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ABSTRACT ARTICLE HISTORY

The study assessed the heavy metal distribution and ecological risk in marine sediments iece've‘é 3105Ap”| 2(;25 200
across three depths (10, 20 and 30 m) in Algoa Bay, South Africa. The concentration of ccepte eptember 2025
heavy metals varied between depths, ranging from 0.8 to 124.5 mg/kg at 10 m depth KEYWORDS

contour, 0.5-96.7 mg/kg at 20 m depth contour and 0.7-113.3 mg/kg at 30 m depth Ecological risks; pollution
contour determined using X-ray fluorescence (XRF). Higher concentrations were indices; sediment; metal
reported both at 10 and 30 m depths. The sediment quality was evaluated against concentration; XRF;

the threshold effect concentration (TEC), probable effect concentration (PEC), effect ~ Al902 Bay

range low (ERL) and effect range medium (ERM) guidelines. Pollution indices, including

geoaccumulation (lgeo), the enrichment factor (EF), the pollution load index (PLI) and

the potential risk index (PERI), consistently demonstrated anthropogenic accumulation

of As, Ag, Cd and Hg. The PERI demonstrated the ecological risk from low to signifi-

cantly high across all depths; 10, 20 and 30 m had PERI of 4013, 5391 and 5051,

respectively.

1. Introduction

Marine life plays a fundamental role in the global economy and in supporting the livelihood of coastal
societies. Without a healthy, balanced marine environment, many essential marine ecosystem services
would collapse, resulting in a knock-on effect for humans and animals [1]. Our oceans face several
environmental challenges such as pollution, biodiversity loss, acidification and damaging fishing activities,
alongside climate change resulting from global warming and resulting in sea level rise [2]. Anthropogenic
activities such as oil spills, wastewater discharge, agricultural runoff, construction activities and marine
traffic are some of the primary sources of heavy metal pollution in coastal marine sediments [3].

Heavy metals are naturally occurring in the Earth's crust, and some are essential for various biochemical
and physiological functions of living organisms [4]. These heavy metals are universally investigated because
of their ubiquitous distribution, mobility, potential toxicity in the marine environment and adverse effects
on marine organisms [5]. To ensure that the economic and nutritional values derived from marine resources
are sustained, assessing and controlling these metals in marine ecosystems becomes imperative [6].
Approximately 85% of heavy metals are known to accumulate in the sediments of the aquatic environment
[7]. Hence, sediments act as source of heavy metals released into the water [8]. Heavy metals have a
stronger affinity for binding to sediments through adsorption. However, this process depends on several
factors, which include grain size, organic matter content and cation exchange capacity [9].

The amount of negative charge on the sediment-particles' surface influences the cation exchange of the
heavy metals [10] and this varies according to sediment granulometry. Grain size is vital in sediment
entrainment, transport and deposition. Fine-grained sediments such as silt and clay act as a sink for heavy
metals since they are negatively charged, thus facilitating the adsorption process. On the other hand,
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coarse-grained sediments adsorb fewer heavy metals [11]. Furthermore, sediment organic matter such as
plant residues and living and dead microorganisms, allows for more heavy metals to be adsorbed onto the
sediment [12].

Sediment structure (e.g. granulometry, organic matter content), transportation and deposition are thus
critical in aquatic ecosystems as they influence the distribution and concentration of heavy metals.
Generally, finer particles are transported as a suspended load, with larger particles transported as a bed
load [13]. Sediment grain size characterises different kinds of marine habitats, with coarser sediment grain
sizes dominating high-energy zones along the shore. Finer sediment grain sizes generally increase with
increasing bathymetry [11]. In addition to influencing contamination and/or pollution levels, sediment
dynamics can also negatively affect aquatic life. For example, excessive levels of suspended sediment can
reduce light penetration and affect the productivity of submerged aquatic plants and can also clog fish
gills [14].

Although sediments can be a source of heavy metal pollution, they also provide various services to
aquatic organisms, as they are a source of nutrients and minerals [15]. Many studies use the sediment
compartments in aquatic ecosystems to assess heavy metal pollution [16-18], since sediments serve as both
sinks and potential secondary sources of contaminants. Heavy metals can be remobilised from the
sediments if the water column's pH, redox state, or salinity fluctuates, which can increase their concentra-
tions in overlying waters and affect ecosystem health and potentially affect human health if these
concentrations biomagnify along the food web [19]. To safeguard the integrity of the ecosystem's health,
it is therefore important to understand the distribution and concentration of heavy metals in any
ecosystem [20].

Natural sources and anthropogenic activities influence the distribution of heavy metals in coastal marine
sediments. In 1978-1979, Watling and Watling [21] conducted a study along the coast of Algoa Bay to
investigate the presence of heavy metals in water, sediments and molluscs. The study revealed that
estuaries and sewer outfalls contribute considerably to the metal concentrations in Algoa Bay. The findings
of Watling and Watling [21] serve as a baseline for future monitoring of this marine system if subjected to
further urbanization and industrialization [21].

More research is necessary to enhance the understanding of pollution sources and the impact of heavy
metals on marine ecosystems and to develop monitoring strategies to mitigate their release into the
environment. This study aimed to determine the distribution of sediment heavy metals in the nearshore
environment (10-30 m depth) of Algoa Bay and to determine the contamination and/or pollution status of
this habitat using various single and integrated indices. The identification of heavy metals in Algoa Bay is a
major concern to be addressed urgently, since Algoa Bay is considered the best monitored coastal area in
Africa because of the availability of information, including biophysical, socioeconomic and socioecological
data types [22].

A large portion of the bay was declared a marine protected area in 2019 to increase the protection of the
bay [23]. Although there is a wealth of information in Algoa Bay, there is a little information regarding
the distribution and concentration of heavy metals, and there is no information on the ecological risk of
these metals. South African studies on coastal marine sediments, particularly along the Indian Ocean Coast,
have commonly used reference upper continental values UCC as background concentrations, as no-region
specific UCC values are currently available for South Africa [6,24,25].

This study uses two single-chemical-element indices [i.e. geo-accumulation (lge,) and enrichment factor
(EF)], one multiple-chemical-index or integrated index [i.e. pollution load index (PLI)], and one ecological
risk index [i.e. potential ecological risk index (PERI) to describe the degree of contamination and/or
pollution in Algoa Bay] and to define the ecological risk associated with these heavy metals. The particle
size distribution and organic matter were considered as they play an important role in contamination
and/or pollution.

This study employed X-ray fluorescence (XRF) for the quantification of heavy metals, which has been
rarely used on marine sediments compared with frequently used spectroscopy methods (e.g. ICP-OES/ICP-
MS and AAS) [26,27]. XRF is nondestructive, requires minimal sample preparation and eliminates the need
for acid digestion. Therefore, this method is more environmental friendly, reducing the use of hazardous
reagents and also more cost effective for routine analysis. Furthermore, XRF provides rapid analytical
output, allowing for efficient quantification for both major and trace elements across a wide range of
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sample matrices, which is useful for monitoring programmes [28]. Unlike other methods, X-ray fluorescence
(XRF) does not require daily calibration, and once samples are prepared, they can be consistently re-
analysed with reproducible results over time [29]. As such, XRF is therefore recommended for preliminary
surveys and large-scale monitoring programs where time and resource efficient are crucial. Algoa Bay is
South Africa’s long-term monitoring site, where sediment health (focusing on metals) has not yet been
included in the monitoring programme.

2, Materials and methods
2.1 Study area and sample collection

Algoa Bay is situated along the coast of South Africa's Eastern Cape Province (Figure 1). The region is
influenced by the south-flowing Agulhas current. In the western corner of Algoa Bay lies the Nelson
Mandela Metropole, incorporating the large industrial city of Ggeberha (formerly Port Elizabeth), where a
multipurpose port is located. This port accommodates recreational and commercial fishing, cruise liners and
merchant vessels. The Algoa Bay seafloor mostly comprises sand with several reef-out crops [23]. Sand
mobility is high in the region, and substantial amounts of sand can cover low-relief reefs depending on
wave and ocean conditions [30]. Considering these factors, eight sampling transects (i.e. A3-A10) were
selected across the bay at which sediment samples were collected at three different depths (10, 20 and
30 m) (Figure 2). The sampling transects were located approximately 10 km (£2 km) from each other and
placed perpendicular to the shoreline. Transect A3 was located between Papenkuils outfall and Swartkops
Estuary mouth. Transect A4 was located approximately 3 km south of the Port of Ngqura entrance, while A5
was approximately 5 km north of the harbour. Transect 6 was located across the Sundays Estuary mouth.
Transects A7-A10 were located equidistant from each other and spanned the length of the Alexandria
Dunefield. Transect A10 is located across Woody Cape.

2.2 Sample preparation and analytical methods

A total of 22 marine sediment samples were collected in April 2023 using a Vaan Veen grab sampler
(sampling area: 0.025m?. A collected sample from each sampling depth (approx. 1 kg each) was
composited from triplicate samples and stored in an aluminium foil at 4°C pending the analyses. A
sediment sample was only acceptable if there was overlying water on top of the sediment inside the
Van Veen grab and if the sediment depth was =5 cm. The SeaBird 19plusV2 CTD was used for the in situ
measurement of physicochemical properties (i.e. temperature, pH and salinity). These parameters were
measured 1 m from the sea floor.

In the laboratory, sediment samples were air-dried overnight and sieved to remove larger fractions using
a 2000 pm stainless steel mesh sieve. Following, oven drying at 105 °C overnight to a constant weight and
then re-sieved through a 63 um mesh sieve, since heavy metals are generally associated with small grain
sizes [28,31]. The samples were then ground to a fine powder using an agate mortar. All the pulverized
samples were stored in a desiccator until they were analysed for major and trace elements.

2.2.1 Major elements analysis

The pulverised sediment sample was mixed with flux (66% lithium tetraborate and 34% lithium metaborate)
and releasing agent (0.65% ammonium iodide) at a ratio (1:9) for fuse bead preparation. The homogenized
sample (10 g) in a platinum crucible was fused at 1100 °C for 15 min in a furnace, cooled and stored in a
desiccator until XRF analysis for the chemical composition of major elements [32].

2.2.2 Trace element analysis
The pulverised sediment sample (10 g) was mixed with a binder solution (5% Mowiol) for trace metal
analysis. The homogenized mixture was well-ground and then compressed with a hydraulic press (20 tons)
into a 34 mm diameter pellet and stored in a desiccator until analysed [33-35].

The concentrations of major and trace elements (Cr, Mn, Fe, Ni, Cu, Zn, Mo, Co, As, Se, Cd, Hg, Ag and Pb)
were determined using a non-destructive Axios Max 4 KW wavelength-dispersion X-ray fluorescence
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Figure 1. Map of the study area of Algoa Bay showing eight transects from which sediment samples were collected.
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Figure 2. Algoa Bay sampling transects (A3—-A10) and three sampling depths per transect. Sediment samples from 20 m
at transects A8 and A10 could not be collected because of the presence of reefs.

(WDXRF) spectrometer (Panalytical, South Africa) on fused beads and pressed pellets, following the matrix
correction method proposed by Franzini et al. [36] and Leoni and Saitta [37]. This spectrometer is equipped
with a Rhodium tube as anode and a selection of filters, tube voltage and sample positions. Quantitative
analysis was conducted with the help of an inbuilt SuperQ software. The international certified reference
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Table 1. Calibration of major and trace elements including k-values, RMS and LLD.

Major/traces (standards) k-Value RMS value LLD (mg/kg/%)
Si0, (Wroxi-05) 0.973 0.5933 26.59
TiO, (Wroxi-14) 0.3687 0.1825 12.58
Al,03 (Wroxi-01) 0.6387 0.2950 13.17
Fe,0; (Wroxi-16) 0.0280 0.1565 15.33
Mn30,4 (Wroxi-17) 0.0136 0.0672 1292
MgO (Wroxi-02) 0.0348 0.2011 29.53
Ca0 (Wroxi-04) 0.036 0.2164 15.75
Na,O (Wroxi-3 + 1) 0.1026 0.2011 29.39
K,0 (Wroxi-13) 0.0178 0.2164 1143
P,05 (Wroxi-20) 0.0061 0.0192 7.64
Cr (Trace-011) 0.0027 0.0009 1.61
Mn (Trace-012) 0.0043 0.0043 2.56
Ni (Trace-009) 0.0012 0.0012 1.81
Zn (RMG-1) 0.0017 0.0021 1.62
Ag (Trace-014) 0.0005 0.0017 2.14
Se (W-1) 0.0003 0.0003 0.55
As (RMG-1) 0.0017 0.0017 2.67
Cd (NIM-1) 0.0005 0.0005 2.06
Pb (RMG-1) 0.0006 0.0006 1.16
Hg (Trace-016) 0.0045 0.0045 3.28
Mo (Trace-009) 0.0014 0.0014 0.42
Co (RMG-1) 0.0009 0.0009 2.64

material (BCR-2, Columbia River Basalt) obtained from the USGS was used as a certified reference material
(CRM) for the accuracy, calibration and standardization of the XRF instrument.

The calibration method utilized synthetic calibration standards and CRMs for the analysis of major and
trace elements. The WROXI application employed 10 WROXI standards to calibrate major oxides using fused
bead samples, while Pro-Trace application used 8 trace element standards for the calibration of pressed
pellet samples. Calibration curves were established by plotting element concentrations against X-ray count
rates. The calibration performance for each major oxide and trace element was evaluated using k-values,
root mean square error (RMS) and the lower detection limits (LDL) summarised in Table 1. RMS assesses the
overall accuracy of the calibration, whereas k-value provides more comprehensive evaluation by incorpo-
rating both the calibration quality and the reliability of the standards. Generally, lower RMS values and
k-values below 0.05 indicate a well-optimised calibration, supporting accurate and reliable XRF measure-
ments [29,38].

2.3 Quality assurance and quality control

Comprehensive quality control and assurance procedures were adopted for this study. Apart from analysing
standards for calibration, the XRF instrument was routinely checked using two monitor samples for major
elements (BGSMON and FLXS-3) and two for trace elements (AUSMON and BGSMON), ensuring across a
wide intensity range. The metal calibration curves were monitored by coefficient correlation and standard
deviation to maintain analytical integrity. The CRM (BCR-2-basalt) was analysed ten times to ensure
the accuracy and precision of the data obtained. The recoveries for the certified reference material are
presented in Table 2, and the findings were in agreement with the reference values. All analyses were
conducted in triplicate, and the findings are presented as the mean concentrations. All reagents used in
the experiment were of analytical grade or higher.

The recoveries from the analysis of a CRM were in agreement with the reference values. The recoveries
ranged between 98.8%-107.8% (major elements) and 97.9%-105.6% (trace elements).

2.4 Sediment quality guidelines (SQGs)

The risk of contamination in this study was evaluated according to the United States Environmental
Protection Agency (USEPA), sediment quality guidelines (SQGs), ecotoxicological values, which includes
threshold effect concentration (TEC), probable effect concentration (PEC), effect range low (ERL) and effect
range medium (ERM), since there are no South African sediment quality guidelines [15]. An element
concentration lower than the TEC indicates a minimum range of effects to predict conditions under
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Table 2. Analysis of CRM (BCR-2) for major (%) and trace elements (mg/kg) [39].

Majors Certified Measured (%) Recoveries (%) Traces Certified Measured (mg/kg) Recoveries (%)
Si0, 54.16 53.5 98.8 Cr 18+2 19.0 105.6
TiO, 2.34 2.5 107.8 Co 37.33 37.0 99.1
Al,05 13.37 133 99.4 Ni 12.57 123 97.9
Fe,05 13.82 14.0 101.4 Cu 19+2 19.0 100.1
Mn30,4 0.20 0.2 105.5 Zn 127+9 133.0 104.7
MgO 3.56 3.6 102.2 Mn 1520 1497 98.5
Ca0 7.14 7.5 104.6 As 0.86 0.9 104.6
Na,0 3.16 3.2 100.9 Pb 10.59 10.2 96.8
K;0 1.75 1.8 105.4 Cd 0.69 0.7 102.9
P,0s 0.35 0.4 103.7 Mo 250.6 249.7 99.6

which biological impacts are rare. The higher concentration than TEC but lower than the PEC indicates the
occasional occurrence of biological impacts [15]. Concentrations higher than PEC indicate negative
biological impacts. The concentration values below ERL signify no biological effects, whereas the values
above ERM indicate a harmful threat to the biological community [40].

2.5 Organic matter determination in sediment samples

The organic matter amount in sediments was determined using the Walkley—Black method of acid-base
titration. This process is based on oxidising of all organic carbon content in the sediment samples using
potassium dichromate (K,Cr,05) solution and concentrated sulphuric acid (98%) at appropriate concentra-
tions during the heating treatment of the samples. Following was the addition of ortho-phosphoric acid
(85%) and back titrated with ferrous ammonium sulphate base employing the diphenylamine indicator. To
determine the organic matter content, approximately 0.2-0.5 g of the sediment was used in each sample
and placed in a 25 mL volumetric flask thoroughly cleaned with nitric acid (10%) [41].

2.6 Particle size distribution analysis in sediment core samples

The wet sieving method was used for categorising sediments into sand, silt and clay percentage determi-
nation in marine sediment samples. The sediment samples were first soaked in 10% hydrogen peroxide
(H,0,) to remove organic matter and 100 mL calgon (1%) solution dispersing agent to segregate the grain
sizes in samples. The prepared sample was mixed with distilled water and then an aliquot was extracted at
various times after monitoring the settling time required for sand, silt and clay-sized particles to determine
the quantity of particles of a specific size that had settled. A description of the sediment was carried out
using Folk's classification. According to the classification system, clay and silt are less than 63 pm, and sand
particles range from 63 to 2000 um, and when the sand grain size percentage increases, silt and clay
decreases [42].

2.7 Assessing the contamination status of the sediment

To assess the source and status of the heavy metal contamination in sediments, five indices were used and
are defined below.

2.7.1 Geo-accumulation (l)geo

The geo-accumulation index (lgeo) has been widely used to assess the pollution of heavy metals in
sediments and soil. It was first proposed by Mdiller [43]. The Ig¢, values were calculated using the following
equation:

Cs

—_— 1
1.5 X Bn M

Igeo = log,

where C, represents the measured concentration of the heavy metals in the sample. B, represents the
background reference concentration. Owing to a lack of data on the background values of the study area,
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Table 3. Range of pollution determined in the lge, index proposed by
Mdller [42,46].

lgeo range Interpretation

lgeo < 0 Uncontaminated

0<lgeo < 1 Uncontaminated to moderately contaminated
1 < lgeo < 2 Moderately contaminated

2 <lgeo <3 Moderately to heavily contaminated

3<lgeo < 4 Heavily contaminated

4 <lgeo <5 Heavily to extremely contaminated

5 < lgeo Extremely contaminated

Table 4. Enrichment factor (EF) contamination classes [46,47].

Enrichment factor (EF) Classes

EF<2 Deficiency to minimal enrichment
2 <EF<5 Moderate enrichment
5<EF<20 Significant enrichment

20 < EF<40 Very high enrichment

EF > 40 Extremely high enrichment

Table 5. Pollution load index categories [46].

Pollution load index (PLI) Categories

PLI <1 Not polluted

PLI=1 Baseline levels of pollution
PLI > 1 Polluted

the element concentrations of the upper continental crust (UCC values) were used as background
references (Taylor and McLennan) [44,45]. The constant of 1.5 accommodates possible background value
variations due to the sediment's lithologic variation. Geo-accumulation can be interpreted as indicated in
Table 3.

2.7.1.1 Enrichment factor (EF) The enrichment factor (EF) is a helpful indicator that reflects the status of
the environmental contaminants, particularly heavy metals in the marine environment. It is used to assess
whether heavy metal contamination in each sediment is of natural (EF < 2) or anthropogenic origin (EF > 2) [41].
The following equation expresses the enrichment factor:

EF = (Cs/Cn)sample (2)

(Cb/Cn) background

where (C,/C,) refers to the ratio between the metal concentration in the sample (Cs) and the concentration
of the reference metal (C,) in the sediment sample. The (Cy,,C,) background is the ratio between the
background concentration of the element (C,) and the reference metal (C,,) of the normalizing element.
Iron and aluminium are typically used as normalising elements because of their low variability in the
environment [8]. In this study, iron was used as a normalising element because of its relative abundance in
crustal materials [24]. EF is interpreted according to 5 classes (Table 4).

2.7.1.2 Pollution load index (PLI) The pollution load index (PLI) is used to assess the toxicity status of
each site. It evaluates the extent of the contamination by metals in the marine ecosystem [48]. The PLI was
obtained as a function of the CF (contamination factor) of each metal by using the following equation:

PLI = (CF1 x CF2 x CF3 x CFn)1/n 3)

where n represents the number of heavy metals and CF represents the contamination factor. PLI is classified
into 3 categories (Table 5). The contamination factor is calculated as a ratio between the heavy metal
concentration and the background value using the following equation:

CF = Cs/Cn 4)



8 X. GUMEDE ET AL.

Table 6. Relationship among E,', PERI and pollution levels [52].

_ Grade of ecological risk of a single Potential ecological risk Grade of potential ecological risk of the
Ecological risk (£,) metal index (PERI) environment
E < 40 Low ecological risk PERI < 150 Low ecological risk
40<E' <80 Moderate ecological risk 150 < PERI < 300 Moderate ecological risk
80<E' <160 Considerable ecological risk 300 < PERI < 600 High ecological risk
160 <E, < 320 High ecological risk PERI = 600 Significantly high ecological risk
E'>320 Serious ecological risk

where C, represents the measured value of the element and where C, represents the corresponding upper
continental crust (UCC) background value (Taylor and McLennan) [44,45].

2.8 Assessing the potential ecological risk index (PERI) of sediment

The ecological risk index (E,') represents a factor that comprehensively evaluates the potential ecological
risk that heavy metals pose in marine sediment. It not only assesses the pollution status in the sediment but
also combines ecological and environmental toxicology [15]. The index can reveal potential relationships
(toxicity level, ecological sensitivity and synergy) between all assessed heavy metals [49]. E,' is calculated as
follows, as proposed by Hakanson [50]:

Eri = TriXCF (5)
where T, ' is the toxicity response of the single metal of interest, CF is the contamination factor calculated
for each metal, and Eri is the ecological risk coefficient for the heavy meal of interest [51]. The following
toxic response factors were used: Cu=Pb=Co=Mo=Ni=5,Zn=1,Cr=2,Mn=1, As=10, Cd =30, Hg =40
[8,50]. The E,' and PERI categories are presented in Table 6. The potential ecological risk index (PERI)
assesses the ecological risk related to all chemical elements present in the study area and is determined
by the sum of the individual ecological risk factors of these elements. The PERI is calculated using the
following equation:

PERI = ) FEri (6)

2.9 Statistical analysis

Pearson correlation was applied to assess the relationships among various heavy metals across Algoa Bay,
using a bivariate approach to reveal the associations [53-55]. Statistical significance was assessed at 0.05
level in all cases. PCA was used to extract key components of the data responsible for explaining the
variation in heavy metals concentration and to infer whether they had a common source [8]. All the
statistical analysis were conducted using SPSS statistics software, version 29.0.

3. Results and discussion
3.1 Physio-chemical properties, organic matter and grain size

The temperature varied from 11 °C at A4 (30 m) to 18 °C at A5 (10 m) (Figure 3). Higher temperatures were
generally recorded at a 10 m depth contour (shallow waters), which was generally closer to the shoreline,
while lower temperatures were generally recorded in deeper waters at 30 m. Lower temperatures were also
recorded at A4 and A6 at all water depths, indicating the potential influence of port activities from the Port
of Ngqura at A4 and the influence of Sundays Estuary at A6. The temperature recorded in this study is
within the temperature range recorded previously in Algoa Bay [56,57].

Furthermore, Figure 3 reported that the pH ranged between 7.69 at A6 (10 m) and 8.24 at A3 (10 m), with
an average of 8.0. The results concur with Edworthy et al. [57], who recorded an average pH of 8.10 £ 0.06
(range: 8.02-8.32) at their offshore sites, which were located at 30 m depth contour while they recorded an
average of 8.10£0.13 (range: 7.98-8.44) at their inshore sites located at a surf zone (<1 m) [57]. The pH
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Figure 3. Representation of the variation in physicochemical properties across transects of different depths in Algoa Bay.
i.e. (@) Temperature, (b) pH and (c) salinity.

generally decreased towards A10 (Woody Cape) with a considerably low pH recorded at A6 at all depths,
followed by A4 at all depths. Variation in pH tends to increase the toxicity of heavy metals and that can
damage the coastal marine ecosystem.

Salinity is a measure of dissolved salts in water and is an important parameter that affects the survival of
aquatic plants and animals. Salinity ranged from 34.72 at A9 (30 m) to 35.16 at A3 (20 m) (Figure 3).
Salinities of shallower waters at A3-A5 were generally lower, but higher from A6 to A10. An average salinity
of 34.9 across the whole study area is in agreement with the findings of Edworthy et al. [57].

The organic carbon content in sediments and soils is highly associated with pollutants; hence, it can be
used for estimating pollution levels. The sediment organic content (TOC %) ranged from 0.6% at A10 (30 m)
to 4.04% at A4 (30 m), with an average of 2.2% (Figure 4). In most sampling sites, particularly in the western
sector (i.e. A3-A6), the sediment organic content generally increased with increasing depth, whereas the
organic content in the eastern corner generally decreased with depth, with the lowest organic content
recorded at A10. The highest sediment organic content (>3%) was measured at A4-A6 at 30 m. The results
for the organic carbon content are consistent with those obtained from the previous studies of the same
area [58-60].

The sediment texture was generally sandy, with 91.5% sand recorded at A4 (30 m) to 100.0% sand
recorded at A5 (10-20 m) (Figure 5). The mud fraction (i.e. silt + clay) was highly negatively correlated with
the sand fraction, as expected. No mud was recorded in the shallower waters of A5, with a low percentage
of 0.8% recorded in the shallow water of A6 and a high percentage of 8.5% recorded at deeper waters
of A4.

3.2 Chemical composition

The results for the geochemical composition of the three laboratory replicates of marine coastal sediments
(10 g of each sample) with their statistical percentages are presented in Table 7. They were ranked in
descending order: SiO, > CaO >TiO, > NaO, > Fe;,03 > MgO > K,0 > Al,O3 > P,05 > Mn30,4, SiO, was the
most abundant ranging from 63.2% to 77.5% with an average of 71.2%, indicating that the sediments of
Algoa Bay are rich in quartz [61]. Al,O5; concentration ranged from 0.2% to 0.9%, Fe,O3 from 0.7% to 1.9%,
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Table 7. Descriptive statistics and major oxides (%) of marine sediments of Algoa Bay: UCC - upper continental

crust [63-65].

Parameters Sio, Al,05 TiO, Fe,03 Mn30, MgO Cao Na,O K,0 P,05
Min 63.2 0.2 1.1 0.7 0.1 0.7 21.6 0.7 0.3 0.1
Max 77.5 0.9 39 1.9 0.1 14 309 1.8 1.1 0.9
Mean (%) 71.2 0.5 2.5 1.2 0.1 1.0 26.2 13 0.7 0.2
SD 3.7 0.2 0.9 0.3 0.1 0.2 2.9 0.3 0.2 0.2
UCC values 66.00 15.20 0.50 450 0.1 2.48 4.20 3.90 3.40 0.17

Na,O from 0.7% to 1.8%, K,0 from 0.3% to 1.8%, MgO from 0.7% to 1.4% and MnsO, remained relatively
constant at 0.1%. Maliwa [62] conducted a study on seafloor sediments and grain size analysis in Algoa Bay,
which revealed that lithological composition of the bay includes minerals such as quartz and hematite [62].

The oxide concentrations observed in this study were compared to average UCC values. Most major
oxides were found at lower concentration than UCC values, except for SiO,, CaO, P,05 and TiO,, P,0s
ranged from 0.1% to 0.9%. The elevated levels of CaO ranging from 21.6% to 30.9% in the sediments reflect
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Figure 6. Heavy metal concentrations at different depths of Algoa Bay (10, 20 and 30 m).

the presence of calcium carbonate derived from biogenic sources such as shell fragments, which are
common in Algoa Bay [62]. The elevated TiO, ranging from 1.1% to 3.9% may be attributed to the presence
of accessory heavy minerals such as zircon and rutile [62].

3.3 Heavy metals concentration

The mean concentration of heavy metals measured at different depths (10, 20 and 30 m) for Algoa Bay in the
marine coastal sediments are shown in Figure 6. The reported metal concentrations were generally greater than
historically reported by Watling and Walting [21], whose data partially serves as baseline conditions, since it is
not clear if subtidal sediments were collected at 30 m depth [21]. The concentration ranged from 0.8 to
124.5 mg/kg at 10 m depth contour, 0.5-96.7 mg/kg at 20 m depth contour and 0.7 mg/kg - Mn 113.3 mg/kg at
30 m depth contour. Higher concentrations were reported for Mn (124.5 mg/kg), As (15.5 mg/kg) and Mo
(0.8 mg/kg) closer to shoreline at 10 m depth contour, while higher concentrations for Cr (65.0 mg/kg),
Co (2.2mg/kg), Ni (5.7 mg/kg), Cu (7.5 mg/kg), Zn (15.6 mg/kg), Se (2.5 mg/kg), Ag (9.7 mg/kg), Hg (4.0 mg/
kg) and Pb (11.8 mg/kg) were reported in the deeper waters at 30 m depth contour. Lower concentrations were
observed at 20 m depth contour.

High concentrations reported at A3, A4, A5 and A6 indicated the potential influence of Papenkuils River and
Swartkops Estuary at A3, the influence of Port of Ngqura at A4, and the influence of Sunday Estuary mouth at
A6. Based on the average concentrations, heavy metals in the 10 m contour were ranked in a descending order:
Mn (124.5 mg/kg) > Cr (63.6 mg/kg) > As (15.5 mg/kg) > Zn (12.6 mg/kg) > Pb (11.4 mg/kg) > Ag (9.4 mg/kg) >
Cu (7.1 mg/kg) > Ni (5.1 mg/kg) > Cd (4.8 mg/kg) > Hg (3.1 mg/kg) > Se (2.5 mg/kg) > Co (2.1 mg/kg) > Mo
(0.8 mg/kg). Furthermore, the mean concentration of heavy metals in the 30 m depth contour were ranked in
the descending order as follows: Mn (113.3 mg/kg) > Cr (65.0 mg/kg) > Zn (15.6 mg/kg) > As (15.5 mg/kg) > Pb
(11.8 mg/kg) > Ag (9.7 mg/kg) > Cu (9.5mg/kg) > Cd (5.8 mg/kg) > Ni (5.7 mg/kg) > Hg (4.0 mg/kg) > Se
(2.5 mg/kg) > Co (2.2 mg/kg) > Mo (0.7 mg/kg).

Fe concentration analysed in this study was used as a normalising element for enrichment factor
calculation. However, Fe concentration reported was greater at all depths as compared with other metals
[i.e. 7616.48 mg/kg (10 m), 7818.32 mg/kg (20 m), 10011.43 mg/kg (30 m)]. Masikane [60] measured metals
in sediments at 10 m depth contour in the western sector of Algoa Bay (King Beach to the mouth of
Sundays River Estuary) in 2008 and found metals to be within the baseline concentrations except for a slight
elevation of copper across the Papenkuils River [60]. The heavy metal concentrations reported for this study
were higher than those reported by Masikane [60].
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Table 8. Descriptive mean heavy metal concentrations, UCC values and sediment quality guidelines.

Country Location Method Metal concentrations (mg/kg) Reference

Cr Mn Co Ni Cu Zn As Se Mo Ag Cd Hg Pb
South Africa Algoa Bay XRF 10m 63.8 1245 21 51 71 126 155 25 08 94 48 3.1 114 Present study
20 m 590 967 22 48 62 118 13.00 200 05 98 48 48 104 Present study
30 m 650 1133 22 57 75 156 155 25 07 97 58 40 118 Present study
Upper 83.0 6000 17.0 440 250 710 20 500 15 005 0.10 0.05 17.0 [44,45]
continental
values (UCC-
values)
(mg/kg)

Sediment quality guidelines (mg/kg)
Cr Mn  Co Ni Cu Zn As Se Mo Ag Cd Hg Pb

Threshold concentration (TEC) 434 - - 227 316 1210 979 - - - 099 0.18 35.80 [66]
Probable concentration (PEC) 110 - - 486 149.0 4590 330 - - - 498 1.06 128.0 [66]
Effect range low (ERL) 81.0 - - 209 340 1500 82 - - - 1.2 015 46.7 [40]
Effect range median (ERM) 370.0 - - 516 270.0 410.0 70.0 - - - 9.6 0.71 218.0 [40]

The current study results indicated that at all depths, heavy metals, including Cr and As, were above the
TEC (threshold concentration) but below the PEC (probable concentration), suggesting that biological
impacts may occur in different organisms with varying sensitivity to heavy metals (Table 8). Hg (10, 20 and
30 m) and Cd (30 m) were above the PEC, indicating a possible negative biological impact on the marine
system. The concentration of heavy metals such as Cr, Cu, Ni, Pb and Zn was below the ERL (effect range
low) values in all depths, suggesting no harmful effect to aquatic biota due to the presence of these metals,
whereas heavy metals such as Hg, As and Ag were above the ERM (effect range medium) in all depths,
indicating harmful effects on the biological community. Cd at all depths was above ERL but below ERM
indicating that biological impacts may occasionally occur.

The pollution of marine coastal sediments by heavy metals is due to anthropogenic activities [15,67,68].
When the mean values of the heavy metals were compared with the background reference values, the findings
showed that As, Ag, Cd and Hg levels were higher than the UCC background values at all depths, suggesting the
influence of anthropogenic activities. Walting and Walting [21] reported the elevation of cadmium (Cd) and
mercury (Hg) concentration near the harbour in Algoa Bay. The elevated heavy metals (Cd and Hg) levels were
detected in sediments collected from the mouth of Papenkuils River and Fish water flats sewer outfalls [21].

3.4 Pollution indices

3.4.1 Geo-accumulation (lgeo)

The coastal sediments of Algoa Bay were assessed for contamination using the geo-accumulation index.
The lgeo values were calculated for each heavy metal and were presented according to depths (10, 20 and
30 m) (Figure 7). Based on the classification system by Muller [43], sediments are uncontaminated by Cr, Mn,
Co, Ni, Cu, Zn, Se, Mo and Pb (lge, < 0) at all depths. However, the sediments were extremely contaminated
by Ag, Hg and Cd (lgec > 5) at all depths. The sediments were moderately to heavily contaminated by As
(2 <lgeo < 3) at all depths. These results are consistent with some of the previous studies conducted on
the South African coastline, particularly at the beaches, since there are very few published studies that have
reported on subtidal marine sediment metals. For example, beach sediments of St. Lucia and Sodwana
were heavily contaminated by Cr and Hg [24], meanwhile, beach sediments in the Richards Bay area were
moderately to extremely contaminated by Cd [69]. Beach sediments south of Durban were moderately to
extremely contaminated by Cr and Hg [25]. In False Bay, sediments were heavily to extremely contaminated
by Hg (4 <lgeo < 5) and heavily contaminated by As and Cd (3 < lgeo < 4) [6].

3.4.2 Enrichment factor (EF)

Algoa Bay sediments showed very high enrichment (20 < EF < 40) by As, with closer to the shoreline sites
(i.e. 10m) at A4 and A5 showing extremely high enrichment (EF > 40) (Figure 8). Mo was significantly
enriched (5 < EF < 20) in sites A6 (30 m), A8 (30 m), A9 (10 m) and A10 (10 m), and demonstrated very high
enrichment (20 < EF < 40) to extremely high enrichment (EF = 40) at nearshore sites A4 and A5 (10 m). Ag
was deficient in minimal enrichment (EF < 2) in closer to the shoreline sites (10 m) at A7 and A10, while
showed significantly enriched (5 < EF <20) in sites A3 (20 m), A4 (10 m), A6 (20 m) and A10 (10 m) and
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Figure 8. Enrichment factor heavy metals across Algoa Bay transects (a) Cr, (b) Mn, (c) Co, (d) Ni, (e) Cu, (f) Zn, (g) As, (h)
Se, (i) Mo, (j) Ag, (k), Cd, (I) Hg and (m) Pb.

exhibited extremely high enrichment (EF = 40) at A3, A4, A5, A6 and A10 deeper sites (i.e. 30 m). On the
other hand, Cd was generally extremely high enriched (EF = 40) across all sites, and Hg was also extremely
high enriched (EF > 40), except in A4 (10 and 20 m), A6 (20 m), A8 (10 and 30 m) and A9 (30 m). These
results contrast with other previous studies conducted in the KwaZulu-Natal coastline (i.e. beach sediments
of Durban North and Ballito were extremely severe enriched by Hg and Cd) [25].
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Figure 9. Pollution load across Algoa Bay shows no discernible pattern across transects and between depth contours.
Data were pooled across depth for each transect, i.e. (a) PLI and (b) pooled data.

Sediments presented moderate (across sampling sites) to significant enrichment (5 < EF <20) in Pb at
site A5 (10 m), Cu at site A4 (30 m) and A5 (10 m), while Cr was moderately enriched (2 < EF < 5) across all
the sampling sites. Mn, Se, Zn, Cu, Ni and Co were the only heavy metals that were generally deficiency to
minimally enriched (EF < 2) across all the sampling sites, suggesting that these metals may be entirely from
crustal materials or weathering processes. Newman and Watling [70] constructed a baseline metal concen-
tration model in coastal sediments and the concentrations reported in their research were below the
concentrations for this study. The cadmium baseline concentration was 0.322 ug/g [70].

3.4.3 Pollution load index (PLI)

Figure 9 shows the variation in the pollution load of each heavy metal across transects and between depth
contours (10, 20 and 30 m). The sediments across the Algoa Bay sites were polluted by Ag, Hg, Cd, Mo and
As, with pollution load ranging from 1.88 (A8, 30 m) to 3.52 (A6 and A7, 30 m). PLI showed no discernible
pattern across transects except at A7 (i.e. PLI increased from 10 m to 30 m depth contour (i.e. PLI=2.77
(10 m), PLI=3.35 (20 m) and PLI=3.52 (30 m)). In A5, the PLI decreases from closer to the shoreline (10 m)
to deeper waters (30 m) (i.e. PLI=3.42 (10 m), PLI=3.16 (20 m) and PLI=2.83 (30 m)) (Figure 10).

PLI is a valuable tool for identifying and managing sites with significant degradation, providing a
perspective on pollution levels, and identifying areas of concern requiring management strategies [71].
Pooled PLI data revealed that the pollution load (PLI =3.22) was greater at transect A3, which is located in
the western corner of Algoa Bay, incorporating the large industrial city of Ggeberha (formerly Port
Elizabeth), where the multipurpose port is located. However, the pollution load PLI (PLI =2.17) was lower
in transect A8, which is located across the eastern sector of Algoa Bay (Alexandria Dunefield). The general
decrease in the pollution load from the western sector to the eastern corner corresponds with the
longshore drift, which generally flows from south—-west to north-east. Sediment transport from the western
corner to the eastern corner also decreased drastically, decreasing from 400 m? x 10° per annum from Cape
Recife to 160 m® x 10° per annum at A3 [61]. The higher PLI observed in transect A3 was likely due to the
influence of the Papenkuils and Swatkops river estuary, which contribute a significant amount of heavy
metals to the bay [72,73].

3.4.4 Potential ecological risk assessment (PERI)

The potential ecological risk assessment index (PERI) of the coastal sediments in Algoa Bay was assessed
based on the potential toxic elements in all transects across three depths (10, 20 and 30 m). PERI may act as
a tool to understand and control pollution [15]. The comprehensive PERI represents the sum of all potential
ecological risk factors (E,i) of the heavy metals examined in this study. According to Hakanson (1980), the
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Figure 10. Evaluation of sediments contamination at different sampling sites of Algoa Bay with respect to the pollution
load index (PLI).

ecological risk was low (E,i < 40) for heavy metals (i.e. Cr, Mn, Co, Ni, Cu, Zn and Pb), except for As with
moderate ecological risk (40 < E,' < 80). Cd and Hg exhibited significantly high ecological risk (E,' > 320). The
potential ecological risk (E) in Algoa Bay decreased in the following order for all the sampling sites: Hg >
Cd > As > Pb > Mo > Cr > Cu > Co > Ni > Mn > Zn.

The sum of PERI was calculated for each depth (10, 20 and 30 m) in Algoa Bay based on potential
ecological risk factors associated with each heavy metal (Figure 11). PERI results suggested a significantly
high risk (PERI > 600) at all depths (i.e. PERI=4013 at 10 m, 5391 at 20 m and 5051 at 30 m depth). Cd and
Hg were the main contributors to the significantly high ecological risk (PERI > 600). Similar findings align
with results recorded for KwaZulu-Natal beach sediments [25,53,74]. For example, Cd and Hg contributed to
the significantly high ecological risk of beach sediments in St. Lucia and Sodwana Bay [24]. However, the
PERI obtained in Algoa Bay was lower than that recorded along the KwaZulu-Natal coastline. The difference
attribute from industries activities along the KZN coast, which discharges directly or indirectly into nearby
areas. In addition, fine particulate matter from these activities can be transported through wind-driven
processes over time, further contributing to contamination [69]. The KZN coast is also characterised by
several large rivers such as Tugela and Umngeni, which drain extensive agriculture, industrial zone and
densely populated catchments [24].

The ecological risk factor for Hg was greater in St. Lucia and Sodwana Bay (South Africa) as compared to
Algoa Bay, while Cd value had a lower ecological risk factor. In False Bay, Simon'’s town (South Africa), Cu
contributed to a significantly high ecological risk (PERI > 600), while Cd contributed to a moderate
ecological risk (150 < PERI < 300), and Hg contributed to a low ecological risk (PERI < 150) [6].

3.5 Pearson correlation and principal component analysis

The results of the Pearson correlation analysis and their significance level are presented in Table 9. Mo was
significantly (p < 0.05) correlated with Cr (r=0.771), Mn (r=0.921), Ni (r=0.944) and Zn (r=0.739). Zn was
also positively correlated with Mn (r =0.653), Ni (r=0.826) and Cu (r = 0.650). Pb exhibited strong positively
correlations with Mn (r=0.912), Ni (r=0.502), Cu (r=0.838), Zn (r=0.666), As (r =0.807) and Ag (r=0.657),
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Figure 11. Potential ecological risk index (PERI) of sediments in Algoa Bay at (a) 10 m, (b) 20 m and (c) 30 m.

Table 9. Pearson correlation concentration of heavy metals.

Metals Cr Mn Co Ni Cu Zn As Se Mo Ag Cd Hg Pb
Cr 1

Mn 04717 1

Co -0.104  0.024 1

Ni 0.493" 0586 0.387 1

Cu 0532 0.498" 0.245 0650 1

Zn 0413 0653 0456 0826 0650 1

As 0.020 0465  —0.070 0.058  0.290 0.141 1

Se 0222 0365 0.069 0235 0378 0.192 07777 1

Mo 0771 0921 —0.944 0944  0.482 0739 —08% —0.171 1

Ag -0.106 0275 -0214  —-0007  0.089 0.184 07117 0465 0077 1

cd 0072 0253 0.255 0213 0258 0.033 0.357 440" 0027 05847 1

Hg 0.048  0.182 -0.004 0365  0.206 0221  —0.092 0034 0012 0724 0024 1

Pb 0.004 09127  -0.051 0502  0.838°  0.666 0.807° 0358 b 0.657 0462 0464 1

The correlation is significant at the 0.05 level (2-tailed).
The correlation is significant at the 0.01 level (2-tailed).
P Cannot be computed because at least one of the variables is constant.

suggesting that these heavy metals originated from a common source and may have identical behaviour [70].
As was positively correlated with Se (r=0.777). In contrast, Ag showed a weak negative correlation with Cr
(r=-0.106), Ni (r=-0.007), Zn (r=-0.184) and Mo (r=-0.077), indicated these metals are likely originated
from different sources. PCA extracted three components that accounted for 100% of the total variance in the
relationship between the potential ecological risk and enrichment of each heavy metal at three depths (10, 20
and 30 m) (Figure 12). The findings of the Pearson correlation and PCA cluster analysis were consistence.

Cluster 1, located closer to the shoreline at the 10 m depth contour, showed a strong positive loading on
Component 1 for several metals, including As (0.845), Se (0.813), Cr (0.774), Mn (0.819), Cu (0.782), Zn
(0.645), Cd (0.901), Pb (0.935) and Mo (0.913). This pattern suggests a mixed inputs from both natural and
anthropogenic sources. However, negative loadings were observed for PERI (-0.127), Ag (—0.073) and Hg
(—0.271) indicating contamination of these metals and suggesting a likely common anthropogenic origin
(most likely industrial sources or urban runoffs), as supported by enrichment factor analysis.
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Figure 12. Representation of the principal component analysis (PCA) for PERI and heavy metals enrichment at (a) 10 m,
(b) 20m and (c) 30 m.

Component 3 presented strong negative loadings for PER (-0.265), Hg (-0.211), Ag (-0.031), Se
(-0.260) and As (-0.323), suggesting that their presence is primary driven from anthropogenic
activities, particularly industrial and urban effluents. Additionally, negative loadings of Mo (-0.307)
and Mn (—0.257) in this component suggest mixed from both natural and human-related sources,
such as manganese ore export, sewage effluents and catchment mineralization. Cr, Cd, Co, Zn, Cu
and Ni displayed a positive loading, likely associated with road dust, vehicular emissions and
runoffs.

Cluster 2 (20 m) and Cluster 3 (30 m) exhibited the same trend for PERI and observed metals, indicating
comparable sources and transport pathways of metal enrichment. Overall, the PCA analysis results indicate
that heavy metal distributions in the Algoa Bay are influenced by a combination of natural processes and
anthropogenic activities, including industrial emissions and urban development.

3.6 Global comparison

The potential ecological risks index (PERI) for heavy metals in the marine coastal sediments of Algoa Bay
(South Africa) were compared with other potential ecological risk assessments reported in the literature
(Table 10). The sum of PERI in Algoa Bay was calculated in three depths, with Cd and Hg being the main
contributors with significantly high ecological risk (PERI = 600). This study is in agreement with the potential
ecological risk in the sediments of the Red Sea (Egypt) with a significantly high ecological risk (PERI > 600),
with Cd being the main pollutant [68]. In contrast, the potential ecological risk in Limbe coastal ridges
(Cameroon) was low (PERI < 150) for all pollutants [46]. In the Bay of Bengal Coast (Bangladesh), the
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Table 10. Global comparison of potential ecological risk assessment index (PERI) and pollution load index (PLI) for
marine sediments.

Location Country Method Heavy metals Ecological Risk Indices References
(PLI,PERI)
Sodwana Bay & South Africa ICPMS/OES Fe, Mg, Cr, Mn, Co, Ni, Cu, PERI = 600, significantly high ecological risk (Hg and [24]
St. Lucia Zn, Mo, Cd, Hg and Pb Cd), 150 < PERI < 300, moderate ecological
risk (Cr).
Simons Town South Africa ICPMS/OES Cr, Mn, Co, Ni, Zn, Cu, As, PLI > 1, pollution(Co, Ni, Zn, Cu, As, Se, Mo, Cd, Hg, [6]

Se, Mo, Cd, Hg and Pb Pb), PERI = 600, significantly high ecological risk
(Cu),150 < PERI < 300, moderate ecological risk
(Cd), PERI < 150, low ecological risk (Hg)

Limbe Coastal Cameroon ICPMS/OES  Cr, Mn, Co, Ni, Cu, Zn PERI < 150, low ecological risk [76]
Fringes and Cd
Red Sea Egypt ICPMS/OES  Mn, Co, Ni, Cu, Cd, Pb, Fe  PERI > 600, significantly high ecological risk (Cd), [68]
and Sr PERI < 150, low ecological risk (Pb)
Black Sea Coast Turkey ICPMS/OES  Cr, Mn, Ni, Cu, As, Cd, Hg 150 < PERI < 300, moderate ecological risk all metals [15]
and Pb
PLI < 1 (geological origin)
Bay of Bengal Bangladesh  ICPMS/OES As, Cr, Cd and Pb PLI > 1, pollution (As, Cr, Cd, Pb), PERI = 600, [75]
coast significant high risk (Pb and Cr).
300 < PERI > 600, high ecological risk (Cd).
Algoa Bay South Africa XRF Cr,Mn,Co,Ni, Cu,Zn, As, PLI > 1, pollution (Hg, As, Se, Cd and Ag) Present study
Se, Ag, Mo Cd, Hg
and Pb

PERI = 600, significantly high ecological risk (Hg and
Cd) (10, 20 and 30 m depth).

potential ecological risk was significantly high (PERI = 600), with Cr and Pb being the main contributors [75].
The potential ecological risk in Black Sea Coast sediments (Turkey) was moderate (150 < PERI < 300) [15].

Sediments across Algoa Bay sampling sites were anthropogenically polluted by Ag, Hg, Cd, Mo and
As (PLI > 1), while False Bay sediments were polluted by Cr, Mn, Co, Ni, Zn, Cu, As, Se, Mo, Cd, Hg and
Pb (PLI > 1) [6]. Bangladesh sediments were polluted by As, Cr, Cd and Pb through anthropogenic activities
(PLI > 1) [75], while Black Sea Coast sediments were unpolluted by heavy metals [15].

4, Conclusion

Coastal heavy metal pollution, driven by increasing population and industrial activities, poses a significant
environment and social challenges. This study assessed the spatial distribution and ecological risk of heavy
metals in the nearshore sediments of Algoa Bay (i.e., depths ranging from 10 m to 30 m). Higher concentra-
tions (i.e. Mn, As and Mo) were generally observed in both at shallow waters (10 m) and deeper waters (30 m),
suggesting the potential for land drainage (e.g. estuarine and/or riverine discharges and port activities).

Certain metals particularly, As, Ag, Cd and Hg, exceeded background levels UCC suggesting the
direct impact of anthropogenic activities. Hg (at all depths) and Cd (at 30 m depth) exceeded the
probable effect concentration (PEC), indicating the potential ecological harm. As and Cr exceeded
threshold effect concentration (TEC), suggesting biological effects, while other metals (e.g. Zn, Pb, Ag,
Cu, Ni, Se, Co and Mo) remained below ecological risk thresholds, suggesting no harmful effects to
aquatic biota.

This study further assessed contamination and/or pollution levels using various chemical-based indices.
The evaluation of contamination assessments using geo-accumulation (lge,) and EF (enrichment factor)
revealed that the sediments were heavily to extremely contaminated and enriched, particularly with Hg, Cd
and As. The accumulation of Hg and Cd, which is similar to other studies, suggests that their sources are
anthropogenic. The pollution load index (PLI) suggested that pollution in the bay is widespread but has no
discernible across-shore pattern. However, pooled data analysis revealed a general decrease in pollution
from the western sector to the eastern sector.

The PERI demonstrated that the potential ecological risk ranged from low to significantly high, and this
finding needs to be verified using faunal data, which are currently limited to the bay. Overall, the findings of
this study highlighted the presence of heavy metals in Algoa Bay, with statistical analysis Pearson
correlation and PCA showing correlation between metals and their potential sources. These results are
valuable baseline data from which future studies (including long-term monitoring) can be based.
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