24.035′ 10

Steel AR

SC 35◦35.026′ 129◦27.930′ 10

S16 36◦09.485′ 129◦24.572′ 19

S20 35◦34.611′ 129◦28.068′ 24

Triton AR

TC 36◦09.824′ 129◦24.234′ 11

T16 36◦09.826′ 129◦24.214′ 9

T20 36◦09.682′ 129◦24.278′ 13
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Figure 1. Location of the AR and control sites.

Table 2. Standards for concentration of HMs in seawater and marine organisms.

Standards for Concentration of HMs As Cd Cr6+ Cu Hg Ni Pb Zn

MEPS for HMs in
seawater (µg L−1)

Short-term 1 9.4 19 200 3.0 1.8 11 7.6 34

Long-term 2 3.4 2.2 2.8 1.2 1.0 1.8 1.6 11

SACHM for HMs in marine organisms
(mg kg−1) - 1.0–5.5 - 30–100 0.5–1.0 - 2–10 1000

HPS for in-door elution experiment
(µg L−1) 50 10 50 20 0.5 - 50 100

1 Short-term standards for one-time observation, 2 Long-term standards for annual average. Abbreviations: HMs,
heavy metals; MEPS, marine ecosystem protection standards; SACHM, standards for allowed concentrations of
heavy metals; HPS, health protection standards of South Korea.

Field sampling of seawater and marine organisms was conducted at the AR and control
sites by divers in June 2021, September 2021, November 2021, and Janurary 2022. The
water samples were immediately sent to the laboratory (Marine Eco-Technology Institute,
MEI, Busan, Korea) in high-density polyethylene (HDPE) bottles, filtered through a glass
microfiber filter (GF/C-47, Whatman, London, UK), and analyzed for the concentration of
HMs except for Hg in seawater using an auto-meter (SeaFAST SP3 System, ESI, Omaha, NE,
USA). The Hg concentration was determined using a Hg analyzer (PSA 10.025 Millennium
Merlin, PS Analytical, Deerfield Beach, FL, USA). Marine organisms, which were weak-
mobility species attached to the AR and natural rock, were collected by a diver and
immediately sent to the laboratory (Eco Technology, Busan, Korea). The concentrations
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of HMs, except Hg, in marine organisms were analyzed using ICP-MS (iCAP Q, Thermo
Scientific, Waltham, MA, USA) after the destruction process, and Hg was determined using
a Hg analyzer (DMA-80, Milestone, Sorisole, Italy). We conducted ANOVA and t-test to
determine whether there was a significant difference between the results (e.g., between the
AR and control sites).

2.2. In-Door Elution Experiment

In the field, it is challenging to quantitatively evaluate the effect of AR on the marine
environment because of the advection process generated by the current. Therefore, we
conducted an indoor elution experiment for HM elution from the materials utilized in
the ARs. The AR models for the experiment were made of concrete (KS L 5201), steel
(SUS304), and steel slag [17] with a size of 20 × 20 × 6 cm3. The experiment was conducted
to represent the natural environment and was thus conducted in consideration of natural
seawater and a 100% water exchange rate per day for 30 days. The natural seawater used in
the experiment was collected from the southern sea of South Korea (35.0988◦ N, 129.1228◦ E)
and filtered through a glass microfiber filter (GF/C-47, Whatman) before the experiment.
The experiment was conducted using 20 L water tanks, and the water temperature was
fixed at 20 ± 2 ◦C. The pH and oxidation-reduction potential (ORP) were measured using
an auto-meter (YSI-ProDSS), and the concentrations of the eight HMs were analyzed using
the same method used for field sampling. We compared the results of the experiment with
their control case, which was only seawater without AR models, and tested whether the
concentration of HMs satisfied the health protection standards (HPS) of South Korea [29]
(Table 2).

3. Results
3.1. Concentrations of Heavy Metals in Seawater

A heat map of the HM concentrations in seawater collected at the AR and control
sites is shown in Figure 2. All concentrations of HMs in seawater showed no significant
difference between the AR sites (p-values of ANOVA analysis > 0.05). The As concentration
of S16 in June 2021 was 1.639 µg L−1; which was 0.427 µg L−1 higher than that of the
CC. The Cd concentration at the AR sites ranged from 0.011–0.034 µg L−1. The Cr6+

concentrations of S20 and T20 in June 2021 were 0.425 µg L−1, which were higher than
those of SC and TC. The Cu concentrations of C16 in 2021.09, T20 in November 2021, and
S16 in Janurary 2022 were higher than those in the control sites. The Hg concentrations in
all periods and sites were less than 0.002 µg L−1, except for June 2021. The Hg concentration
at AR sites in June 2021 was 0.005–0.010 µg L−1. The Ni concentration at T20 in June 2021
was 1.117 µg L−1, which was higher than those of TC and T16. The Ni concentrations at S20
in all periods were higher than those in SC. The Pb concentration of C16 in June 2021 was
0.931 µg L−1 which was higher (by 0.380 µg L−1) than that of CC. The Zn concentration in
C16 in June 2021 was 7.048 µg L−1. This was higher than other observations.

All HM concentrations in seawater collected at the AR sites satisfied the MEPS and
showed no significant difference from their control case (p-values of t-test > 0.05). In the
seasonal comparison, the concentrations of Cd, Cr6+, and Hg observed in June 2021 were
higher than in other periods. The concentrations of HMs in seawater collected at the AR
sites built in 2016 and 2020 showed no significant difference (p-values of t-test > 0.05).

3.2. Concentrations of Heavy Metals in Marine Organisms

A heat map of the HM concentrations in marine organisms attached to AR sites
and natural rocks is shown in Figure 3. The species of Hypsogastropoda, Mytilus coruscus,
Halocynthia roretzi, and Styela clava were collected. Marine organisms were not detected at
C16 and S20 in June 2021. The HM concentration in marine organisms was defined as the
HM weight per wet weight of the marine organism.
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Figure 2. (a) Heat map of heavy metal concentrations in seawater collected at control and artificial
reef sites in June 2021, September 2021, November 2021, and Janurary 2022 and (b) averaged for
a year.
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Figure 3. Heat map of the concentrations of heavy metals in marine organisms attached to the natural
rock (control case) and artificial reefs.

The As concentration in Hypsogastropoda collected at T16 in June 2021 was 24.3 mg kg−1;
which was higher than 9.145 mg kg−1 of TC, but this was a temporary result. During other
periods, the As concentrations of T16 were lower than those of TC.

Mytilus coruscus was collected at S16 in all periods, and the Cd concentration in
Mytilus coruscus was higher than that in CC. This could be due to differences in species
between S16 and CC. Unlike S16, Hypsogastropoda and Halocynthia roretzi were detected in
CC. The Cd content of Mytilus coruscus was 0.011%, which was higher than the 0.002% of
Hypsogastropoda and 0.001% of Halocynthia roretzi (Figure 4).
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Figure 4. Composition of eight heavy metals of Halocynthia roretzi, Hypsogastropoda, Mytilus coruscus,
and Styela clava.

The mean value of Cu concentration at the triton AR sites was 5.626 mg kg−1, while
those at the concrete and steel AR sites were 1.305 and 1.398 mg kg−1, respectively. The Cu
concentration of T16 in Janurary 2022 was 8.705 mg kg−1, which was higher than that at
TC (2.993 mg kg−1).

The Hg concentrations at the AR sites were 0.000–0.034 mg kg−1. The Hg concentration
of T16 in June 2021 was 0.018 mg kg−1, which was higher than that at TC (0.001 mg kg−1).

The concentrations of Ni in marine organisms collected at S20 and T20 in Septem-
ber 2021 and at C20 and T20 in November 2021 were higher than those in the control
case. This could be due to differences in species between the control and AR sites.
In the AR sites, Mytilus coruscus and Styela clava were detected, whereas in the control
sites, Hypsogastropoda and Halocynthia roretzi were detected. The composition of Ni in
Mytilus coruscus and Styela clava was 1.3 and 4.0%, respectively, whereas it was 0.3 and
0.4% for Hypsogastropoda and Halocynthia roretzi, respectively. The concentrations of Pb in
marine organisms collected at S20 and T20 in September 2021, at C20 and T20 in November
2021, and at T20 in Janurary 2022 were higher than in the control case.

The Zn concentration in Halocynthia roretzi collected at C16 in November 2021 was
100.8 mg kg−1, which was higher than 68.7 mg kg−1 at CC.

All HM concentrations in marine organisms showed no significant difference between
AR sites except Cu (p-values of ANOVA analysis > 0.05, except Cu), and all observations
satisfied SACHM. At several AR sites, the concentration of HMs in marine organisms was
higher than that in their control case, but this could be due to the difference in species
between AR and control sites. The HM composition of marine organisms differed depend-
ing on the species (Figure 4). The Cd content of Mytilus coruscus was higher than that of
Hypsogastropoda and Halocynthia roretzi, and the composition of Ni in Mytilus coruscus and
Styela clava was higher than that of Hypsogastropoda and Halocynthia roretzi. The composition
of Cd, Cr, Hg, Ni, and Pb in all species was less than 4.0%, and Zn showed the highest
composition of 63.1–91.5%.

We calculated the correlation between the concentration of HMs in seawater and
marine organisms to determine whether the concentration of HMs in seawater affected the
concentration of HMs in marine organisms (Figure 5). The concentrations of Cr, Cu, Hg,
and Pb in marine organisms were negatively correlated with the concentrations in seawater,
and the correlations of As, Cd, Ni, and Zn concentrations between marine organisms and
seawater were 0.13, 0.16, 0.18, and 0.10, respectively. The effect of HMs in seawater on the
concentration of HMs in marine organisms was insignificant in the study area.
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3.3. Indoor Elution Experiment

The changes in pH, ORP, and concentration of HMs in the indoor elution experiment
are shown in Figure 6. The pH of seawater in the water tanks for the control and steel
AR was 7.86–8.22 and 7.78–8.22, respectively, showing no considerable change during the
experiment. Contrarily, the pH of the concrete and triton ARs increased up to 8.94 and 9.40
after four days from initial values of 7.98 and 7.95, respectively. This was caused by the
chemical reaction of the calcium oxide (CaO) contained in the cement and steel slag. CaO
reacts with H2O and binds calcium hydroxide (Ca(OH)2). Ca(OH)2 is decomposed into
calcium ions (Ca2+) and hydroxide ions (OH−), resulting in an increase in pH. Cement and
steel slag contain 50–60% and 30–60% CaO, respectively [31–33]. The ORP of concrete and
triton AR showed no significant difference from the control case, with values of 151.5–207.1
mV and 158.1–232.8 mV, respectively, and the ORP of the control case was 141.6–206.5 mV.
The ORP of steel AR showed a repetition of decrease and recovery, which could be due to
the corrosion reaction of the iron contained in steel and water exchange, respectively. DO
and ORP were reduced on the metal surface during the corrosion reaction [34].

The concentration of eight HMs in the AR cases showed no significant difference from
the control case, except for the Cr6+ concentration of concrete ARs and Hg concentration of
steel AR. The Cr6+ concentration of concrete AR after five days was 8.689 µg L−1, which was
higher than the 1.096 µg L−1 concentration in the control case. The Hg concentration of steel
AR after two days was 0.006 µg L−1, which was higher than the 0.002 µg L−1 concentration
in the control case. However, these results were temporary. The concentrations of the two
HMs decreased over time; after nine days, they showed no significant difference from
the control case. The Ni concentrations of concrete and triton AR after four days were
4.217 µg L−1 and 3.429 µg L−1, respectively, which were lower than the 7.975 µg L−1 of the
control case, which could be due to the relatively high pH of the AR cases. An increase in
pH results in a reduction in Ni concentration [35]. All concentrations of HMs used during
the experiment satisfied the HPS.
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Figure 6. Results of the indoor elution experiment with natural seawater exchange. (a) Changes in
the pH and ORP and (b) the concentrations of heavy metals for the control (without artificial reef
model) and artificial reef cases.
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4. Discussion

HMs elusion problem of ARs is important because of their permanence and toxicity.
Monitoring for HM concentrations is needed to ensure the stability of ARs. Unfortunately,
studies on the effects of AR on the HM concentrations in seawater and marine organisms
have been neglected. To the best of our knowledge, there are no studies regarding the
comparison of HM elution between materials utilized in ARs as well as installation years
of ARs.

In this study, there were no significant differences of HM concentrations between the
materials as well as the installation years (p > 0.05), and all HM concentrations satisfied
the environmental standards. These results may ensure the stability of ARs in HM elution.
Further, we envisage that the development of eco-friendly material improves the stability of
ARs. Eco-friendly concrete with electric arc furnace oxidizing slag is safe in term of leaching
of HMs because of chemical bonding in the curing process [36], and environmentally-
friendly materials with steel slag developed by JFE Steel Corporation showed a high
stability in seawater due to the CaCO3 contained in the materials [37].

The several HM concentrations in marine organisms collected at the AR sites were
higher than those in the control site; however, this was stemmed from the difference
of species. For instance, the Cd concentration in Mytilus coruscus collected at S16 was
higher than that in Hypsogastropoda and Halocynthia roretzi collected at control site, and
the Ni concentrations in Mytilus coruscus collected at AR sites was higher than those in
Hypsogastropoda and Halocynthia roretzi collected at control site. We showed the HM con-
centrations and contents (%) in the marine organisms in Section 3.2. Likewise, the mean Cd
concentration in Mytilus coruscus collected in the coast of South Korea during 2003–2004 was
0.725 mg kg−1; which was higher than that in the Hypsogastropoda (0.041–0.721 mg kg−1)
and Halocynthia roretzi (0.187 mg kg−1), and the Ni concentration in Mytilus coruscus was
higher than that in the Hypsogastropoda and Halocynthia roretzi [38].

5. Conclusions

We investigated the effect of ARs composed of concrete, steel, and steel slag on
the concentrations of As, Cd, Cr6+, Cu, Hg, Ni, Pb, and Zn in seawater and marine
organisms over a period of a year. The concentrations of HMs in ARs were not only
compared with those in the control case, but we also evaluated whether the values satisfied
various environmental standards. The concentrations of eight HMs in seawater and marine
organisms at the AR sites showed no significant difference from those in the control case
and satisfied the environmental standards. Several HMs in marine organisms attached
to the ARs showed higher concentrations than their control counterparts; however, this
was caused by different species detected in the ARs and control cases. From the indoor
elution experiment to quantitatively evaluate the HM elution from materials employed
in ARs, it was confirmed that the concentrations of eight HMs in the experiment satisfied
the environmental standards under conservative experimental conditions. These results
reveal that the effect of ARs made of concrete, steel, and steel slag on the concentration
of HMs in the marine environment was insignificant, showing no significant difference
from those in the control case and satisfying the various environmental standards. In
further investigation, the several limitations in this study such as the difference of species
(discussed in Section 3.2) and location of sites (S20) will improved.
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