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Richards Bay Harbour (RBH) is situated in the industrialized area on the northeast coast of South Africa. To
decipher recent human activities and accompanying environmental degradation, surface sediment was collected
across RBH and analysed for granulometric and elemental composition, microfaunal assemblages, and micro-
plastics. Microplastics occur most abundantly near recreational areas, whereas metal contamination relates to
activities at bulk goods terminals from which they are imported or exported. In particular, Cr and Cu concen-
trations in surface sediment near bulk goods terminals exceed South African sediment quality guidelines. In

metal contaminated sediment, bioindicators reflected stress and were noticeably impacted. A transect of short
sediment cores reflects spatial and historical metal contamination and allows quantification of the load of metals
within the sediment column. The volume of metal (Cr) contaminated sediment was estimated at almost 2 million

m®.

1. Introduction

South Africa's northeast coast is becoming increasingly pressured by
human activity. This anthropogenic impact, combined with effects of
climate change, places stress on aquatic and terrestrial environments
(Department of Environmental Affairs, 2012a). Richards Bay was one of
the last remaining undisturbed large estuaries on the KwaZulu-Natal
coast (Cloete and Oliff, 1976) until the establishment of Richards Bay
Harbour (RBH) in the early 1970s.

The original estuary was a sheltered coastal waterbody open to the
ocean (Whitfield, 1992). During harbour construction, the basin's
topography and river connection were changed fundamentally, by
placing a berm that divided the estuary (Fig. 1). This disconnected to-
day's port from the Mhlatuze River, which now only feeds a natural
sanctuary to the south of the berm (Figs. 1, 3). Thus, riverine water,
sediment discharge, and agricultural nutrient input from the Mhlatuze
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catchment does not reach the harbour (Cloete and Oliff, 1976). Since
construction, RBH has been under full marine influence apart from
minor freshwater inflows via the Mzingazi and Bhizolo Canals (Begg,
1978). The Mzingazi Canal connects to Lake Mzingazi, which is a sub-
ordinate freshwater supply (Fig. 1).

RBH is a deep water port (permissible draught of 17.5-19.5 m) that
was constructed to facilitate the export of coal, but also to serve the
needs of two aluminium smelters, a granular fertilizer and sulphuric and
phosphoric acid plant, and the export of heavy minerals mined nearby
(Goodenough, 2003; Schwab and Becker, 2014). Additional industry,
including wood chip processing and a ferrochrome smelter, has since
established in the area. The contemporary industrial sector of the region
makes RBH susceptible to pollution. The simultaneous accelerated
growth of the city of Richards Bay increased its population density and
proximity, and increased the threat of contemporary microplastic
pollution as well.
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During the late 1990s, Vermeulen and Wepener (1999) pointed out
data gaps in monitoring in RBH since construction of the port. Their
subsequent studies analysed metal concentrations in surface sediments
of RBH, revealing elevated concentrations of Cr, Cu and Zn in two sub
basins (Wepener and Vermeulen, 2005). However, apart from periodic
subsequent studies (e.g. Greenfield et al., 2011; Wepener and Degger,
2020), there is little published information on the pollution status of
RBH.

The objective of this study was thus to investigate sediment dynamics
and the spatial and temporal variation of various pollutants in sediment
in RBH, with a focus on metal concentrations and microplastics and the
impact of sedimentary metals on diatom, ostracod and foraminifer di-
versity. The study also makes use of short sediment cores to identify
temporal changes in pollution.

2. Materials and methods
2.1. Field methods

In August/September 2018, 86 surface-sediment samples were
collected using an Ekman-Birge bottom sampler (HYDROBIOS, Kiel,
Germany). The topmost 1 cm of sediment was removed from the grab
using a plastic spoon for metal analysis and a metal spoon for organic
and microplastic analysis. Aliquots of sediment were transferred to 15
ml Nasco Whirl-Pak's and glass vials (microplastic analyses) and cooled
until further processing.

Thirty sediment cores were retrieved using a UWITEC gravity corer
(UWITEC, Mondsee, Austria) with 90 mm tube diameter (Fig. 2). The
cores were stored at 4 °C in the laboratory until further processing.

During fieldwork, an echo sounder (Garmin echoMap CHIRP 42cv)
constantly recorded water depth. These measurements were tide cor-
rected via a tide table provided by the South African Navy Hydrographic
Office (SANHO) (high and low stand phases interpolated by local
regression). Practical salinity (electrical conductivity) and oxygen were
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Fig. 2. Sediment short core locations (red dots) and micropaleontology samples
(black cirlces).

variations were integrated into the soundings, spurious soundings were
removed, and the final seafloor elevation data was exported as a 0.5 x
0.5 m grid for this study. The data resolved to approximately 10 cm in
the vertical domain.

2.2. Grain-size analysis and end member modelling

Aliquots of 0.5-2 g wet sediment were taken for grain-size analyses.
The material was soaked in 2 ml hydrochloric acid (HCI, 10%) and 5 ml
hydrogen peroxide (HpO2, 10%). Residues were dispersed overnight
with 5 ml tetrasodium pyrophosphate (Na4P207 10 H,0, 0.1 M) in an
overhead shaker. Subsequently, samples were measured in several runs

Table 1
Information for cores collected in Richards Bay Harbour. Refer to Fig. 2 for core
locations.

measured using a WTW340i multiprobe (Xylem Inc., Rye Brook, NY, Core ID Recovery  Latitude Longitude  Water Core
USA) locality — year  date [°] [°] depth length
Co X X L. — core number [m] [em]
Multibeam bathymetric data were collected using a Norbit iWBMS
400 kHz narrow beam multibeam echosounder with an integrated in- RBH18-10 25Aug. 18 -28.7976  32.0739 1.6 275
. .. . . RBH18-11 26Aug. 18  —28.7968  32.0392 20.5 80.5
ertial navigation system (Applanix WaveMaster II). Sound velocity RBH18-12 26Aug. 18  —28.7980  32.0419 209 1185
variation in the water column was inspected using a Valeport sound RBH18-14 26 Aug. 18  —28.8007  32.0439 21.0 135.0
velocity probe. Positioning and further vessel motion (including tidal RBH18-21 27 Aug.18  -28.8284  32.0414 4.5 160.0
variation) were modelled using a Real Time Kinematic GPS. Data were iggig'iz z; :“g 12 —iggggj §§~g§§2 :3 ;32
processed in BEAMWORX, where sound velocity casts and tidal - v - : : :
L Zimbabwe
[ S 5 i
— Richards Bay
Botswana

Namibia

Pretoria

South Africa

Study Area e

~ Bhizolo Canal

Fig. 1. Richards Bay in continental (left) and regional (right) context. The main river and adjacent lakes are indicated. Highlighted in orange is the berm constructed
during the 1970s, which separates Richards Bay Harbour from the Richards Bay Sanctuary (Mhlatuze Estuary).
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Fig. 3. Bathymetric map of Richards Bay Harbour (tide normalized). Indicated are surface sampling points (black symbols) and landmarks. Dredging results in a
steep gradient within the basin marked by steep slope angles indicated by the proximity of the 3.5 and 12 m water depth contour lines. Also indicated are the six

sub basins.

using a Laser Diffraction Particle Size Analyser (Fritsch Analysette 22;
FRITSCH GmbH, Germany) until a reproducible signal was obtained.
GRADISTAT 8.0 (Blott and Pye, 2001) was used to calculate grain-size
statistics. End-member (EM) modelling was carried out using the R
software package EMMAgeo v. 0.9.6. (Dietze and Dietze, 2019).

2.3. Sediment properties and geochemical analyses

Magnetic susceptibility was measured on freeze-dried samples, using
a Bartington MS2B sensor and 10 ml plastic cups. For geochemical an-
alyses, freeze-dried samples were ground to a particle size <60 pm and
homogenized. Subsamples were digested using a modified aqua regia
treatment (100 mg sample, 1.25 ml HCl 37% suprapur and 1.25 ml
HNOj3 65% suprapur) in PTFE crucible pressure bombs at 160 °C for 3 h.
Quantitative element concentrations were measured using an Agilent
725 ES ICP-OES (Al, Ca Fe, K, Mg, Mn, Na, P, S, Sr, Ti) and a Thermo
Fischer Scientific X-Series II ICP-MS (As, Cd, Co, Cr, Cu, Ni, Pb, Zn, Rb,
Hg). Each digestion batch included laboratory blanks. Calibration was
performed with multi element calibration standards. ICP measurements
were evaluated using internal standards (20 pg 17! Ruand 10 pg 17! Re).
During analysis, calibration verification standards were used regularly,
and calibration curves evaluated. Each sample was measured three
times, analysed for outliers (Grubbs's test), and reported as the mean and
absolute standard deviation.

The Council for Scientific and Industrial Research (CSIR) analysed
metal concentrations in 96 surface sediment samples collected in RBH
using a van Veen grab in 2012. These data are included in this study for
comparative purposes. About 1 g of freeze dried and ball milled sedi-
ment was weighed into a digestion vessel and digested in a mixture of
HNO3-HCI-H20;, according to USEPA method 3050B. The concentra-
tions of metals were measured using a Thermo ICap 6500 ICP-OES (Al,
Fe, As, Cu, Cr, Co, Mn, Ni, Pb, Zn) and Agilent 7900 ICP-MS (Cd).

Precision and extraction efficiency of the digestion and metal determi-
nation procedures was evaluated by repeatedly analysing marine sedi-
ment reference standard PACS-2 (National Research Council of Canada)
and sample duplicates.

To properly interpret metal concentrations in sediment the factors
that control their natural variation must be compensated for before
background or baseline concentrations can be distinguished from
enriched (higher than ‘expected’) concentrations. This is usually
accomplished by the procedure of geochemical normalization, wherein
metal concentrations are normalized to an element that provides a tracer
of crustal decomposition (Hanson et al., 1993; Kerste and Smedes,
2002). In this manner, metal concentrations that are atypical of the bulk
of the data can be identified.

Enrichment Factors (EF's) were used to compare metal enrichment of
sediment sampled in RBH in 2012 and 2018. Baseline metal concen-
tration models were defined for this purpose, using Al as the normalizer.
The models were defined separately for each study since there were
(usually small) differences in the nature of relationships between metal
and Al concentrations. The differences likely reflect method related
differences by the two laboratories that analysed the sediment. The
baseline models were defined by fitting a linear regression and 99%
prediction limits to scatter plots of metal versus Al concentrations. Metal
concentrations falling outside the prediction limits were deemed outliers
and sequentially trimmed, starting with the concentration presenting
the largest residual and proceeding in this manner until all concentra-
tions fell within the prediction limits. EF's were then computed as the
ratio between measured metal concentrations and the concentration at
the upper prediction limit at the corresponding Al concentration in the
samples. EF's values >1 represent metal concentrations that are higher
than expected (Newman and Watling, 2007).
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Fig. 4. a) Multibeam echosounder image of SB-I to IV. b) Furrows in sediment surface were created by dredging operations - note the remnants of the pre-dredged
material outcrops. c¢) Steep scarps and sharp edges at the boundary between dredged and un-dredged areas.

2.4. Microplastic analysis

Prior to spectral analysis, freeze-dried samples were milled at 50
revolutions per second for 3 min and diluted with IR transparent Po-
tassium bromide (KBr). The samples were analysed with a Bruker Vertex
70 spectrometer equipped with a MCT (Mercury—Cadmium-Telluride)
detector and a KBr beam splitter. Spectra resulting from 128 sample
scans in a range from 3750 cm ™! to 400 cm ™! were produced with a
resolution of 4 cm ™!, For the semi-quantitative analysis of LDPE and PET
contents on bulk sediments, we used the calibration models by Hahn
et al. (2019), which are based on synthetic sediment mixtures with
defined microplastic contents.

Microplastic analyses were complemented using microscopy-assisted
handpicking of plastic remains >1 mm. Classification is based on three
semi-quantitative categories: 0 particles found, 1-2 particles found, and
3-10 particles found.

2.5. Diatom analysis

Eight surface sediment samples representing different parts of RBH
were prepared for diatom analysis (Fig. 2). Samples were chemically
treated with 30% H202 and 10% HCL. The resultant supernatant was
sieved and swirled to remove coarser materials and sediments. The su-
pernatant was then repeatedly suspended, allowed to settle over 8 h
periods, and the excess water decanted, thus systematically removing
finer particulates such as clay and concentrating diatom frustules in the

settled residue. Slides were mounted in Pleurax and diatoms were
counted under a light microscope at up to 1000x magnification. Iden-
tification of diatom species was based on diatom manuals and catalogues
(Bate et al., 2004; Taylor et al., 2007).

2.6. Ostracoda and Foraminifera analysis

Aliquots from sediment samples for diatom analysis were also ana-
lysed for Ostracoda and Foraminifera (Fig. 2). The volume of each
sediment sample was measured as a reference for the calculation of
abundance. Samples were wet sieved (using tap water) through a 63 pm
sieve and dried. A floating technique using a sodium polytungstate so-
lution (Parent et al., 2018) was used to separate microfossils from clastic
sediment. The recovery rate is about 96% (Semensatto and Dias-Brito,
2007).

For quantitative foraminifer and ostracod analysis, samples were dry
sieved through >200 pm and 125-200 pm mesh size sieves. The size
fractions were split into sub-samples using a micro-splitter. Valves and
tests from split samples were counted until 300 individuals of Forami-
nifera and Ostracoda for the >200 pm fraction, and >200 foraminifer
tests for the >125 pm fraction were reached. All valves and tests were
counted when the required number was not reached. Reworked in-
dividuals of both Foraminifera and Ostracoda were omitted from counts,
e.g. those with abraded ornamentation or sediment inside the chambers.
Ostracod carapaces were counted as two valves. Total abundance, di-
versity, and proportion of Ostracoda was calculated from the >200 pm
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Fig. 5. a) Spatial distribution map of end-member scores (inverse distance weighting). Pie charts correspond to sample positions and detail the absolute end-member
scores. Scores above 50% are coloured spatially. White areas indicate no dominant end-member score. Also indicated are the 3.5 and 12 m water depth contour lines.
b) End-member loadings and explained variance. ¢) End-member class-wise explained variance. d) Sub-basin nomenclature. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

size fraction count. Malformed foraminifera were counted separately in
both size fractions to calculate a Foraminiferal Abnormality Index (FAI;
Frontalini and Coccioni, 2008). Identification relied mainly on Benson
and Maddocks (1964) and Dingle (1993, 1992) for Ostracoda, and
Fiirstenberg et al. (2017) and the World Register of Marine Species
(http://www.marinespecies.org/) for Foraminifera. Species diversity
was evaluated using Shannon's diversity (H') index (Shannon, 1948).

2.7. Core processing

Sediment cores (Table 1) were split in half, photographed, and
lithologically described at the Physical Geography department of the
University of Greifswald. Magnetic susceptibility was measured on split

cores using a Bartington MS2E point sensor (Bartington Instruments
Ltd., Witney, UK) at 0.5 cm resolution. Core RBH18-12 and RBH18-23
were scanned with an ITRAX XRF-core scanner (COX analytical sys-
tems) at GEOPOLAR, University of Bremen. Sections were scanned with
a Mo-tube with a step size of 2 mm, a count time of 20 s per step at a
constant voltage of 30 kV, and a current of 50 mA. To account for matrix
effects, data were normalized by total counts (element/kcps).

3. Results
3.1. Bathymetry and marine impact

RBH can be divided into six sub-basins (SB) (inset in Fig. 3), of which
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Table 2

Mean, Standard Deviation, minimum and maximum concentrations (ug g~*, dry weight) for bulk sediments sampled in 2018 (analytical methods are indexed below element symbol: MS = ICP-MS, OES = ICP-OES).

Guideline levels are given according to the Department of Environmental Affairs (2012b).

Rb
MS

Zn
MS

Ti
OES

OES

Sr

OES

OES

Ni
MS

Na
OES

Mn
OES

OES

Mg

OES

Fe
OES

Cu
MS

Cr
MS

Co
MS

Cd
MS

Ca
OES

As
OES MS

Al

2018

390
3582
1643

52

298
130

200
9250

117
3125

3

1768
31707
10953

100
1495

1776
13048

995
12625

4622
67247
31677

2
353

11

0.1

4841
34241

3
65

4300
72350
30668
20538

Min

90
36
26

274

49
14

81

969
169
172

25

1.5

Max

79
55
270
410
960

2635
2263

941

28
18

580
320

6857
3318

5612

38
55
10

17388 0.2 12

19
16
42
57
93

Mean
SD

9 38 763
110

218
530

704

7987

3641

16205

0.3

5831

62/88
140
370

1

135/250

260
370

1.2
5.1

Warning Level

Level I

230
390

9.6

Level I
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SB-1, -1I, -IIT and V are dredged to maintain the operational water depth.
As a result, the bathymetry clearly emphasizes marine traffic routes
(Figs. 3, 4). Steep slopes (6-18°) — dredge scarps (Fig. 4c) — emerge to-
wards the non-dredged sections, highlighted by the narrow separation of
the 3.5 and 12 m water depth contour lines. Dredging operations scar the
bottom and result in an uneven sediment surface (Fig. 4b). SB-II can
further be subdivided based on proximity to three adjacent Dry- and
Breakbulk terminals (a, b, ¢ on inset in Fig. 3).

Salinities within RBH basins vary between about 34-35. The uni-
formly high salinity reflects tidal exchange with the Indian Ocean and
limited inflow of freshwater. Lower salinities (30—31) occur north of
Pelican Island (SB-VI, Fig. 3) and gradually decrease up Mzingazi Canal
(reading 29), which connects RBH with the freshwater overflow of Lake
Mzingazi (Fig. 1).

3.2. Grain-size distribution and end-member modelling

The steep bathymetric gradient formed by the dredge scarp is re-
flected in sediment granulometry. In general, the grain-size distribution
in RBH reflects the bathymetry: mean grain-size (FWMphi; Folk and
Ward, 1957) generally decreases with increasing water depth (r = 0.71,
p < 0.001). Thus, deep basins SB-L, I and III - >12 m water depth — are
dominated by silt, and shallower areas by sand.

Despite the positive correlation of surface sample mean grain-size
and water depth, most grain-size distribution curves are bi- or tri-
modal. Therefore, in the deposited sediment, mean grain-sizes refer-
ence a value that condenses two or three modes (local maxima), indi-
vidual grain-size fractions, and eventually sediment sources. End-
member modelling statistically decomposes grain-size distributions
and allows for a genetic interpretation. Here, end-member (EM)
modelling was used (Dietze et al., 2014) to facilitate the use of grain-size
as an environmental parameter and to distinguish the main detrital
processes that contribute to sedimentation (Fig. 5).

Four significant end-members were identified from RBH surface
sediment samples, which explain 68% of the variance of grain-size
classes (Fig. 5¢). The finest end-member, EM1, occurs mainly in SB-II
and partially in SB-I and III (Fig. 5). The main constituent is fine silt
(mode 7.1¢, Fig. 5b), accompanied by a second fraction of medium to
fine sand (mode 1.7¢). Samples containing >50 vol% EM1 occur at an
average water depth of 15 m, which is largely in sub-basins SB-I, II and
I1I. In various samples, EM2 occurs with EM1. The majority of EM2 is in
SB-1V, with a predominant grain-size of very fine sand (mode 3.6¢) at an
average water depth of 3 m. An array of less clustered samples is also
classified as EM2 across much of RBH. EM3 occurs in various parts of the
harbour, but predominates near the fairways at around 7 m water depth.
Its main constituent is medium sand (mode 1.8¢, Fig. 5b). The coarsest
end-member, EM4, occurs in close relation to EM3 in shallower water
areas (~1.5 m), mainly at the harbour entrance and along shorelines
(Fig. 5a). EM4 is dominated by coarse sand (mode 0.5¢, Fig. 5b).

3.3. Element concentrations in Richards Bay Harbour

The mean element concentrations in surface sediment sampled in
2018 follow the order Fe > Al >Ca>Na>Mg>K>S>Ti>P>Mn >
Cr > Sr > Zn > Cu > Rb > Ni > As>Pb > Co > Cd (Table 2).

Apart from Ca, Cd, Sr and Ti, the elements (Table 2) correlate posi-
tively with one another. Aluminium (Fig. 14) is positively correlated
with most elements (r > 0.5), bathymetry (Al/water depth; r =0.73, p <
0.001) and mean grain-size (Al/FWMphi; r = 0.95, p < 0.001). Outliers —
detected through geochemical normalization to Al — that in many cases
reflect anthropogenic impact, alter the individual datasets, especially in
the case of Cr and Cu. The removal of outliers results in an improved
correlation to Al. Nevertheless, metal distribution patterns show sig-
nificant spatial differences, despite their general correlation to Al
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Fig. 6. Interpolated spatial distribution maps (inverse distance weighting) showing the concentration of As, Cd, and Ni. Each legend maxima refers to the guideline
maxima (Department of Environmental Affairs, 2012b). Colour codes relate to guideline levels: < Warning Level (green), > Warning Level and < Level I (yellow), >
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3.4. Trace metals — As, Cd, Cr, Cu, Ni

The highest concentrations of most trace metals, including As, Cd,
Cu, Cr and Ni, which are of concern from a toxicological perspective,
were in SB-II (Fig. 6). The highest concentrations of As were in the
middle part of SB-II, farthest from quays, and is unlikely to reflect
contamination (Fig. 6a). High concentrations of Cd, Cr, Cu and Ni were
found in SB-Ila (Figs. 6 and 7). Sediment in SB-IIb contained high con-
centrations of Cr, Cu and Ni, while Cu and Cr were also at a high con-
centration in SB-Ilc (Fig. 7).

3.5. 2018 Cr and magnetic susceptibility distribution

The range of Cr concentrations in sediment sampled in RBH was
wide, from 11 to 968 pg g~ ! (Table 2, Fig. 7c). The lowest Cr concen-
trations were near the port entrance. Moderate concentrations were
found mainly in SB-III, IV and V. The highest concentrations were in SB
11, with a distinct increase in front of the bulk goods terminals (a, b, c on
inset in Fig. 7f).

Low-field mass-specific magnetic susceptibility (yr) values range
from 0.15 to 4.48-10° m3 kg’l, with consistently low values in SB-I, III,
V and VI (Fig. 7e). Highest y1 values occur in front of the bulk goods
terminals in SB-II and in the western part of SB-IV. Spatial magnetic
susceptibility variations in surface sediment show similar patterns to Cr
concentrations (Fig. 7c, e) and log-transformed datasets correlate posi-
tively (Cr Translog/){LF Translog: T = 0.71).

3.6. Baseline models and Enrichment Factors

The Al normalized baseline models for Cr in sediment sampled in
RBH in 2012 and 2018 are provided in Fig. 8, with baseline and enriched
concentrations superimposed. Additional spatial distributions of Cr EF's

indicate only enriched sediment (EF > 1). Hereby both maps show
strong similarities in their distribution pattern. However, during 2012
samples were taken very close to the northern pier in SB-II and indicate
Cr enrichment towards the pile wall. While 2012 data ranges up to an EF
of 3.0, considered high enrichment, 2018 data ranges up to an EF of 5.5,
considered as severe enrichment (Fig. 8a, c).

3.7. Sediment cores

Core RBH18-12 (1.2 m) — collected in SB-II (Fig. 2) — can be divided
into three units (I-III) from base to surface (Fig. 9). Unit I comprised an
olive-green mud with black mackles. This gradually changed into unitII,
a homogeneous olive mud with two intercalated sand layers. The top
section (unit IIT) reverts to an olive-green mud with increasing number
of black mackles. This subdivision can also be observed in low field
magnetic susceptibility (x;r), Cr and Cu counts (Fig. 9). k. r and Cr show
slightly lower values in unit II compared to unit I. However, both pa-
rameters show an increasing trend towards the top of unit III.

Sediment core RBH18-23 comprised an olive-green mud, with fine
lamination and slight colour differentiation. The upper 23 cm were
bioturbated and truncated by Polychaeta burrows. A subdivision into
comparable units to RBH18-12 is not possible. Comparing the correla-
tion factors between Cr/keps and ki r of core RBH18-23 (r = 0.8) to core
RBH18-12 (r = 0.9), a similar dependence and rise in both parameters is
noticed, which confirms the previously detected relationship between
yr and Cr in surface sediments.

In contrast to Cr, highest Cu counts were evident in unit I and III of
core RBH18-12, with spikes at 100-90 cm and 45 cm (Fig. 9). Similar to
kir and Cr, unit II had the lowest Cu counts. Cu counts were fairly
constant through core RBH18-23.

A similar kp pattern as that evident in core RBH18-12 was evident in
cores RBH18-11 and -14, which form a NW-SE-transect in SB-II from the
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Fig. 7. Interpolated spatial distribution maps (inverse distance weighting) showing concentrations of Cr and Cu in 2012 (a, b) and 2018 (c, d). e) Pattern of magnetic
susceptibility (y1r) measured in 2018. Colour codes resemble element concentration limits as indexed by the Department of Environmental Affairs (2012b): <
Warning Level (green), > Warning Level and < Level I (yellow), > Level I and < Level II (orange), and > Level II (red). f) Sub-basin nomenclature. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

bulk terminal towards the middle of the harbour. Moving away from
apparent Cr concentration maxima in SB-II (a-c), y1r decreases in surface
sediment towards the SE (Fig. 7). This observation is also evident in the
SB-II core-transect: ki in the upper parts of the cores decreases from
RBH18-11 to -14 (Fig. 10), the latter being furthest (about 1 km) from
the bulk goods terminals (Fig. 2). Representative short cores from the
western part of SB-IV, namely RBH18-23 and -25, also indicate increased
krr in regions of increased yyr in surface sediments (Figs. 2, 7, 9 and 10).
In contrast, almost no magnetic susceptibility variation was evident in
cores RBH18-10 and -21, which were at a greater distance from the bulk
goods terminals (Fig. 2).

3.8. Microplastics

FTIRS analyses revealed two types of plastic in RBH sediment:
polyethylene terephthalate (PET) and low density polyethylene (LDPE).
PET was found in most samples. The highest abundances were nearest
the port entrance (SB-I, SB-V and SB-VI) and near the coal terminal (SB-
III) (Fig. 11). LDPE was found mainly in the SW part of RBH, in sediment

from SB-IV and small basins like SB-Ila and SB-V. The distribution of
handpicked plastic pieces >1 mm visually resembles the PET-
distribution, with higher abundances in SB-V. Correlation coefficients
suggest a similar depositional behaviour of PET, EM4 (r = 0.53, p <
0.001) and medium sand (r = 0.55, p < 0.001).

PET and LDPE concentrations are negatively correlated (r = —0.58),
and the individual distribution patterns visually oppose one another
(Fig. 11). Therefore, the predominant occurrences can be assigned to
different harbour sub-basins.

3.9. Bioindicators

The Foraminifera Abnormality Index (FAI) ranged between 0 and 9.1
for samples with at least 40 counted foraminifer tests (Table 4). Most
samples contained high abundances of microfossils, mostly in good
preservation, for all three groups. Exceptions were samples #62 and
#64 directly in front of the bulk goods terminals in SB-II (SB-IIc and SB-
IIa), where diatoms, foraminifers and ostracods showed low abundances
and were often fragmented or poorly preserved. Foraminifera and
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Fig. 8. Baseline models for Cr in surficial sediment sampled in Richards Bay Harbour in 2012 (b) and 2018 (d), enriched samples are black dotted. Associated spatial
distribution maps (a, b) of Enrichment Factors (EF), interpolated via inverse distance weighting, are coloured if EF > 1, whereby we categorize: low (EF >1-1.5),
moderate (EF >1.5-2.5), high (EF >2.5-5), and severe (EF >5) enrichment.
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periods) from sediment cores RBH18-12 and -23.
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Fig. 10. Low field magnetic suceptibility (i;r) of selected sediment cores. All measurements are plotted on the same scale. Note the reference line at 100-107 SI. Left:
transect RBH18-11 to -14 indicates a decrease in susceptibility (with increasing distance from bulk terminals). RBH18-23 and -25 from SB-IV indicate comparable
values to the transect. Reference cores RBH18-10 and -21 in which «;y is below 100-10°° SI. For core locations see Fig. 2.

. sample
depth contour:
T 35m
T 12.0m

Fig. 11. Distribution maps of FTIRS spectroscopy inferred a) PET%, b) LDPE% and c) handpicked plastic pieces, interpolated by inverse distance weighting.
Handpicked pieces refer to a categorical system (numbers identify pieces found; adopted from Schell, 2019). d) Sub-basin nomenclature.

Fig. 12. Umbilical views of a) normal and b), ¢) malformed tests of Ammonia sp. from sample TR18-62, Richards Bay. The arrows point to malformation features
such as dwarf chambers (a) or an accessory chamber (). Scale bar = 200 pm.
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Google Earth

Fig. 13. Left: Historical aerial image of Richards Bay Harbour during construction (© Klaus Jost — jostimages.com). Intensive sand (light brownish areas) relocation
occurred during construction. The majority of sand features were temporary and do not exist today. Note that North is to the right. Right: Resuspension of surface
sediment via berthing procedures at SB-II (source Google Earth). Sediment clouds — caused by propellers near to the seafloor — are often visible on aerial images.
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Fig. 14. Spatial distribution maps of a) Al and b) Ti, interpolated with inverse distance weighting. The elemental concentrations indicate a strong difference in

accumulation patterns. ¢) Sub-basin nomenclature.

Table 3

Mean, Standard Deviation, minimum and maximum concentrations (ug g~ ', dry weight) for bulk sediments sampled in 2012 (analytical methods are indexed below
element symbol: MS = ICP-MS, OES = ICP-OES). Guideline levels are given according to the Department of Environmental Affairs (2012b).

2012 Al As Ca cd Co Cr Cu Fe K Mg Mn Na Ni P Pb S Sr Ti Zn Rb
OES MS MS MS MS MS OES OES OES MS MS MS

Min 4665 1 - 0.0 2 14 4 3959 - - 76 - 2 - 2 - - - 8 -
Max 53219 22 - 8.9 95 557 2016 55657 - - 4746 - 1836 - 639 - - - 605 -
Mean 31494 9 - 0.4 14 143 117 30884 - - 506 - 64 - 22 - - - 94 -
SD 13052 5 - 1.2 10 110 256 13772 - - 489 - 186 - 64 - - - 87 -
Warning Level 42 1.2 135/250 110 62/88 110 270

Level I 57 5.1 260 230 140 218 410

Level II 93 9.6 370 390 370 530 960

Ostracoda showed a general low diversity, and in particular Ammonia sp.
showed malformations (Fig. 12) with an FAI of 4.2% and 5.1% for these
two positions, respectively.

Sample #72 contained an abundant and well preserved diatom flora
and a low to moderate number of calcareous microfauna, dominated by
ostracods (Table 4). Similarly, sample #4 showed a low diversity of
calcareous microfossils, a clear dominance of ostracods, and a very high
FAI Calcareous microfauna in sample #39 were virtually non-existent.
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Within SB-IV, sample #47 showed a very high FAI (based on low
counts) and a clear dominance of ostracods. Sample #50 showed the
highest abundance of calcareous microfauna, with a slightly elevated
FAI and ostracod dominance (Table 4). Sample #33 yield a well-
preserved, rich diatom flora, while Ostracoda and Foraminifera
showed a low abundance but a high diversity and the lowest FAI of the
dataset (Table 4).


http://jostimages.com

P. Mehlhorn et al.

Table 4

Marine Pollution Bulletin 172 (2021) 112764

Bioindicator data from RBH in 2018. Values in bold point to ecological stress; brackets are based on low counts. FAI = Foraminifer Abnormality Index; n.a. = not

applicable. SB = sub-basin. Cr concentration is provided for comparison.

Sample TR18-  Cr [ugg ']  Diatoms Foraminifera and Ostracoda SB
Number of species ~ Abundance and preservation ~ Abundance [spec./100ml]  Diversity (Shannon H’) ~ Ostracoda [%]  FAI [%]

4 185 68 Good 520 0.7 96 9.1 \
33 98 58 Good 118 1.9 5.3 0 I
39 233 78 Good 1 n.a. n.a. n.a. 111
47 197 - Good 382 1 96.7 [33.3] v
50 140 65 Good 5729 1.4 60.4 2.1 v
62 969 33 Poor 294 0.8 16.3 5.1 I-c
64 435 37 Poor 598 1.6 58 4.2 II-a
72 428 - Good 255 1.1 75.8 n.a. 1T

4. Interpretation
4.1. Sediment dynamics

Similar to mean grain-size, EM1 to EM4 indicate an increase in grain-
size with a decrease in water depth. A distinct gap between mode po-
sitions of EM1 (7.1¢; fine silt) and EM2 (3.6¢, very fine sand) empha-
sizes a strict boundary between the two accommodation spaces (Fig. 5b).
This is associated with the most prominent effect of dredging operations
- the maintained steep depth gradient. Further, reoccurring dredging
operations remove surficial sediments. However, the clustering of
samples with a dominating end-member score (>50 vol%) in distinct
areas and water depths of RBH indicates a non-random depositional
pattern (Fig. 5). Therefore, we assume a stable accumulation space
during the time of sampling. A second mode in the grain-size distribu-
tion curve of EM1 (Fig. 5b, also apparent in EM2 and EM3) represents an
input of clastic material from a separate source. Marine operations,
including traffic and propeller-induced sediment suspension (Fig. 13),
probably affect the redistribution of sediment (end-members). EM2,
outside of SB-1V, is process related and indicates downslope fining along
fairways. EM4 represents tide-influenced shallow water conditions. This
is in agreement with previous observations in which the sedimentary
load deposited in coastal areas reflected a strong influence of longshore
transport of beach sands, especially those deposited at the harbour
entrance (Schoonees et al., 2006).

The predominance of EM4 in SB-VI, which is coupled to the occur-
rence of sand within the harbour sediments, might be related to inten-
sive sand relocation during the construction phase of the harbour, which
can be observed in historical aerial images (Fig. 13). At that time, con-
struction material (according to our results probably mainly sand) was
dumped to the north of the harbour entrance directly adjacent to SB-V
and VI

4.2. Aland Ti

Commonly used minerogenic input indicators are Al (Haberzettl
et al., 2019; Strobel et al., 2019; Wiindsch et al., 2016) and Ti (Haber-
zettl et al., 2009; Haberzettl et al., 2005; Kasper et al., 2012) (Fig. 14).
The low correlation between Al and Ti is surprising at first, but can be
explained by the surrounding geology. Ti is a major component of sur-
rounding dune sands, which contain large amounts of heavy minerals
and are mined nearby for ilmenite, rutile and zircon (Williams and
Steenkamp, 2006). Density differences in minerals containing Ti and Al
likely result in different transport and deposition processes. The highest
Al concentrations were found in deeper water of SB-I, II and III. Ti was
observed in higher-energy shallow water areas (Fig. 14b). As most other
elements correlate positively to Al, we expect their distribution to
depend on grain-size and the respective hydrodynamic regime in which
they are deposited. This relationship between the spatial distribution of
trace metals and grain-size has been often recognized (Forstner and
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Wittmann, 1981) and has been observed in comparable studies (Hab-
erzettl et al., 2019; Haberzettl et al., 2010; Ohlendorf et al., 2014).

4.3. Cr and magnetic susceptibility distribution

Magnetic susceptibility is influenced by various factors, such as
different mineralogical compositions, concentrations of magnetic min-
erals, and their magnetic grain-size and morphology (Ellwood et al.,
2007; Haberzettl, 2015; Hatfield et al., 2013; Lisé-Pronovost et al.,
2013). RBH has a low underlying magnetic susceptibility pattern that
relates to a marine influence, which is larger at the harbour entrance.
Marine sediments are usually enriched in diamagnetic minerals such as
carbonates, and hence yield lower magnetic susceptibility values. The
distinct increase in the magnitude of magnetic susceptibility and Cr
concentration, which itself has a strong positive susceptibility (Dearing,
1994), in SB-II (front of the bulk goods terminals) indicates an additional
input of Cr. This is likely associated with a point source rather than a
hydrodynamic distribution.

4.4. Temporal pollution variations in sediment cores

The lowest Cu and Cr concentrations and magnetic susceptibility
values in the lowermost part (lower part of unit I) of sediment cores
RBH18-12 and RBH18-23 are assumed to reflect natural background
conditions. The spike in the Cu concentration in the upper part of unit I
in core RBH18-12, which is continued in the lower part of unit III
(Fig. 9), indicates an additional, probably anthropogenic, Cu
contribution.

We hypothesize that unit II of sediment core RBH18-12 consists of
reworked material due to the distinctly different characteristics seen in
all parameters (Fig. 9). Dredging activities might have caused a distur-
bance or reworked material. The susceptibility (and Cr and Cu concen-
tration) is identical to lower unit III, and therefore comparable to the
assumed background concentrations for the sediment characteristic of
this core.

Progressively decreasing concentrations in the upper 40 cm reflect a
decrease in Cu deposition towards the present time. At the same time, Cr
and magnetic susceptibility increased in the recent past. Excluding the
hypothesized reworked sediments of unit II, this spike in the Cu con-
centration and the increasing Cr concentration in sediment core RBH18-
12 accords with the history of products exported through RBH. Copper
ore was exported through the port until 2012. The abrupt increase in Cu
concentrations (Fig. 9) in core RBH18-12 at around 100 cm sediment
depth might indicate the onset of Cu ore export. Correspondingly, the
return to lower levels at about 30 cm could represent the end of Cu
export. However, Cu concentrations have not returned to background
concentrations, probably reflecting residual contamination (Fig. 9).
Comparing spatial distributions of Cu from 2012 to 2018 (Fig. 7), a
decreasing trend is evident and the mean Cu concentration (Table 3) was
about a third lower in 2018.
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Sediment quality guideline quotients (min, max and median) for individual metals, and the mean sediment quality guideline quotient for sediment sampled in the Port

of Richards Bay in 2012 and 2018.

As Cd Cu Cr Ni Pb Zn Mean quotient

2012

Minimum 0.01 0 0.01 0.04 0.01 0 0.01 0.01
Median 0.09 0 0.09 0.33 0.1 0.03 0.08 0.11
Maximum 0.24 0.92 5.17 1.5 4.96 1.21 0.63 1.69
2018

Minimum 0.03 0 0 0.03 0.01 0 0.01 0.01
Median 0.15 0 0.05 0.32 0.07 0.02 0.07 0.12
Maximum 0.7 0.16 0.91 2.62 0.22 0.09 0.29 0.47

In contrast, Cr ore and ferrochrome are currently exported in high
volumes through the harbour. The ore and ferrochrome are temporarily
stored at open-air sites. Continuously increasing Cr concentrations in
unit III (Fig. 9) possibly mirror increasing export volumes at the bulk
goods terminal. Spillage during loading or strong winds could explain
localized high Cr concentrations that decrease with distance from the
source (bulk goods terminal). During the 2012 field campaign, ferro-
chrome nuggets were found in sediment samples collected in SB-IIb
(Fig. 15).

The positive correlation between Cr concentration and y;r in RBH
surface sediments and between Cr counts and «; in cores RBH18-12 and
-23 allows the use of magnetic susceptibility (k;zp) — measured on all
cores — as a measure of Cr contamination in the cores (Fig. 10). The
decreasing intensity in magnetic susceptibility in the sediment core
transect RBH18-11 to -14 (Fig. 10) (especially at the upmost core-
sediment) is similar to the modern surface distribution of Cr (Fig. 7),
which indicates a decreasing trend with distance from the pollution
source.

SB-IV is a restricted access area and in a more natural state (cf.,
bioindication). However, industrial runoff — linked to aluminium
smelters and a fertilizer- and phosphoric acid plant in the surrounding —
that enters upstream of Bhizolo Canal (cf., Fig. 1 for location) is
responsible for contamination (Wepener and Vermeulen, 2005). While
this might indeed be an explanation, we additionally recognize a simi-
larity in the sediment cores — RBH18-12 and -23 - both showing an
increased Cr content and susceptibility towards present sediment
(Fig. 9). Therefore, we hypothesize a redistribution of fine particles by
tidal currents, wind forcing or vessel propeller wash (Fig. 13) from SB-II
via a small passage (Fig. 3) in the northeast of SB-IV and a distribution
across SB-III during incoming tides.

4.5. Microplastics

The highest concentrations of PET or handpicked plastic pieces >1
mm were in sediment in public parts of RBH, especially at a beach in SB-
VI. Recreational use of these beaches is high, particularly in summer,
and the PET accumulation undoubtedly reflects plastic litter entering the
harbour. Handpicked microplastic pieces were located predominantly in
the Small Craft Harbour (restaurant and business area, and a popular
bathing beach) of SB-V and along private jetties in Mzingazi Canal.
Despite a slight difference in distribution patterns, PET and handpicked
microplastic pieces show a clear link to areas of pronounced human use
in the harbour.

Due to the high density of PET (1.33-1.41 g cm™}; Fath, 2019)
relative to seawater (~1.02 g em™}; Nayar et al., 2016; Sharqawy et al.,
2010), PET particles likely sink to the bottom (Bellasi et al., 2020; Fath,
2019). Additionally, the density of PET enables preferential deposition
within higher energy areas, explaining correlations to EM4 and medium
sand. Lower energy transportation processes reduce the occurrence of
PET and plastic pieces >1 mm towards inner basins of RBH (SB-IIa-c, SB-
IV). However, PET particles still accumulate in lower energy, deep water
areas that are affected by tidal currents and marine traffic induced

13

currents and turbulence (Fig. 13).

Due to the density difference to seawater, Low Density Polyethylene
(LDPE; 0.88-0.98 g cm’l; Fath, 2019) has a tendency to float (Corcoran,
2015). Thus, current mediated transport occurs over a wider area,
leading to LDPE accumulation in remote areas such as in SB-Ila, and at
sites #4, #39 and #50 (Figs. 11, 2). To meet settling conditions certain
factors are necessary (Bellasi et al., 2020; Corcoran, 2015; Fath, 2019),
with biofouling being a compelling process. Based on the higher LDPE
appearance in isolated basins (e.g. SB-IV, sites #39 and #50), isolated
calm water conditions should also be preferential for deposition. The
marine fairways were almost LDPE-free. LDPE appears mainly in the SW
part of the harbour in SB-IV, and possibly relates to the main wind di-
rections NE-SW (Begg, 1978). Surface waters would carry LDPE from
their possible source (SB-V, VI) towards the SW. However, once settled,
opposing wind turbulences towards NE will not redistribute the same
amount. In addition, PET and handpicked remains preferentially occur
in SW SB-III, which also underlines the influence of the prevailing wind
from the NE.

Simultaneously, the individual distribution patterns of PET and
LDPE indicate effects of hydrodynamic control in close relation to their
density and resulting accumulation space. Reorganization of particles
due to the prevailing wind direction, tidal currents and marine traffic-
induced turbidity are considered plausible.

4.6. Bioindication

We used three taxonomic groups (diatoms, foraminifers and ostra-
cods) as bioindicators to focus on effects of detected metal contamina-
tion in selected samples. This shortened approach is a reconnaissance
study to test the abundance, species diversity, relative proportion of
ostracods, and malformations in foraminifer tests. It is noteworthy that,
according to our study, metal contamination, and especially Cr and Cu,
enters RBH in the residual fraction, which is known to be less
bioavailable (Sah et al., 2019). Based on investigations of all three
groups we conclude that an increased level of metal contamination has
adverse effects on the selected taxa, but affects them at a group level to
different degrees and lowers the diversity in favour of opportunistic
species. Hereby, diatoms and foraminifers seem to be more affected than
ostracods. Generally, ostracods show higher abundances at severely
metal contaminated sites, such as #47, #62 and #64. Ostracoda seem to
have a greater physiological tolerance to elevated metal concentrations
(Millward et al., 2004) and therefore dominate the calcareous micro-
fauna under these conditions.

We interpret the moderate representation of opportunistic species at
sites #47, #64 and #72 as a relatively recent pollution event. Addi-
tionally, the strong appearance of the diatom taxon Fragilaria tenera at
site #72 is indicative of an incipient contamination event (Cattaneo
et al., 2004). The highly fragmented nature and low concentrations of
diatoms at site #62, correlating to the Cd warning level, may be evi-
dence of negative effects of the metal on photosynthesis, resulting in
reduced primary productivity and thus reproduction (Marshall and
Mellinger, 1980).



P. Mehlhorn et al.

Marine Pollution Bulletin 172 (2021) 112764

Fig. 15. Assorted ferrochrome particles of various sizes (gravel to fine sand) from 2012 survey samples collected in SB-IIb.

Ostracod proportions and FAI at the entrance to the Bhizolo Canal
(site #47) appear very high, suggesting metal pollution. The rise in
metal pollution at site #47 introduces diatom species, such as Navicula
salinicola, that have been shown to propagate under increased metal and
nutrient concentrations (Belando et al., 2017), while Halamphora cof-
feaeformis, which reaches its greatest representation at this site, is known
to be tolerant of increased concentrations of metals such as zinc
(Nguyen-Deroche et al., 2012).

The relatively low level of anthropogenic disturbance is seen at site
#50 in SB-IV, which is separated by a sand barrier and thus more distal
to pollution sources in SB-II (Figs. 2, 7). The highest diversity of
calcareous microfossils at site #33 is likely due to the strong marine
influence and also the least contaminated area relative to pollutants
measured in our study. Frequent sediment reworking by tidal currents
and vessel passage may also explain the low abundance of species. This
hydrodynamic setting at site #33 can be inferred from the diatom
community, which has a greater proportion of brackish-marine tyco-
planktonics responding to high-energy coastal processes (Kirsten et al.,
2018).

5. Discussion
5.1. Comparison of elemental distribution to guidelines

The South African Department of Environmental Affairs uses a Na-
tional Action List to screen sediment identified for dredging in South
African ports (Department of Environmental Affairs, 2012b). There are
three guidelines for various metals: The Warning Level indicates an early
stage of contamination, but is not used for decision-making. Action Level
I and Level II are used for decision-making. Based on these guidelines,
we highlight concentration thresholds of As, Cd, Cr, Cu, Ni and Zn
(Figs. 6 and 7). The As concentrations exceed Action Level I in the
middle harbour area, while the Cr and Cu concentration exceed Level I
and Level II. The highest Cr and Cu concentrations in RBH exceed the
Level I by a factor of >3.5 (968 pg g~ * vs 260 pg g~ 1) and >1.5 (353 g
g1 vs 230 pg g 1), respectively (Fig. 7, Table 2). The mean Cr con-
centration in sediment near the terminal in SB-II is alarmingly high, at
351 pg g7}, and in 42% of samples here exceed Level II. The Cr con-
centration in 45% of samples collected in 2018 (Fig. 7) was above the
Warning Level (Cr > 135 pg g~1), providing an aerial coverage of about
6.5 km?2 Additionally, the onset of increasing magnetic susceptibility
(which correlates positively with Cr, Fig. 8) within the sediment core
transects (Fig. 10) shows significant contamination in the top 30 cm of
sediment. This results in an estimated volume of 1,950,000 m® of
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sediment with an elevated Cr concentration in RBH, which should be
considered in future dredging operations and sediment disposal at the
open water disposal site in the Indian Ocean.

5.2. Ecotoxicological implications

The ecological risk posed by As, Cd, Cr, Cu, Ni, Pb and Zn in sediment
can be estimated using the sediment quality guideline quotient (SQGQ)
approach (Long et al., 2006). The concentrations of these metals are
divided by the Level II of the sediment quality guidelines defined by the
Department of Environmental Affairs (2012b). For several of the metals
these sediment quality guidelines are similar to the Effects Range Me-
dian (ERM) of the sediment quality guidelines derived by Long et al.
(1995). As a further estimate of the risk for multiple metals in sediment,
the mean sediment quality guideline quotient (mSQGQ) was calculated
as the mean of the quotients for individual metals in each sediment
sample.

The mSQGQ for surface sediment sampled in 2012 ranges from
0.01-1.69 (Table 5), indicating a risk of toxicity by metals in some
samples. However, the median mSQGQ value of 0.11 shows a low risk of
toxicity at most samples. Quotients >0.5 are exclusively for sediment in
SB-II, near terminal operations. The highest individual SQGQs indicate
severe contamination for Cu, Ni and Cr, at 5.17, 4.96 and 1.50 respec-
tively. The mSQGQ for sediment sampled in 2018 ranges from 0.01-0.47
(Table 5), with a median of 0.12. The highest SQGQs, as for the 2012
survey, were calculated for sediment sampled in SB-II, at 0.91 and 2.62
for Cu and Cr respectively.

5.3. Comparison to earlier studies

In this section, we make use of and compare absolute maximum
values from different surveys to metal concentrations in surface sedi-
ment in our study from RBH, noting that the strong dependence between
elemental concentrations and grain-size distributions detracts somewhat
from such comparisons.

A summary of concentration ranges for Al, Cu, Cr, Fe, Mn and Zn in
studies dating back to 1976 is compiled in Wepener and Vermeulen
(2005), indicating lowest Cu and Cr concentrations in sediment of 40 pg
g~ ! (Cloete, 1979) and 74.8 pg g (Oliff and Turner, 1976), respectively
in 1976 surveys. During their 1996-1997 survey's, Wepener and Ver-
meulen (2005) indicate an increase in concentrations: maximum con-
centrations for Cu (53.5 pg g~ 1) and Cr (221.9 pg g~ 1). These are already
above present guidelines (Department of Environmental Affairs, 2012b)
and are further exceeded in samples collected in 2012 (Cu 2016 pg g~ *;
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Cr 557 pg g~ 1) and 2018 (Cu 353 ug g~ %; Cr 969 pg g~ ).

Greenfield et al. (2011) and Wepener and Degger (2020) identified
increased metal concentrations in the tissue of mussels (Perna perna)
from buoys near Naval Island in 2008 and 2009. Compared to 2008,
mussels of the 2009 survey show a decrease in Cu and an increase in Cr
concentrations. This change, over the course of one year, is similar to
anomalies in the sediment core XRF data, where a decreasing trend of Cu
is accompanied by an increase in Cr (Fig. 7).

Wepener and Vermeulen (2005) relate temporal spikes in metal
concentrations to activities like dredging, which cause a disturbance in
oxic and anoxic conditions. However, the spatial distribution patterns in
2012 and 2018 indicate point sources on globally dredged surface
sediment and cores RBH18-12 and -23 confirm the constant deposition
of metals in sediment.

5.4. Regional comparison

In order to set the results in a regional context, we compare the re-
sults for RBH to ports in East London and Port Elizabeth in South Africa
as presented in Fatoki and Mathabatha (2004). Maximum Pb concen-
trations in all three ports are below Warning Levels (Department of
Environmental Affairs, 2012b), at 82.2 pg g71 in East London, 61.9 pug
g~ ! in Port Elizabeth, and 48.8 pg g~! in RBH. Maximum Zn concen-
trations in East London (332 pg g~ !) and RBH (274.2 pg g~ 1) were
above, and in Port Elizabeth (126 pg g~) below the Warning Level.
Maximum Cd concentrations surpass the Warning Level in all ports (Port
Elizabeth 1.4 pg g1, RBH 1.5 pg g1, East London 1.63 pg g~ 1).

In contrast, maximum Cu concentrations in RBH are twice as high
compared to East London and four times higher than in Port Elizabeth
(RBH: 353.4 pg g, East London: 183 pg g™}, Port Elizabeth: 92.5 pg
g_l; Fatoki and Mathabatha, 2004). Fatoki and Mathabatha (2004)
present site-specific annual mean Cu concentrations in sediments at the
Port Elizabeth Cruise Terminal and East London motor vehicle berth of
68.5 pg g~ ! and 106 pg g ! Cu, respectively. The mean Cu concentration
of 88.6 pg g~ at RBH dry and breakbulk berths (SB-IT) compares well to
these findings. In this regard, local similarities, like surrounding indus-
trial runoff and marine operations (ship maintenance), are likely the
main contributors for elevated Cu concentrations at all three sites.

Birch et al. (2020) recently assessed sediment metal enrichment in
ten ports and estuaries in the World Harbours Project. Concentrations
found in RBH for Cr and Cu differ considerably to those reported by
Birch et al. (2020). Cr concentrations in RBH exceed concentrations
reported for sites by Birch et al. (2020) by a factor of 3.1 (overall
harbour mean: 54 pg g~! and overall maximum 316 pg g™}, Table 2).
Mean Cu concentrations in RBH are below the average of 51 pg g~}
(Birch et al., 2020), but maximum Cu concentrations in RBH (353 pg
g 1) are above the average maximum of 237 pg g}, thus indicating a
wide span of concentrations in RBH that emphasize the point-source
nature of Cu within RBH.

Similar to the current study, a high correlation between magnetic
susceptibility and metals at harbour terminals was observed in Hong
Kong Harbour (Chan et al., 2001; Yim et al., 2004), which was related to
general shipping contamination. However, the strong Cr component, as
found in RBH, was not determined in these studies.

5.5. Microplastics

The occurrence of microplastics is closely related to the magnitude of
anthropogenic activity (population density and proximity; Bellasi et al.,
2020). Bellasi et al. (2020) attribute common input sources for lakes and
rivers to tributaries, on-water activities, tourism or improper dumping.
In our study, the dependence on public areas is clearly reflected in the
given PET concentration and distribution of handpicked plastic pieces
(Fig. 11).

15

Marine Pollution Bulletin 172 (2021) 112764

5.6. Bioindicators

Although no bioindication was mentioned in their study, Wepener
and Degger (2020) showed an uptake of heavy metals in mussels from
the open water column (buoys at RBH entrance channel) and thus
demonstrated bioavailability of contaminants in RBH. It also indicates
that Cr and Cu, although loaded as particulate matter that is believed to
sink rapidly to the bottom, is in suspension long enough to be taken up
by filter feeders. However, lower vulnerability was observed in ostra-
cods in similar metal contaminated environments (Millward et al.,
2004). It is reported that high metal concentrations in marine environ-
ments lead to increase in malformation rates in foraminifera, but these
can also be triggered by strong salinity variation or oxygen deficiency (e.
g. Frontalini and Coccioni, 2008; Geslin et al., 2000; Stouff et al., 1999).
Based on our observations and in accordance with Yanko et al. (1998),
increased metal concentrations reduced the abundance and diversity of
calcareous microfauna and diatom flora in RBH.

The prevalence of metal contaminants in RBH is clearly observable
and as a primary response, the autochthonous diatom community is
composed of species that are adapted to tolerate critical to very heavy
levels of pollution. In the current sample set, teratological forms do not
occur to any significant level. This may be due timing between sampling
and the most recent pollution event, with diatom community turnover
already having been initiated. On a secondary level, diatom composition
is responding to osmotic pressure variability brought about by envi-
ronmental pressures (Taylor et al., 2007), such as salinity, and tidal
currents. In summary, we strongly encourage a more detailed systematic
study to elaborate the effective bioavailability to organisms including
invertebrates and vertebrates. This does not only allow the development
of a more detailed bioindication system, but also allows to evaluate a
warning level of sea food collected in the harbour by local residents.

6. Conclusions

RBH is strongly impacted by anthropogenic activities. Sources of
metals and plastic in sediment are clearly identified. Hydrodynamic
processes, influenced by wind, tides, and vessel propeller wash, affect
microplastic accumulation, sediment distribution, and associated
elemental concentrations. Microplastic pollution is recognizable
throughout publicly accessible parts of RBH (i.e. PET).

The zonation of RBH via endmember modelling defines distinct sub-
basins. Cu and Cr show very high concentrations in SB-II — the main
operational basin with dry and breakbulk berths for import and export.
Consequently, the bulk terminals (SB-II a-c; with increased Cr, Cu, Cd
and Ni concentrations) and Small Craft Harbour (Cr, Cu) were identified
as metal point sources. The metal pollution results in high malformation
rates in foraminifera, and high proportions of ostracods within the
calcareous microfauna at stations with highest metal concentrations.
Diatoms are adversely affected by the high levels of contaminants in the
harbour basin, to the extent of zones of low productivity and
occurrences.

Cr and Cu concentrations in surface sediments from 2012 and 2018,
as well as short sediment cores (recovered in 2018) mirror the pollution
history, with increasing Cr concentrations towards the present time,
preceded by a spike of Cu. Additionally, through correlating Cr con-
centrations and magnetic susceptibility, multiple cores reflect on spatial
and historical metal pollution. This enables to quantify the load of metal
(Cr) polluted sediment to an estimated volume of almost 2 million m°.

The maximum Cr concentration measured in 2018 in RBH is about
three times higher than the concentration recently reported for inter-
national ports. Consequently, metal contamination in RBH poses a po-
tential environmental threat to the adjacent marine ecosystem by
sediment resuspension and remobilization of accumulated metals, and
by the dredging related transfer of contaminated dredged sediment to
open water placement sites. However, it remains to be confirmed if
metals such as Cr are present in the sediment in a bioavailable form
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considering chromium ore and ferrochrome particles probably account
for the high concentrations of this metal in sediment in RBH.
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