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Abstract

ABSTRACT

The spatio-temporal patterns in concentrations of selected metals within the sediment (Cd,
Co, Cu, Fe, Pb, Ni and Zn) and water (Cd and Pb) of three permanently open estuaries
(Kariega, Kowie, Great Fish) and six temporary open-closed estuaries (Mpekweni, East
Kleinemonde, West Kleinemonde, Riet, Kasouga, Boknes) were investigated. The
concentrations of metals were influenced by size composition and total organic content of
the sediments. Enrichment factors (EFs), using Fe as a reference element, and baseline
linear regression models for metals vs. Fe were calculated to assess the extent of metal

enrichment in the sediments.

The mean concentrations of metals in the sediments (mgkg") showed ranges of 0.28 —
2.31 for Cd, 1.26 — 6.24 Co, 0.69 — 6.93 for Cu, 2119 — 14912 for Fe, 2.29 —14.01 for Ni,
4.81 —22.20 for Pb and 5.77 — 21.75 for Zn. Mean normalized enrichment factors ranged
between 0.75 — 6.19 for Cd, 0.53 — 2.71 for Co, 0.22 — 0.84 for Cu, 0.30 — 1.87 for Ni,
0.99 — 3.17 for Pb and 0.14 — 0.98 for Zn. All nine estuaries had average enrichment
factors of greater than 1 for Cd. In general there was no enrichment of Cu and Zn in the
sediments of any of the estuaries included in this study (EFs <1). The Kariega, East
Kleinemonde, West Kleinemonde, Riet and Great Fish Estuaries showed some degree of
enrichment for Co (1 <EF<4), Ni (1<EF<2) and Pb (1 <EF <4), while the
Mpekweni, Kasouga, Boknes and Kowie Estuaries were unenriched with these metals
(EF <1). Enrichment factors for Cd, Co and Pb typically followed the development

gradient along the estuaries, suggesting anthropogenic enrichment.

The concentrations of Cd and Pb in the water of the nine estuaries were also determined.
The average concentrations of Cd and Pb in the water (ug-¢") ranged between 0.05 —

3.32 and 0.75 — 34.13 respectively. On average the concentrations of Cd and Pb in the
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Abstract

water of all the estuaries were below the South African recommended water quality

guidelines for coastal marine waters.

Variations in metal concentrations associated with changes in hydrology (wet vs. dry
season) were determined in the water and sediment of the Kariega, East Kleinemonde and
Riet Estuaries. Cobalt, Pb and Ni enrichment in the Kariega Estuary sediment was
significantly higher during the dry season, and the mean concentrations of Pb and Cd in
the water column were 19-fold and 66-fold higher in the dry season. The elevated
concentration of metals during the dry season could be related to accumulation of diffuse
pollution from human activities within the catchment area. Conversely, inflow of fresh
water into the estuary had the net effect of reducing the concentration and enrichment of
these metals within the Kariega Estuary due to scouring and outflow of estuarine water
and sediment into the marine environment. The temporal variations in metal
concentrations and enrichment factors were less pronounced in the temporary open-
closed estuaries than the permanently open Kariega Estuary. The observed trend can
probably be related to the low anthropogenic impact within the catchment areas of these
systems, and the relatively smaller size of the catchments. Significant spatial variations
existed in metal enrichment in the sediment of both the East Kleinemonde and Riet
estuaries, with the highest degrees of enrichment occurring in the sediments from the

marine environment and lower reaches.
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Preface

PREFACE

This study has been divided into two sections:
1. Metal concentrations in the sediment and water of selected temporary open-closed
and permanently open estuaries.
2. The effects of increased freshwater inflow on metal enrichment in selected

Eastern Cape estuaries, South Africa.
A summary of the work from the first section has bee submitted to the journal Water SA:

Orr K.K., Burgess J.E., and Froneman P.W. (2007). Metal concentrations and enrichment
in the sediment and water of selected permanently open and temporary open-
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Chapter 1 - Introduction

CHAPTER 1
INTRODUCTION

1.1 GENERAL INTRODUCTION

Metal contamination within rivers and estuaries ba@sn a subject of increasing attention
over the last twenty years, largely due to theipenst and toxic nature of many metals.
Some metals are essential for metabolism (Co, €uZk and Mg) but become toxic at
elevated concentrations, while others such as @dHg, and Sn are not required for
metabolism and are toxic to organisms at low cotragons (Bineyet al., 1994; Kennish,
1997). The existence of metals at toxic concemingtiin water and sediment may
threaten the health of the estuarine environmena “ioaccumulation and
biomagnification up the food chain (Fatoki and Madiatha, 2001). It is thus necessary to
monitor the extent of contamination within estusi@@d compare metal concentrations to

national sediment and water quality guidelines (tgn1985).

Metals in the context of this project are commamdgcribed in biological, botanical and
chemical literature as “heavy metals”. However, tdren “heavy metal” began to recur in
formal texts without ever receiving an authoritatolescription (Nieboer and Richardson,
1980). The expression “heavy metal” is commonlydubg authors when there is a
connotation to toxicity, and the term “trace métats often used as a less evocative
replacement for “heavy metals” (Nieboer and Rickard 1980). Both these terms have
been used by authors to encompass a wide varietglenients with heterogeneous
chemical properties such as; Titanium (Ti), Vanadi(V), Chromium (Cr), Iron (Fe),
Nickel (Ni), Copper (Cu), Zinc (Zn), Arsenic (Af)ljobium (Nb), Silver (Ag), Cadmium
(Cd), Tin (Sn), Mercury (Hg), Lead (Pb), CalciumajCMagnesium (Mg), Sodium (Na),
Manganese (Mn) and Cobalt (Co) (Nieboer and Rigward1980).
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Lepedes (1974) formally described “heavy metalsbeing those metals whose specific
gravity is greater than or equal to 5. Lesaca (J9ésignated “heavy metals” to be those
elements that fell into a rectangular block of tReriodic Table that is flanked by
Titanium (Ti), Hafnium (Hf), Arsenic (As) and Bisrttu (Bi). Selenium (Se) and
Tellurium (Te) were also included to this definiticAnother publication (Venugopal and
Luckey, 1975) reported any elements beyond Ca énRhbriodic Table to be “heavy
metals”. Since there is no general agreement odefirition of “heavy metals” the term
has been avoided in this text. The elements that fart of this study are Cd, Co, Cu Fe,
Ni, Pb and Zn and they have simply been referreastometals” in this thesis.

TABLE 1.1
Industrial and agricultural sources for heavy metak in the environment
Use Metal

Batteries and other electricals Cd, Hg, Zn, Mn, Ni
Pigments and paints Ti, Cd, Hg, Pb, Zn, Mn, Sn ATrAs, Cu, Fe
Alloys and solders Cd, As, Pb, Zn, Mn, Sn, Ni, Cu
Biocides (pesticides, herbicides, As, Hg, Pb, Cu, Sn, Zn, Mn
preservations)
Catalysts Ni, Hg, Pb, Cu, Sn
Glass As, Sn, Mn
Fertilizers Cd, Hg, Pb, Al, As, Cr, Cu, Mn, Ni, Zn
Plastics Cd, Sn, Pb
Textiles Cr, Fe, Al
Refineries Ni, V, Pb, Fe, Mn, Zn
Fuel Ni, Hg, Cu, Fe, Pb, Cd
Source: Committee for Inland Fisheries of Afric@91)

Metals are natural constituents of the environmieat,their concentrations may become
elevated as a result of human activities (Kenni€97; Clark 1989). Natural processes
that contribute to the input of metals into watgstems include; weathering of rocks,
windblown dust from nearby shales, volcanic andrbtgermal vent activity, forest fires
and the deposition of organic matter (Kennish, 199@rk, 1989). The concentration of
metals in sediments thus often reflects the natabahdance of metals in that area, and
this forms the base of geological prospecting (C1d4989). However, anthropogenic
sources of metals are abundant (Table 1.1) andegagl or exceed the natural input of
metals into the atmosphere, rivers and estuariabl€¢T1.2) (De Groott al., 1976;
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Nriagu, 1979). There has been a sharp increasbeimmthropogenic release of trace
metals since 1901, and the bulk of the anthrop@gemissions have occurred in the
northern-hemisphere (Nriagu, 1979). In 1979, it vesimated that the quantities of
metals that had been dispersed into the world stesy through anthropogenic
emissions into the atmosphere were 0.32 %gGor Cd, 2.2 x 1bkg for Cu, 20 x 19
kg for Pb, 1.0 x 10kg for Ni and 14 x 10kg for Zn (Nriagu, 1979). Human activities
have thus led to the redistribution of large amswitmetals at the Earth’s surface, which
has resulted in a considerable alteration of tiedajlcycle of metals in the last centaury
(Nriagu, 1979). Metals that are enriched above @amind concentrations in the
sediment and water column of estuaries are thusmmmty used as indicators of
pollution (Bineyet al., 1994; Binning and Baird, 2001).

TABLE 1.2
Worldwide emissions of metals to the atmosphere (#0° kg.yr™)
Metal Natural Sources Anthropogenic Sources
Cd 0.83 7.3
Cu 18.5 56
Ni 26.0 a7
Pb 24.5 449
n 43.5 314
Source: Nriagu (1979)

Metals enter the aquatic environment via multipigheopogenic non-point and point
sources. Non-point sources of pollution are diffasel enter water systems indirectly
(US-EPA, 1993; Buntsma and Casey-Lafkowitz, 198Xamples of non-point sources
of metals include storm-water run-off from roadsyling lots and residential areas;
leaching of metals from dumping sites, fertilizeand pesticides; and atmospheric
deposition of metals from combusted fuels. Watet flows through or over land may
accumulate pollutants and carry them into rivers @stuaries. The net load of pollutants
entering aquatic systems may thus increase duenggs of heavy rainfall (US-EPA,
1993; Buntsma and Casey-Lafkowitz, 1999). Idemidyithe sources of non-point
pollutants and contaminants is problematic, ana this difficult to prevent their input.
Non-point sources of pollution have therefore belemtified as the greatest threat to the
health of the environment (US-EPA, 1993; Buntsnth @asey-Lafkowitz, 1999).
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Point source emissions occur where a pollutantoatacninant originates from a single
identifiable source or location (Harrison and Lax#881; US-EPA, 1993). The highest
concentration of the pollutant is usually foundmi@ source, examples of which include
the discharge of industrial or municipal waste tigio an outlet pipe into a water system.
The most common anthropogenic wastes that enteesiuarine and coastal environment
are dredged spoils and sewage, industrial and npahidischarges (Kennish, 1997). The

possible sources of metals in domestic water atediin Table 1.3.

TABLE 1.3
Possible sources of metals in domestic waste wate
Cd|[Cu|Ni|Pb|Zn |Co|Fe

Automotive Products X[ X | X | X
Caulking compounds X| X | X [X
Cleaners X X X
Cosmetics Xl X| X| X| X| X| X
Fillers X
Fire Extinguishers X X
Fuels X X
Pesticides X X Xl X X
Inks X X
Lubricants X X
Medicine X X| X| X
Oils X X | X
Ointments X Xl X
Paints X X| X| X
Photography X X
Pigments X X| X| X| X| X| X
Polish X X
Powders X X
Preservatives X X X
Water treatment X X X
Source: Stephenson (1987)
Note: X denotes presence of metal in source.

The words “contaminant” and “pollutant” are oftesed interchangeably with little
understanding for their actual meaning. It is thesessary to define them to abate any
further confusion. Contamination is the presence etdvated concentrations of a
substance above that of its background concentratiothe environment or biota
concerned (Clark, 1989). Pollution is the indirectdirect introduction of a substance
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into the environment by man. A pollutant is harnttukhe living resources, hazardous to
human health and may hinder marine activities aegratle the quality of the water
(Clark, 1989). A contaminant may become a polluifaf it is introduced by man, art)
has some damaging effect on the environment (CI889). It is important to note that
although a contaminant may show toxic effects tganisms or plants in laboratory
toxicity test, this does not necessarily prove thatcontaminant is harmful in the natural
environment. Elevated levels of contaminants sheeldbe as a warning signal, yet the
effects of the contaminant may be seen as insggmfiunless the contaminant results in

the change of a biological population as a wholarC 1989).

1.2 AN INTRODUCTION TO ESTUARIES

Estuaries constitute the region where fresh watem fterrestrial drainage meets and
mixes with sea water (Allanson and Baird, 1999; iieh, 2002), and are well known to
be one of the most biologically productive ecosysteon Earth (Kennish, 2002).
Estuaries are highly variable in terms of geologwydrography, salinity and

sedimentation and they may show considerable $gatch temporal variations in their
physico-chemical parameters (Allanson and Bair®918nd Kennish, 2002).

Many scientists have attempted to define estuamesl as many as 40 different
definitions exist (Dyer, 1997). The most commonbed definition is that of Prichard
(1976), which states that “an estuary is a semiesed coastal body of water with a free
connection to the open sea and within which seawstmeasurably diluted with fresh
water derived from land drainage”. This definitidoes not consider temporarily closed
estuaries or those estuaries that receive vely ott sporadic freshwater inflow and do
not demonstrate a horizontal gradient in salinfthius, Day (1980) generated a more
appropriate definition which states that an estismey “partially enclosed, coastal body of
water which is either permanently or periodicalpea to the sea and within which, there
IS measurable variation of salinity due to the mm&tof sea water with fresh water
derived from land drainage”.
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In South Africa, only 37 of the 289 river mouth2 @%) that maintain permanently open
connections with the sea can be considered as”“#swiaries (Reddering and Rust,
1990), and many of these estuaries have varialdeacteristics reflecting the different
physical environments in which they are situatedVhitfield (1992) devised a

classification system for South African estuarigbereby they can be grouped in terms
of their mouth phase and tidal influence. Five g/péestuaries were identified using the
Whitfield classification, namely; estuarine baysyer mouths, permanently open
estuaries, estuarine lakes and temporarily opesedloestuaries. Permanently open
estuaries experience a combination of tidal andrime mixing and have an average
salinity of 10 — 35 practical salinity units (psujemporary open-closed estuaries

experience wind driven mixing and average saligsitange from 1 — 35 psu.

The mouths of South African estuaries are subgathiange according to wave action,
wind, currents and sediment influx (Allanson andr@al999). When an estuary is
flooding, millions of cubic meters of sand can bgpthced in a few hours, which may
lead to breaching of temporarily closed estuariesSouth African estuaries
characteristically have relatively limited flow icomparison to other estuaries in the
world, and in many cases the average flow is lbas tL nis (Allanson and Baird,
1999). Approximately 70 % of South African estuarage classified as closed systems,
and yet the majority of estuarine research to thaie been conducted on permanently
open estuaries. This is mostly due to the fact thatpermanently open systems are
located close to coastal towns and cities andtithere is a greater need to monitor human
impact (Vorwerk, 2000).

Estuaries typically receive sediment from three rmsources, namely; from the sea,
inflowing rivers and from material generated withime estuary itself. Most estuaries
contain sediment of a marine rather than terrestrigin, although in the case of deltas
there is greater terrestrial input of sediment (D¥©®97). Once the sediments have been
deposited they may be dispersed by tidal currémis;-tidal waves or flooding episodes
within the estuary, which will in turn result inghransport and deposition of metals and

other pollutants (Dyer, 1997). Near the head ofedl wixed estuary there is usually a
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zone of high suspended sediments, which is knowthesurbidity maximum zone, and
this is commonly the area in which the highest eoi@tions of metals can be found in
the water and sediment column (Dyer, 1997). Asrg grude generalization, fine grained
sediments will settle in the river-dominated uppeaches of the estuary and coarse
sediments will be found in the lower, marine-donbéglareaches. Sedimentation patterns
are however controlled by the specific flow patseamd channel shape and structure of a

particular estuary (Dyer 1997).

1.3 METALS IN THE ESTUARINE ENVIRONMENT

Estuaries may be the repositories of contaminagngm@ted by human activities (Kennish,
1997). Metals typically bind to fine grained sedit® such as mud and organic matter.
As a consequence of the sheltered nature of esijdhiese materials tend to settle out in
estuaries, and thereby increase the propensitycdatamination and accumulation in
these environments (De Grodtal., 1976). Metals, however, are not indefinitely bdu
to sediments and may be re-mobilized and returaaslution via physical, chemical and
biological processes (De Groettal., 1976). Metals may thus occur in various chemical
forms whilst being transported to the sea, suclo@as in solution, organic or inorganic
complexes in solution, adsorbed onto the surfacesusipended mater or sediment
particles, bound to sulfides, incorporated intadsorganic particles, precipitated in their
“pure” form which may then associate with detritusl co-precipitated with Fe and Mn-

oxides, which may then coat detritus particles giezsand Campbell, 1978)

Concentrations of metals in the sediment are tylgisaveral orders of magnitude higher
than those in the water column (Bryan and Langst®82), and thus the levels of metals
within the water column may meet water quality gliices for water use and ecological
health but the sediment may not (Binning and Bdifi)1). The concentrations of metals
in the water column are also subject to greatepteal and spatial variability than in the

sediment, which make it difficult to obtain watemsples that are representative of the
contaminant status of the waterbody. Sediments,then other hand, are long-term

integrators of metals and provide a more accurafeation of the extent of metal
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contamination within a particular system (BinningidaBaird, 2001). High total
concentrations of metals in sediment, however,@mecessarily indicate input of metals
from human activities, as elevated levels of metalsy be a result of variations in
sediment characteristics as well as naturally lhigtkground concentrations (Schrogip
al., 1990; Liuet al., 2003).

Many factors affect the concentrations of metalsediment, such as grain size, total
organic carbon content and mineralogy (Schreipa., 1990; Summerst al., 1996). In
uncontaminated sediments, metal concentrationstteinttrease as grain size decreases
due to the fact that the surface area of sedimemjsain size dependant, and thus smaller
particles provide a larger surface area for th@igd®n of metals (Schropg al., 1990;
Summerset al., 1996). Organic carbon acts as a matrix to whethals can complex, and
several studies have shown strong linear relatipsdbetween total organic carbon and
metal concentrations (Tam an Yao, 1998; Dasalalds@GiConnor, 1995).

Since the concentrations of metals in the sediraadtwater of estuaries are subject to
considerable variations depending on their phystwemical environment, it is not
advisable to use absolute concentrations as caowelusdicators for the anthropogenic
input of metals in a specific area (Schragipal., 1990). Conclusions should rather be
drawn on the overall spatial and temporal trendsnetal concentrations, the inter-
element correlations between metals, and metaklement factors calculated from
uncontaminated sediments (Schragdl., 1990; Summeret al., 1996). Sediment metal
concentrations also need to be normalized to axgi@e parameter before spatial and
temporal variations can be analyzed. This will isealssed further in Chapter 3.

1.4 INTERNATIONAL METAL RESEARCH

Metals are some of the most commonly studied cointams of estuarine and coastal
environments and thus metal research has been caaddon thousands of estuaries,
rivers, harbors and embayments worldwide (Kennik®97). The majority of these

studies have been carried out by research bodiesiarsities or as part of national or




Chapter 1 - Introduction

international monitoring programs. The Joint Gratfifexperts on the Scientific Aspects
of Marine Pollution (GESAMP) was established in 9@hd is an international advisory
body that provides periodic reports on the healtthe marine environment and plays a
leading role in assessing global marine pollutiombgems (Kennish, 1997). The

GESAMP has thus reported the sources and condensaif many metals in the marine

environment (Table 1.4).

TABLE 1.4
Natural and anthropogenic concentrations of some ntals from various sources

Unit Pb Cd | Cu Zn

Earth crust concentration rhg 15 0.2| 45 40
Seawater concentration ﬂ'd 0.002| 0.1 2 3
Total amount in world oceans %0 2.8 | 140| 28004200
Input by erosion 1otyt | 150 | 0.5| 325 720
Input by burning of fossil fuel and cement 10°ty* | 34 | 02| 21| 37
fabrication

Mine production 18ty | 3500| 15| 7500 5000
Annual mine production in percent of total % 125 | 0.0 0.3 | 0.1

amount in the world oceans

Source: GESAMP (1976)

Other bodies under which large-scale metal resehash been conducted include the
Environmental Protection Agency (EPA) and the NamloOceanic and Atmospheric
Administration (NOAA), both of which are based ihet United States of America.
Historically, the majority of metal research hasemeconducted in the northern
hemisphere, and only recently has work been puddisbn the estuaries and coastal
systems of the developing countries in the southemisphere (Binegt al., 1994). The
concentrations of metals in both contaminated amtbmtaminated estuarine sediments

from England, Scotland and California are presemtéichble 1.5.
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TABLE 1.5
Metal concentrations (mgkg™) in contaminated and uncontaminated sediments
Sediment Cd| Co| Cu Fe Ni | Pb| Zn
Firth of Clyde, Scotland
Control area (mean) 34 34 37 53*160| 8| 160
Sewage sludge deposite (max) 7 |40 210 6.1°% IO | 320| 830
California Coast
Control area (median) 0.33- | 83 - 9.7/ 6.1 43
Los Angales wastewater outfall (max) 66 |- 940 - 1580 | 2900
Southwestern England estuaries
Control (Avon) (typical) 03] 10 19 1.9x4p28| 39| 98
Restronguet Creek acid mine waste (max) 1.2 | 22 2508x 1¢ | 32 | 290| 3500

Source: Bryaret al. (1986)

Africa is experiencing rapid urban and industrigvelopment, particularly in coastal
areas, and thus a need has arisen to monitor theeetrations of contaminants and
pollutants in the receiving aquatic environmentxcdxding to a review compiled
fourteen years ago by Biney al. (1994), the concentrations of metals in most Asinic
coastal environments were low, with a few excemion developed areas. Metal
concentrations in sediments taken from the eastwasd coasts of central and northern
Africa in the early 1980s and 1990s can be sediabte 1.6.

TABLE 1.6
Mean metal concentrations in African marine sedimets

Cd | Pb | Cu | Zn| Fe (x16) References
Mediterranean
Abu-Kir Bay Egypt 2.02 - 12| 102 4.5 Saatdhl., 1981
Port Said, Egypt 3.2 - 14 50 2.5 Sahdl., 1981
Eastern Harbour, 2.89 14 51 1.1 Saadial., 1981
Alexandria
El Mex, Egypt 2.18 241 354 147 Saadt al., 1981
Gulf of Guinea
Ebrié Lagoon, Cote 576 | 37.0| 187 52.4 Kouadio and
d’lvoire Trefry, 1987
Lagos Lagoon, Nigeria 4.1 178915 | 147 36.38 Okoyet al., 1991
Atlantic Coast, Nigeria 23| 67.5 72.5 Ndiokwere, 1984
Source: Bineyet al. (1994)

Numerous marine pollution monitoring programs hbagen initiated in Africa in order to

asses the level of metal contamination and poluiipaquatic environments. The three

10
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most prevalent programs are; 1) The Mediterranealutidn Monitoring Program
(MED-POL), which covers Tunisia, Algeria and Moro¢2) The West and Central
African Pollution and Research Program (WACAF 20d&3) The Eastern African
Marine Pollution and Research Program (EAF 6) (Cattem for Inland Fisheries of
Africa, 1987).

1.5 SOUTH AFRICAN WATER AND SEDIMENT QUALITY
GUIDELINES

South African water quality guidelines (WQGs) hdeen published by the Department
of Water Affairs and Forestry (DWAF) for both fresfiter and coastal marine

environments (Table 1.7), but no specific guiddirere available for South African

estuaries or river mouths (DWAF, 1995). The exgtiWQGs play an important role in

the management of the quality of South African waiestems to ensure that they are fit
for use by man and the environment. There is, hewev need to expand the WQGs to
include estuarine systems. The South African WQ&B<£bastal Marine Waters focus on
the area inshore of the continental shelf, unlessontinental shelf is wider that 200 km,
after which international conventions and agreesepply to all users of the ocean
(DWAF, 1995).

TABLE 1.7

South African water quality guidelines for coastalmarine waters: metals
Metal Target value for South African coastal waters(ugt™)

Cd 4

Cu 5

Pb 12

Ni 25

Co No target value has been determined for the@&&tal zone

Zn 25
Source: (DWAF, 1995)

There are currently no published sediment qualitylglines that have been specifically
adapted for South African coastal marine or esteasediments (BCLME, 2006), and

11
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thus it is necessary to use international sedimeality guidelines such as those supplied
by the National Oceanic and Atmospheric Adminigtrat USA (NOAA) (Buchman,
1999). This is not ideal as each country and mpeeiically each estuary has a unique
set of physical, biological and chemical variabilleat influence the toxicity of certain
metals. An organism’s ability to tolerate elevatedicentrations of metals may thus vary
from region to region (BCLME, 2006).

Australia and New Zealand have adapted the NOAAnsamt quality guidelines (SQGS)

to suit local baseline concentrations and availédptécity data in order to fabricate more
localized SQGs (ANZECC, 2000; BCLME, 2006). SinlyarThe Benguela Current

Large Marine Ecosystem (BCLME) has reviewed inteamal SQGs in order to develop
a common set of SQGs for the coastal zone of theME (Angola, Namibia and west

coast of South Africa) (Table 1.8). The BCLME guides, however, cover a broad
concentration range and need to be refined to rieespecific requirements of each
country within the region (BCLME, 2006). The sedmhguality guidelines proposed for
the west coast thus still need to be subjecteditésspecific field measurements and
modeling outputs. Thus, no official South Africaedsnent quality guidelines have been

published as yet, but theoretical concentration® lieeen proposed.

TABLE 1.8
Summary of national and international sediment quaity guidelines
Metal State of
(mgkg™ dry wt.) South Africa’ NOAA? Florida®
(NOAA)
Special care| Prohibited ERL ERM TEL | PEL
Cd 15-10 >10 1.2 9.6 0.68 4.21
Cu 50 - 500 > 500 34 270 18(7 108
Pb 100 - 500 > 500 46.7 218 30.2 112
Ni 50 - 500 > 500 20.9 51.6 15/9 4238
Zn 150 — 750 > 750 150 410 124 271
Y(BCLME, 2006 unpublishedy,(Longet al., 1995; Buchman, 1999(Mac Donald, 1996;
Buchman, 1999)

Multiple sediment screening values, which covepectrum of concentrations from non-

toxic to toxic levels, appear in Table 1.8. The &diold Effects Level (TEL) represents

12
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the concentration below which adverse effects wi#l observed only rarely. It is
calculated as the geometric mean of th® iércentile concentration of toxic effects data.
The Effects Range Low (ERL) represents the conagatr at which toxicity may begin
to be observed in sensitive species. The ERL isutzted as the lower fpercentile of
sediment concentrations reported in literature dwabccur with any biological effect.
The Probable Effects Level (PEL) is the concerdratabove which toxic effects are
frequently observed. More than 50% of adverse tffeccur above the PEL (CCME,
1995). The Effects Range Median (ERM) is the mediancentration of available
toxicity data. It is calculated as the lower"spercentile of sediment concentrations
reported in literature that co-occur with any bgtal effect (Buchman, 1999). The
SQGs may thus be listed in the increasing toxigtgdient; TEL<ERL<PEL<ERM.
(Buchman, 1999).

1.6 METAL CONCENTRATIONS IN COASTAL WATERS AND
SEDIMENTS OF THE EASTERN CAPE, SOUTH AFRICA

Over the last three decades there has been arasecre urban, agricultural and rural
development along the banks of Eastern Cape essuanid within their catchment areas.
As a result, many Eastern Cape estuaries are sioghg becoming the repositories of
human, domestic, agricultural and industrial wg&mning and Baird, 2001; Scharler
and Baird, 2003). Despite these developments, fesvystudies have been conducted on

metal enrichment and contamination within EastespeCestuaries.

In the late 1970s and early 1980s several papems mublished on metal concentrations
in South African estuaries (Watling and Watling,7&90 1983; Watling, 1988). These
studies formed part of the National Marine PollotMonitoring and Survey Programmes
(Cloete and Oliff, 1976; Watling and Cloete, 198fennig, 1985). The results for the
Eastern Cape Marine Pollution Monitoring and Suri?eggram are shown in Tables 1.9
and 1.10. The overall conclusion from these surwegs that South and Eastern Cape
estuaries were relatively uncontaminated with nsetaith a few exceptions in the more

industrialized and urban areas such as Port Elihabed East London (Watling and

13
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Watling, 1976 to 1983; Talbadt al., 1985). Metal concentrations within the sediment
column thus reflected the extent of anthropoger@eetbpment of the area (Watling,
1988).

Two more recent studies have been completed oswWaatkops Estuary (Binning and

Baird, 2001), and the East London and Port Elizabttrbours (Fatoki and Mathabatha,
2001), both of which revealed a marked increaseetal concentrations over time. These
few publications are the sum total of metal redeavithin Eastern Cape estuaries over
the last three decades, and thus there is a geeat to determine the current state of

metal contamination within Eastern Cape estuaries.

The early studies provided good baseline dataddase waters and sediment within the
Eastern Cape and their results will present intergsomparisons for future research.
However, none of the above mentioned studies ircluahy of the smaller temporary
open-closed estuaries within the Eastern Cape. thus important to conduct baseline
studies on those estuaries that have not yet haseyed, as well as to determine the
increase in metal concentrations in the permaneibn Eastern Cape estuaries since

they were first surveyed more than 20 years ago.

TABLE 1.9

Mean metal concentrations in surface sediments (mg™) of Eastern Cape estuaries

Estuary Zn Cd | Cu| Pb Fe Mn| Ni | Co| Cr Hg
Kromme 12.0| 03] 3.0 84 7350 112 37 2.1 649 0/018
Gamtoos 221 028 74 8/ 115830 141 9.1 4.7 19.0100.
Papenkuils 230.0 040 337 92.6 18770 151 B.1 |2.2.0/50.21
Swartkops 35.5| 0.22 10/ 16/7 13020 177 ¥.5 1.1 |30D18
Sundays 47.4) 0.06 12/4 150 19600 36®B.3| 9.4| 38.4 0.024
Bushmans 123 00p 28 54 7330 49 51 Pp.2 21.8310.0
Kariega 27.1| 005 7.5 10,7 16050 131 99 54 26.949
Kowie 96.0 | 0.06f 16.5 29.8 32300 531 244 179 53250
Great Fish 26,5 030 50 7p 8712 8 75 31 10810
Buffalo 196.2| 0.10 186 19.5| 36000, 353 27.8 125 40.2 0.289
Nahoon 51.8/ 0.08 17.0 3.3 14210 184 189 .1 B2.081Q
Mossel Bay 41| 002 19 43 2578 24 Q49 04 27 0D)0
St Francis Bay| 3.5| 0.0y 24 28 1450 B1 0.6 0.4 732.003
Algoa Bay 56| 033 18 26 258 113 09 0.2 3.7 6D0
Source: Watling (1988).
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TABLE 1.10

Metal concentrations in surface waters (ug™) of Eastern Cape estuaries

Estuary Zn Cd | Cu| Pb Fe Mn | Ni Co
Kromme 04| 0.08 09 0.13 132 8 0.05 0.05
Gamtoos 16, <0.1 08 0.7 550 9 05 Q0.2
Papenkuils 154 0.1 838 21,0 3100 279 215 1.1
Swartkops 2.7 02| 27 14 150 28 113 01
Sundays 29| 004 40 1.0 378 0 11 0.2
Bushmans 05/ 013 18 0.2 302 0 0§23 0.2
Kariega 05| 007 15 0.2 170 1 0.13 011
Kowie 06 | 0.05f 1.7 0.2 214 1 0.54 0.16
Great Fish 3.0, 007 22 1.1 1446 8 047 0.78
Buffalo 12.0| 02| 50 416 166 179 326 13
Nahoon 46| 0.0 03 97.p 91 1 17.7 0.3
Mossel Bay 1.8 08/ 1.8 0.3 45 02 0.p4
St Francis Bay 1.4 03 18 0.3 275 02 0.3
Algoa Bay 2.2 02| 22 0.9 101 06 0J2
Source: Watling (1988).

The aims of this study were to determine the curstate of metal enrichment and
contamination in the sediment and water of seledfadtern Cape estuaries. The

objectives of this study were to:

1) To conduct a baseline study of selected Easterre @afuaries to assess spatial
patterns in metal concentrations in the surfacematd sediments.

2) To investigate the influence of hydrology on thatsg and temporal patterns in
metal concentrations within the surface water amdlisents of selected

permanently open and temporary open-closed EaStgpe estuaries.
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CHAPTER 2

STUDY AREA

2.1 INTRODUCTION

The estuaries sampled during this study are situated in the Eastern Cape Province, South
Africa, and lie within a 70 km stretch of coast that runs from Boknes (33° 43’ 35" S; 26°
35" 9" E) in the south east to Mpekweni Resort (33° 26" 14" S; 27° 13" 52" E) in the north
west (Fig. 2.1). Nine estuaries were investigated, six of which are temporary open-closed
estuaries and three which are permanently open systems. The temporary open-closed
estuaries sampled were the Mpekweni, the East Kleinemonde, the West Kleinemonde, the
Riet, the Kasouga and the Boknes Estuaries. The permanently open estuaries investigated
were the Great Fish, the Kariega and the Kowie estuaries. The estuaries surveyed in this

study are described in this chapter.

Estuaries selected for this study display a wide range of land-use patterns and population
densities within their prospective catchments. They were also chosen due to paucity of
data on metal concentrations and metal enrichment within the sediment and water of
Eastern Cape estuaries. Not one of the temporary open-closed estuaries has been the
subject of metal studies before, and the permanently open estuaries were briefly surveyed
for metal concentrations in the early 1980s (Watling and Watling, 1983a). The Riet, East
Kleinemonde and Kariega estuaries were sampled during both a dry season and wet
season. All other estuaries were only sampled once. Sampling dates can be seen in Table

3.1 (Chapter 3).

The ecological health of the estuaries studied has been classified as “moderate” to “good”,
and the water quality, which is based on the suitability for aquatic life, has been classified

as “fair” to “good” (Harrison et al., 2000). The type and size of developments associated
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with each estuary vary, with some of the small temporary open-closed estuaries having
minor developments within their catchment, whereas the permanently open Kowie and
Kariega Estuaries are the sites of ever growing coastal developments. The banks of the
Kowie Estuary are the most developed of all nine estuaries. All these estuaries (except the
Boknes Estuary) are traversed by a coastal road, the R 72, which runs between East
London and Port Elizabeth. Some of the estuaries have small to large housing
developments situated on the banks of the lower reaches, and the Kowie and Kariega are
surrounded by the coastal resort towns of Port Alfred and Kenton-on-sea, respectively.
Land uses within the catchments of these estuaries comprise mainly pineapple farming,

livestock rearing, and conservation / game farming (Vorwerk, 2000).
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Figure 2.1: Map showing study area and the location of each estuary along the Eastern
Cape coast (adapted from Walton, 1984).
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2.1.1 COASTAL HYDROGRAPHY

The Eastern Cape coast is bordered by the Indian Ocean, with the tropical Agulhas
Current flowing alongside the continental shelf in a south westerly direction. The
Agulhas Current forms part of the South Indian Ocean gyre, and its warm waters
originate from both the Equatorial Current flowing through the Mocambique Channel and
the water flowing down the east coast of Madagascar (Ross, 1998). The Agulhas Current
is fast flowing, reaching an average velocity of 1 m-sec, and it is approximately 100 m
wide (Ross, 1998). The Agulhas Current diverges from the coast between East London
and Port Elizabeth and this is due to a widening of the continental shelf (Lutjeharms et al.,
2000).

Intermittent upwelling events occur 40 % of the time on the landward side of the Agulhas
Current between East London and Port Alfred (Lutjeharms et al., 2000). These upwelling
events are typical of a western boundary current that diverges from the coast due to a
widening in the continental shelf (Lutjeharms et al., 2000). The centre of this upwelling
cell is located adjacent to Port Alfred, and it has a lateral range along the Agulhas Current
of 85 to 300 km (Lutjeharms et al., 2000). The water that feeds these upwelling events is
derived from the middle levels of the South Indian Central Water. Wind-driven upwelling
events, which occur during periods of strong and persistent easterly winds, are also
known to occur along this coastline and they usually bring cold water that is already on
the shelf up from below the thermocline (Lutjeharms et al., 2000). These upwelling
events contribute substantially to the nutrient loads observed along this section of the

coast line (Lutjeharms et al., 2000).

2.1.2 CLIMATIC CONDITIONS

The section of Eastern Cape coast that stretches from East London to Port Elizabeth has a
predominantly warm-temperate climate (Allanson and Baird, 1999), with average
monthly temperatures ranging between 7.5 °C and 25.4 °C (Stone, 1998). The Eastern

Cape is essentially a transition zone between climate types, and seasonal patterns in

18



Chapter 2 - Study Area

rainfall are less pronounced than in other parts of the country (Stone, 1998). The Eastern
Cape can however, be divided into climatic areas according to the seasonal distribution of
rainfall. The belt of coast that was surveyed in this study experiences a bimodal rainfall
pattern, with a maximum rainfall peak occurring in spring and a lesser peak occurring in
autumn (Allanson and Baird, 1999). During the time of sampling the greatest amount of
rainfall occurred in May and Aug, 2006, and March 2007. March and July were the driest
months in 2006 and February was the driest month in 2007 (Fig. 2.2).

250

200 A

150 -

Average Precipitation (mm)

Figure 2.2: The mean monthly rainfall for Port Alfred between January 2006 and June
2007 (South African Weather Bureau).

Consistent eastward inshore currents, which are largely driven by persistent westerly to
south-westerly winds, run along the Eastern Cape coast (Ross, 1998). These easterly

nearshore currents run parallel to the Agulhas Current and transport aeolian sand in an
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easterly direction (Ross, 1998). This transport of sediments is largely responsible for the

closing of the mouths of temporary open-closed estuaries (Vorwerk, 2000).

2.2 MPEKWENI ESTUARY

The Mpekweni is a medium sized temporary open-closed estuary (Fig. 2.3) that is ~ 3 km
long, has a catchment size of ~ 65 km?, a surface area of 63 ha and a mean annual runoff
(MAR) of 3.45 x 10°m’-yr" (Vorwerk, 2000). The mouth is positioned at 33° 26’ 13" S
and 27° 13" 57" E, which is ~ 15 km northeast of the Great Fish Estuary. The national
road between East London and Port Elizabeth traverses the estuary 300 m from the mouth
of the estuary. The Mpekweni Sun resort is situated on the northeast bank of the estuary,

and a few holiday houses are built on the southwest bank of the lower reaches.

Road Bridge
(R72)

0 121m A
l | Mouth

Figure 2.3: The Mpekweni Estuary, showing size and shape of the system and location
of sampling sites. (LR = lower reaches, MR = middle reaches, UR = upper reaches).
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The mouth, lower and middle reaches are the widest part of the estuary (110 — 140 m),
and the estuary narrows considerable in the upper reaches (40 m). The estuary is also
shallowest at the mouth, having an average depth of less than one meter. The depth of the
estuary will vary according to mouth phase, but when the mouth is closed the maximum
depth is 2.6 m (Vorwerk, 2000). The estuary can thus be navigated by boat when the
mouth is closed, although boating activity is minimal. The Mpekweni Estuary was

sampled once (13th June 2006), during a dry period when the estuary mouth was closed.

2.3 EAST KLEINEMONDE ESTUARY

The East Kleinemonde is a medium sized temporary open-closed estuary (Fig. 2.4) that is
situated ~ 20 km northeast of Port Alfred. The mouth of the estuary is situated at the
coordinates 33° 32’ 21" S and 27° 02' 55" E. The R 72 national road crosses the estuary
~ 500 m from the mouth. The northeast bank of the lower reaches of the estuary are
surrounded by residential and holiday houses. A small township, Seafield, surrounds
most of the southwestern bank of lower reaches of this estuary, as well as the neighboring
West Kleinemonde Estuary. There is little development in the upper reaches of the East
Kleinemonde Estuary. According to Harrison et al. (2000), the East Kleinemonde Estuary

is in a “good” condition ecologically and the water quality is “good”.

The estuary is 2.5 km long, has a catchment size of 46.3 km” and mean annual runoff of
2 x 10° m*yr' (Badenhorst, 1998). The width of the estuary is approximately 100 m at
the mouth and narrows to 25 m in the upper reaches (Vorwerk, 2000). The main channel
of the estuary is approximately 2.5 m deep, with most of the estuary being less than 1 m
deep. The mouth remains predominately closed during the year, although mouth
dynamics are highly variable. Data presented by Bell et al. (2001) show that the mouth of
the estuary was only open 2.5 % of the time, and over-washing of marine water occurred
16.4 % of the time. The East Kleinemonde Estuary was sampled once during a dry
season (24™ June 2006) when the mouth of the estuary was closed, and once during the

wet season (5th September 2006) when the estuary breached.
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West Kleinemonde East Kleinemonde

0 238m eMouth

| | Road Bridge (R 72)

Figure 2.4: The East Kleinemonde and West Kleinemonde Estuaries, showing size and
shape of the systems and location of sampling sites. (LR = lower reaches, MR = middle
reaches, UR = upper reaches).

2.4 WEST KLEINEMONDE ESTUARY

The West Kleinemonde Estuary is situated on the southwestern side of the East
Kleinemonde Estuary (Fig. 2.4). It is ~ 7.8 km in length and is traversed by the R 72
coastal road 600 m from the mouth. The mouth of the estuary meets the sea 33° 32" 27" S
and 27° 2' 46" E. The West Kleinemonde Estuary is larger than the East Kleinemonde,
and has a catchment size of approximately 94 km?, a MAR of 4 x 10° m*yr' and a
surface area of 19 ha (Whitfield and Bate, 2007). The West Kleinemonde Estuary was
sampled once (24™ June 2006), during a dry period when the mouth of the estuary was

closed.
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2.5 RIET ESTUARY

The Riet Estuary (33° 33" 40" S; 27° 00’ 53" E) is a small temporary open-closed system
(Fig. 2.5) situated ~ 10 km northeast of the coastal town of Port Alfred. The only
developments along the banks of the estuary are residential and holiday cottages, which
occupy a small area of the surroundings. The coastal road (R 72) between East London
and Port Elizabeth crosses the estuary ~ 1.2 km from the mouth. The Riet Estuary has a
catchment size of approximately 48 km?, a MAR or 2 x 10° m’>yr' and a surface area
of ~ 36 ha (Whitfield and Bate, 2007). The Riet Estuary was sampled once during a dry
period (19™ June 2006), during which time the mouth was closed, and it was sampled

again during a wet period when the mouth opened to the sea (19™ October 2006).

Road Bridge (R 72)

IUSS m ./__

Figure 2.5: The Riet Estuary, showing size and shape of the system and location of
sampling sites. (LR = lower reaches, MR = middle reaches, UR = upper reaches).
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2.6 KASOUGA ESTUARY

The Kasouga Estuary (Fig. 2.6) is a medium sized temporary open closed estuary with a
surface area of ~ 15 ha (Whitfield and Bate, 2007). It is situated roughly mid way
between the coastal towns of Port Alfred and Kenton-on-Sea. The mouth is located at
33°39" 10" S and 26° 44’ 14" E and the estuary is crossed by the R 72 national road
~ 2.34 km from the mouth. The catchment size of the Kasouga Estuary is ~ 142 km* and
the MAR is ~ 6 x 10° m*yr" (Whitfield and Bate, 2007). Land use within the catchment
includes various forms of agriculture (pineapple, chicory) and cattle farming. The
Kasouga Estuary was sampled once (2" March 2007), during which time the mouth of

the estuary was closed.

Road Bridge (R 72)

o
166 m Mouth/

Figure 2.6: The Kasouga Estuary, showing size and shape of the system and location of
sampling sites. (LR = lower reaches, MR = middle reaches, UR = upper reaches).
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2.7 BOKNES ESTUARY

The Boknes Estuary is a small temporary open-closed estuary (Fig. 2.7) that is situated
~ 10 km southeast of Kenton-on-Sea. The mouth of the estuary is situated at 33° 43’
35" and 26° 35’ 9" E. The south eastern banks of lower and middle reaches of the estuary
are surrounded by the seaside town of Boknes, which has grown considerably in recent
years (Coetzee, 1998). The estuary has a catchment size of 200 km?, a MAR of
10 x 10°m’yr' and a surface area of ~ 7 ha (Whitfield and Bate, 2007). The estuary is
utilized mostly during the holiday seasons as a fishing, canoeing and bathing site, but is
too small for power boats and yachts. The catchment area of the estuary is used
extensively by dairy farmers. At the time of sampling (21* January 2007) the mouth of
the estuary was closed and large sections of the surface waters were covered by thick

algal mats.

Road Bridge

0 88m .
| | Indian Ocean

Figure 2.7: The Boknes Estuary, showing size and shape of the system and location of
sampling sites. (LR = lower reaches, MR = middle reaches, UR = upper reaches).
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2.8 KARIEGA ESTUARY

The Kariega Estuary (33°40" 42" S; 26°40' 51" E) is a permanently open system (Fig. 2.8)
with a small and highly regulated catchment, and as a result receives limited freshwater
input (Allanson and Read, 1987). The catchment area of the Kariega is ~ 686 km?” and the
length of the estuary is ~ 18 km. Flow of freshwater into the estuary is regulated by three
dams, namely Settlers, Howiesons Poort and Moss’, and thus the estuary receives a
negligible annual inflow of fresh water (~ 15 x 10° m’) (Allanson and Read, 1987). It is
situated approximately mid-way between the coastal cities of Port Elizabeth and East
London, and connects to the sea on the north-eastern side of the coastal resort town,

Kenton-on-Sea.

The road running between East London and Port Elizabeth (R 72) crosses the estuary
~ 1 km from the mouth, and residential and holiday developments are located along the
banks of the lower reaches and at the mouth. There is no industrialization along the
Kariega, but several storm water drains discharge into the estuary, the largest of which is

located near the mouth (Jennings, 2005).

The Kariega is typically described as being a marine-dominated system that is
homogenous with respect to its salinity (Allanson and Read, 1989; Grange and Allanson,
1995). During periods of drought the reservoirs within the catchment empty quickly due
to the freshwater requirements of Grahamstown and riparian farmers, which in the past
has resulted in zero river flow below the dams for up to three years at a time (Allanson
and Read, 1987). During dry periods the upper reaches of the estuary are thus often
hypersaline reaching salinities of up to 40 psu, and only during periods of sustained
heavy rainfall has a decreasing salinity gradient been observed from the mouth to the
upper reaches. The Kariega Estuary was sampled once during a dry period (15" July
2006) when it was in a marine-dominated phase, and once during wet period (9"

November 2006) when it received a sustained supply of freshwater for almost a month.
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Mouth (K1)

Indian Ocean

Figure 2.8: The Kariega Estuary, showing size and shape of the system and location of
the eight sampling sites (K1 to K8).

2.9 GREAT FISH ESTUARY

The Great Fish system is a large permanently open estuary (Fig. 2.9) that connects to the
sea at 33°29" 28" S and 27° 08’ 06" E. It has a longitudinal length of ~ 15 km and a
catchment area of ~ 30427 km” (Allanson and Read, 1987). The R 72 coastal road crosses
the estuary ~ 400 m from the mouth, and a small caravan park and coastal resort occupy
the lower reaches of the estuary. The Great Fish Estuary was sampled on the 17" May
2007.
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Copious amounts of turbid fresh water are translocated from the Orange River into the
upper reaches of the Great Fish, and thus the Great Fish receives a sustained supply of
fresh water year round (Allanson and Read, 1987). Marked sediment deposition has
occurred in the Great Fish Estuary due to this continuous inflow of freshwater rich in

suspended solids, which has contributed to a reduction in estuary depth.

Figure 2.9: The Great Fish River Estuary, showing size and shape of the system and
location of the eight sampling sites (F1 to F8).

2.10 KOWIE ESTUARY

The Kowie Estuary is a large sized permanently open system (Fig. 2.10) that connects to

the sea at 33° 36’ 9” S and 26° 54’ 2" E. The Kowie estuary has a catchment size of
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~ 800 km® and a MAR of 26 x 10° m'yr'. The Kowie River is ~ 70 km long and the
estuarine conditions extend up to 21 km from the mouth (Whitfield and Bate, 2007). The
Kowie Estuary was sampled once during autumn (2nd March 2007), which was a wet

month, experiencing an average monthly rainfall of 112.4 mm.

Royal Alfred

Mouth (P1) &

Figure 2.10: The Kowie Estuary, showing size and shape of the system and location of
the eight sampling sites (P1 to P8).

The Kowie Estuary has been subject to considerable degradation and its ecological
condition has been described as “fair” by Harrison et al. (2000). The upper reaches of the
estuary flow through privately owned land and the densely wooded valleys of the Waters
Meeting Nature Reserve. The middle and lower reaches of the estuary are surrounded by
the coastal town of Port Alfred. The lower reaches have been artificially modified to form
the Royal Alfred Marina, which is made up of a system of man-made canals. The R 72

national road crosses the estuary ~ 1.4 km from the mouth. The underlying rocks are
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mainly composed of shale and sandstone and thus the estuary has a relatively low silt

load and high alkalinity (Heydorn and Grindley, 1982).
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CHAPTER 3

MATERIALS AND METHODS

3.1 SAMPLING

Three permanently open (PO) estuaries and six teampopen-closed (TOC) estuaries
were surveyed during this study. Eight sites weamed along the length of each
permanently open estuary and four sites along éaactporarily open-closed estuary.
Sampling sites were chosen to cover the mouth ewer| middle and upper reaches of
each estuary. Sediment and water samples werecteallén triplicate at each site and
each sample was analyzed separately. Sampling flatesach estuary are shown in
Table 3.1.

TABLE 3.1
Dates at which estuaries were sampled, Whitfield atsification of estuaries and
mouth/flow status of estuaries
Estuary Classification Date sampled Mouth / flow status
East Kleinemonde TOC 24" June 2006 Mouth closed
5" September 2006 Mouth open
West Kleinemonde TOC 24" June 2006 Mouth closed
Riet River TOC 19" June 2006 Mouth closed
19" October 2006 Mouth open
Kasouga TOC " March 2007 Mouth closed
Boknes TOC 21 January 2007 Mouth closed
Kariega PO 15" July 2006 Marine dominated
9™ November 2006| Longitudinal salinity gradient
Great Fish PO 17May 2007 Longitudinal salinity gradient
Kowie PO 29 March 2007 Longitudinal salinity gradient

In order to study the effect of mouth phase oncttrecentration of metals in the sediment
and water of temporary open-closed estuaries, ssmpkre collected from the East
Kleinemonde and Riet Estuaries during open andedlasouth phases (dry season and
wet season). In order to study the effect of rdirda the concentration of metals in the

Kariega Estuary, samples were collected duringyaperiod and a high rainfall period.
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All other estuaries were only sampled once and éorpart of the broad survey of metal

concentrations in the sediment and water of Easiape estuaries.

3.2 DETERMINATION OF TRACE METALS IN ESTUARINE
WATER AFTER MATRIX SEPARATION AND
PRECONCENTRATION

3.21 INTRODUCTION

The analysis of trace metals in seawater is orteeofmost challenging of environmental
analytical procedures (Rodushkin and Ruth, 199Rh&eet al., 2003), and a wide array
of methods and techniques have been published @rsubject. The techniques most
commonly used are flame atomic absorption spectiyniEAAS) (Brookset al., 1967;
Doner and Ege, 2005), graphite furnace atomic aisor (GFAA) (Subramanian, 1988),
inductively coupled plasma atomic / optical emissspectrometry (ICP-AES, ICP-OES)
(Akagi et al., 1985; Rameshet al., 2002) and inductively coupled plasma mass
spectrometry (ICP-MS) (Batterhaehal., 1997; Rosland and Lund, 1998; Sekéaal.,
2003). Anodic stripping voltammetry (ASV) may alse used (Briigmanet al., 1983).

Trace metals usually occur in sea and estuarinenvimtthe lower pug™ concentration
range and are incorporated in a complicated saha&rix (Sekharet al., 2003). The
presence of high concentrations of salt (NaCl) alkdline (K) and alkaline earth metals
(Mg and Ca) in seawater result in spectral and spettral interferences when seawater
is analyzed directly by ICP or AAS, and thus tlee&r metals must be separated from this
matrix before they can be analyzed. Recent advamatsrin ICP-MS have, however,
allowed for the direct determination of trace metal seawater using second generation
high resolution instruments (Rodushkin and Ruth,97)9 and desolvating
micronebulization (Fielet al., 1999).

As trace metals are present in seawater and estuamdter at concentrations below the
detection limits of most modern instruments, méxessary to perform a preconcentration
step prior to analysis (Doner and Ege, 2005). \mripreconcentration methods have

been developed such a liquid-liquid (solvent) eoticen, the use of ion exchange and
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chelating resins, solid phase extraction and adisor@nd coprecipitation (Doner and
Ege, 2005). Each of these methods results in difteconcentration factors, for example,
with solid phase extraction / sorption one is ableoncentrate metals more efficiently
(up to 10 times) whereas with solvent extraction one may athieve concentration
factors of 10-100 times (Zolotost al., 1987). These preconcentration procedures will
also serve as matrix separators since the tracalsnef interest are removed from the

seawater whilst the interfering ions (N&I', K*, Mg®* and C4&") are left behind.

One of the first methods explored and successfuligd for matrix separation and
preconcentration was liquid-liquid extraction usingmmonium pyrrolidine
dithiocarbamate (APDC) and methyl isobulyl ketoM@IBK). Upon addition to the
aqueous sample, APDC forms complexes simultaneowsly transition elements and
metals such as Ag, Cd, Co, Cr, Cu, Fe, Mn, Ni, Rt 2n. These APDC-metal chelates
are more miscible in organic than aqueous solutat can be extracted into a small
volume of organic solvent such as MIBK (Subramangamd Meranger, 1979). The
organic solvent is then separated from the seawatdrthe metals of interest can be
selectively analyzed using FAAS or GFAA. This tegue is used for the routine
analysis of metals in drinking water (Subramaniad Meranger, 1979), waste water
(APHA et al., 1998) and seawater (Broo#tsal., 1967).

The APDC-MIBK method, although apparently simplas Iseveral disadvantages. Firstly,
the APDC-metal complexes are unstable in the poeser hydrogen ions and will
decompose rapidly if left in contact with the aquephase (Subramanian and Meranger,
1979). It is thus necessary to separate the orgdrase from the aqueous phase as soon
as possible to minimize transferal of metals ba& the agueous phase. However, it has
been found that even after the aqueous and orghages have been separated the metal-
chelates still decompose and the metals adsorb th&owalls of the test tube or
centrifuge tube (Subramanian and Meranger, 1976%si€ret al. (1979) found that
APDC-MIBK extracts could remain stable for up toddys if the extracts were stored in
the dark at 4C, and thus theiresults suggest that it is possible to accumulatéals
extracts from a large number of water samples bafadertaking the metal analysis.
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Metal-chelate stability is also pH dependant arel ¢helates are prone to decompose
more rapidly outside an optimum pH range, whichesafor each metal, and thus it is
evident that errors can occur if samples are nalyaed within the time interval of
stability and at the correct pH (Subramanian andakiger, 1979). The pH of the
seawater prior to the addition of APDC and MIBK atso very important for the
quantitative extraction of metals, and the optimpkh range appears to differ slightly
from one author to the next. Some authors sudgestpH values around 2.8 while
others advise higher values of between 3 and &{@m= al., 1979). Brook®t al. (1967)

advises a pH range of between 4 and 5.

Further problems may arise due to the differinguisiity of MIBK in solutions of
varying salinity. The salinity of estuarine watangples may range from 0 — 35 psu from
the head to the mouth of the estuary and the dijubf MIBK is greatly dependant on

the total salt content in the aqueous solution forann and Kleist, 1979) (Table 3.2).

TABLE 3.2
Solubility of MIBK in aqueous phase as a function bits salinity
Salinity (psu) Percentage solubility of MIBK
0 (DDI) 0.024
<3.6 0.024
8.3 0.019
16.6 0.018
25.3 0.016
33.4 0.015
DDI = distilled deionized water. Source: Karefil. (1979)

Methyl isobutyl ketone (MIBK) becomes less solubte water as the salt content
increases, and thus the concentration factor oflsien the MIBK will decrease as
salinity increases. As MIBK is also highly solubile water (~ 2% V/V at room
temperature), it is necessary to use very largeatea / solvent ratios in order to achieve
the desired concentration factor without completelsing the MIBK in the agueous
phase (Brookst al., 1967). For example, when 500 ml of seawatehakan with 10 ml

of MIBK, almost all the organic phase dissolveghr aqueous phase (Dornemann and
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Kleist, 1979). Brookst al. (1967) employed a seawater / solvent ratio of. Z&0y the
addition of 35 ml MIBK to 750 ml seawater, and timanaged to concentrate metals into

a 20 ml layer of MIBK for analysis of six trace ralstby FAAS.

A second method that has gained popularity in #s two decades is the use of ion-
exchange resins. Cations that are present in a laslyme of solution (typically 1 liter)
may be absorbed onto a relatively small amounbofaxchanger (0.5 — 1 g for batch
preconcentration), after which they can be elutétl & small volume of acid (Marr and
Creser, 1983). Concentration factors of 20 to 1@ may be achieved depending on the

volume of sample and acid used.

Chelex-100 (Bio-Rad Laboratories), which is a poisene structured resin with
iminodiacetic acid (IDA) functional groups (Petial., 1988), is one of the most widely
used ion-exchange resins for the analysis of traetals. The IDA functional groups
form strong coordination bonds with multivalent alstand remove them from solution
through the process of cation exchange (Lin anechglua007). The cations in solution
absorb onto the resin by the process of ion-exahanwgereby the resin will exchange a
cation (typically H or N&) with a cation in solution. Chelex-100 is thus ighty
selective chelator towards metal ions (Leinonen ankka, 2000) and has been used
successfully in both column preconcentration angdhbareconcentration of trace metals
in seawater, as well as the removal of metals firmastrial waste water (Lin and Juang,
2007). Column preconcentration has several dravihatlch as the long processing time,
the high volumes of acid needed for elution of tietals and the relatively large amount
of resin needed to pack the column (Chenhgl., 1987). Batch methods are, however,

rapid, efficient and require relatively small quéas of resin and acid.

During the first half of this study (2006) the APEMIBK method coupled with FAAS
was used to analyze metals in seawater. This mgthmeed to be laborious, prone to
contamination and the continuous use of MIBK wagan@dous to the health of all

scientists working in the laboratory. During thee@sd year of this study (2007) the
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Chelex-100 batch method coupled with ICP-OES wapleyed as an alternative. Both

methods are reported in this chapter.

3.2.2 COLLECTION AND STORAGE OF WATER SAMPLES

Prior to the collection of water samples, glass @arg bottles were pre-cleaned by
soaking them in 5-10 % HNQ(55 %, chemically pure, Merck Chemicals ((Pty) ...td
Johannesburg) for 24 hours and then rinsed thofpug¥ith deionized water.
Approximately 1 liter of estuarine / marine surfacater was collected and the samples
were preserved by lowering their pH below 2 witmecentrated HN@The samples were
transported to the laboratory and stored at 2 9@r po extraction and analysis. Water
samples were collected in triplicate at each sitel @ach sample was analyzed
individually. All glassware and apparatus usechim following extraction procedures was
pre-cleaned in 5-10 % HNCfor 24 hours and then rinsed thoroughly with desed

water.

3.2.3 MIBK-APDC EXTRACTION AND PRECONCENTRATION FOLLOWED
BY ANALYSIS WITH FAAS

The following method was employed for the extrattad Cd and Pb from seawater
samples. Exactly 750 ml of water sample was adjustea pH of 3 to 4 by the
addition of 4 M NaOH (pellets, 98 % Merck Chemic§PBty) Ltd., Johannesburg)
and/or 4 M HNQ (55 %, chemically pure, Merck Chemicals ((Pty) Ltd.
Johannesburg) and was placed in 1 L glass volueriédsks. A 1 % solution (w / v) of
APDC (> 98.0 %, purum p.a., Sigma-Aldrich Ltd, Capmwn) was freshly prepared
daily and was purified by shaking with 50 ml MIBK 99 %, spectrophotometric
grade, Sigma-Aldrich Ltd, Cape Town). A 7 ml aliqud a 1 % solution of APDC
was added to each sample and briefly shaken, afiexh 35 ml of MIBK was added
and the samples were shaken for 10 minutes at AB0an a mechanical shaker
(Brookset al., 1967). The phases were allowed to fully sepa¢gonized water was
carefully added to the agueous layer using a fusa¢hat the organic layer was raised
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into the neck of the volumetric flask (APH#& al., 1998). The organic layer was

removed and stored in glass test tubes, in the dag°C until analysis.

Laboratory blanks were prepared from deionized meaatel extracted in the same manner
as samples (APHAet al., 1998). Calibration standards were prepared bgingd
incremental volumes of 50 nfg" solution of Cd and Pb to 750 ml deionized water to
make 12-15 multi-element standards that covereddheentration range of 1-25 ig.
The standards were extracted in the same manrneeaamples. Calibration standards,
blanks and samples were aspirated into a fuel-laacetylene flame of the atomic
absorption spectrophotometer (GBC 909 AA, Avantastfalia). The atomizer was
rinsed between samples with water-saturated MIBie Wavelengths used to determine
the concentrations of Cd and Pb were 228.8 and328®n, respectively. The
concentrations of metals in the water column wermmared to the target values for
South African coastal waters as published in thetlséfrican Water Quality Guidelines
for Coastal Marine Waters (DWAF, 1995).

As previously mentioned, the solubility of MIBK Bqueous solutions decreases as the
salinity increases. Kanat al. (1979) found that MIBK has a solubility of apphaately
0.024 % in distilled deionized water, and a soltpidbf 0.015 % in seawater (salinity =
33.4 psu). The seawater extracts would thus apjgediave a lower concentration of
metals because the final volume of MIBK analyzedrisater than that of the standards,
which were prepared from deionized water. It isréf@e necessary to calculate a
correction or multiplication factor that can be dige adjust the concentrations of metals
in samples of different salinities to correct foetdifferent volumes of MIBK obtained
when metals were extracted from samples of diftesalinities. The concentrations
obtained by FAAS were thus multiplied by specifarrection factors (Table 3.3). The
correction factors were calculated from MIBK solitpidata presented by Kanei al.
(1979). An example of the calculation used to deiee the correction factors can be
found in Appendix 1: 1A.

To asses the extraction efficiency of this metheawsater samples were spiked with Pb

and Cd to give concentrations of 5-{fiband 10 pd™, respectively. The spiked samples
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were subjected to the same extraction procedutigaasdopted for the analysis of metals
in seawater. The spiking of seawater samples wa®ated six times at each
concentration, and the average percentage recevemere determined for each
concentration (Appendix 1: 1B). The limit of defeat was calculated as three times the
standard deviation of the blank (Marr and Cres$883). Ten replicate readings were
taken of the sample blank in order to determine ltlmé of detection. The limits of
detection for Cd and Pb were 0.081figand 1.032 pg™, respectively.

TABLE 3.3
Correction factors used to adjust the concentratioa of metals
in estuarine and seawater samples of varying saliies
Salinity (psu) Correction factor
0 1.00
<3.6 1.00
8.3 1.22
16.6 1.26
25.3 1.35
33.4 1.40

3.2.4 CHELEX-100 EXTRACTION AND PRECONCENTRATION
FOLLOWED BY ANALYSIS WITH ICP-OES

The following method of batch preconcentration of &d Pb from seawater / estuarine
water using Chelex-100 was adapted from the metlesdribed by Cheng al. (1987).
Acidified water samples were filtered through 048 nylon membranes (Whatman
International Inc., England) to remove particulatéen ml of 1 M ammonium acetate
(min 98.0 %, Merck Chemicals (Pty) Ltd., Johannegpbuffer solution was added to
exactly one liter of water sample. The pH was admiso 6 with 1 M ammonia, prepared
from ammonium hydroxide sol. (> 25.0 % in waterade Select, Sigma-Aldrich, USA)
and 1M nitric acid (> 69.0 %, Trace Select, Sigmdrish, France). Once the pH had
been adjusted 0.5 g of Chelex-100 resin’(féam, 200-400 mesh, Sigma-Aldrich, USA)
was added to the solution. The sample was mixed amechanical shaker for 2 hours
after which it was filtered through glass microfibiter paper (GF/C, Whatman

International Inc., England). The resin remainimgtioe filter paper was washed with 30
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ml of 1 M ammonium acetate buffer and 15 ml wateoiider to remove the matrix salts
Ca, Mg, Na and K. The metals adsorbed onto the nesre then eluted with 10 ml of
2 M nitric acid and the solution was made up tar@5with deionized water. Laboratory
blanks were prepared from deionized water in thmesananner as the samples.
Composite calibration standards were made from 100" standard solutions (EC
Labs, South Africa). The calibration standardspfabory blanks and sample eluent were
then analyzed by ICP-OES (iCAP 6000 Series, Theffisber Scientific Inc.) under the
conditions specified in Table 3.4. The wavelengiked for analysis were 228.8 nm for
Cd and 220.3 nm for Pb. The concentrations of metathe estuarine water were then
compared to the target values for South Africarstadavaters as published in the South
African Water Quality Guidelines for Coastal Marv&aters (DWAF, 1995).

TABLE 3.4
Instrumental operating parameters for the ICP-OES
Analysis preferences

Sample options:| # repeats: 3
Sample flush time (sec): 30

Source: Light Source: ICAP
Plasma View: Axial
WL Range: Low
Source settings

Nebulizer Pump:| Flush pump rate (rpm): 100

Analysis pump rate (rpm): 50
Pump relaxation time (sec): 5
RF Power: 1150 W

Auxiliary gas: 0.5L/ min

The percentage recovery of Cd and Pb from seawsat®ples was determined by the
spiking seawater samples with known concentratiomd the analytes
(EURACHEM, 1998). Seawater samples were spiked &000 pgt™ Pb and Cd to give
concentrations of 5 pg* and 10 pg ™. The spiked samples were subjected to the same
extraction procedure as that adopted for the arsapfanetals in seawater. The spiking of
seawater samples was repeated six times at eatheafwo concentrations, and the
average percentage recoveries were determine@débrancentration. The equation used
to calculate the percentage recovery of metals Bpiked seawater samples can be seen

in Appendix 1B. The limit of detection was calceldtas three times the standard
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deviation of the blank (Marr and Cresser, 1983 fieplicate readings were taken of the
sample blank in order to determine the limit ofeddion. The limits of detection for Cd
and Pb were 0.0635 pg and 0.1515 pg’, respectively.

The average percentage recoveries of Pb and Cd deawater using the two methods
described are shown in Table 3.5. There was noifisignt difference in percentage

recoveries of Cd from seawater using the two methpd> 0.05). There was an over-
extraction of Pb from seawater using the Chelex+b@thod. The sample concentrations
of Pb obtained from the Chelex-100 method were #ujssted to correct for the excess
recovery. The equation used to adjust sample Plrecwrations can be seen in
Appendix 1C.

TABLE 3.5
Average (x SD) percentage recoveries of metals froapiked seawater samples using
extraction and preconcentration with MIBK-APDC and Chelex-100
Method
Metal Spiked concentration (ugt™) MIBK-APDC Chelex-100
Cd 5 93.4+31.2 70.2+9.9
10 87.8+30.4 80.5+3.2
Pb 5 79.8 £15.8 150.9+£7.3
10 80.1+6.6 159.9+4.2

3.3 ANALYSIS OF METALS IN ESTUARINE SEDIMENTS
USING FAAS AND ICP-OES

3.3.1 INTRODUCTION

The following section describes the digestion ankssquent analysis of metals in the
estuarine sediments. During the first year of 8tisdy the concentrations of metals in
sediments were determined by flame atomic absorgip@ctrometry (FAAS). At the end
of 2006 the Rhodes University Chemistry Departmenguired an inductively coupled
plasma — optical emission spectrometer (ICP-OE®),thus all samples colleted in 2007
were analyzed using the ICP-OES. This change ¢fiodewas due to the multi-element

determination capability, high sensitivity and ldetection limits of the ICP-OES.
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3.3.2 COLLECTION AND STORAGE OF SEDIMENT SAMPLES

Surface sediment samples were collected from tbheestdge of the estuary with a plastic
scoop and were placed in clean, airtight, plasiiglo€ bags and transported to the
laboratory and stored at 2 °C until further prosessSediment samples were collected in

triplicate at each site and each sample was arheearately.
3.3.3 ACID DIGESTION AND ANALYSIS OF SEDIMENT SAMPLES

Sediment samples for the analysis of Cd, Cu, PbNfnCo and Fe were acid digested
according to US-EPA method 3050B. Although thisaisrery strong acid digestion
technique, it does not result in a total digestibrsediments, and thus metals bound to
silicates would not be dissolved (US-EPA, 1996). ppfoximately 1 g of dry,
homogenized sediment was refluxed at 90 + 10 °€C approximately 3 hours with a
HNOs-HCI-H,0O, acid-peroxide mixture (reagents supplied by Mettiemicals; HN@

55 %, HCI: 32 %, KO, 30 %) to release the metals into solution (US-EP206). The
digestate was diluted to 50 ml with deionized wated was centrifuged at 2500 rpm
(Heraeus, Sepatech, Labofuge Ae, Germany) for Xutes$ to remove particulates, after
which it was analyzed for metals using FAAS (GBO WA, Avanta, Australia) by
direct aspiration into an air-acetylene flame, p®P-OES (iCAP 6000 Series, Thermo
Fisher Scientific Inc). Calibration standards werepared from 1000 mg' standard
solutions of Cd, Co, Cu, Fe, Ni, Pb and Zn (EC L&muth Africa). Method blanks were
prepared from the same acids and subjected to ahe gligestion procedure as the

samples. Wavelengths used for analysis are showabhie 3.6.

The percentage recovery of metals from the sedimerg determined by digesting
National Institute of Standards and Technology (NI®ertified reference estuarine
sediment no. 1646a. The percentage recoverietorAAS and ICP-OES can be seen
in Table 3.6. The percentage recoveries of metate sediments using ICP-OES were in
good agreement with those obtained using FAAS.dn¢age recoveries for Cd exceeded
100% for both instruments, and thus sample Cd curettons were adjusted to correct
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for excess recovery (Appendix 1D). The limit of eldgton was calculated as three times
the standard deviation of the blank (Marr and Gesk983). Ten replicate readings were
taken of the sample blank in order to determine liim& of detection. The limits of
detection for each instrument are shown in Talge 3.

TABLE 3.6
Wavelengths of analysis, limits of detection (LoDand percentage recoveries of metals
from sediments using two different instruments
FAAS ICP-OES
Metal | Wavelength Recovery LoD Wavelength Recovery LoD
(hm) (%) (mgt?) (nm) (%) (mgt?)

Cd 228.8 120.5 (£ 63.6 0.032 226.5 132.5 (£ 24.5D.006
Co 240.7 80.3 (£ 19.9) 0.021 228.6 96.7 (x6.0) 06.0
Cu 324.7 61.57 (£ 1.1) 0.024 324.7 76.2(x2.5) 0B.0
Fe 386.0 83.31 (x4.5) 0.593 259.9 75.21 (£ 4{2) 1540.
Ni 232.0 72.7 (£ 4.6) 0.243 231.6 71.2 (£ 3.9) @.00
Pb 217.0 79.1 (£ 29.5) 0.219 220.3 71.2(x238) 10.0
Zn 213.9 73.5 (£ 5.6) 0.020 202.5 75.3 (£5.1) 6.0l

In the absence of sediment quality guidelines (SQJ@sSouth African estuarine and
coastal sediments (Newman and Watling, 2007), & decided that there are no suitable

SQGs that could be used to screen sediment coatiens in this study.

3.3.4 GEOCHEMICAL NORMALIZATION AND ENRICHMENT FACTORS

As has already been mentioned in the Chapter 1,ctmeentrations of metals in
sediments are affected by grain size, total organittent and mineralogy. Since these
factors vary along the length of an estuary, onenct simply use high absolute
concentrations of metals as an indicator for aqbgenic metal contamination. Metal
concentrations are thus commonly normalized to anegize parameter or a suitable
substitute for grain size, and only then can theeot interpretation of sediment metal
concentrations be made (Summetral. 1996). Various constituents of the sediment may
be used to normalize metal concentrations, ancetiredude Al, Fe and total organic
carbon. Iron is commonly used as a normalizer faingsize for the following reasons: it

ubiquitously coats all sediments and is thus priopaal the surface area of the sediment
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(Gibbs, 1994), it is abundant in the earth crust annot likely to have a significant
anthropogenic source (Gibbs, 1994; Summefrsal., 1996), and ratios of metal
concentrations to Fe concentrations are relatigehstant in the earths crust (Summetrs
al., 1996). Normalized metal / Fe ratios can thus $eduo estimate the extent of metal
contamination within an estuary, and to assess heheghere has been enrichment of

metals from anthropogenic activities.

In uncontaminated sediments strong linear relabipsstypically exist between Fe and
metal concentrations (Schropg al., 1990; Summersst al., 1996). Simple linear
regression models can therefore be developed tdaiaxgackground metal-Fe
relationships, and these can then be used to assestment of metals in sediment
relative to natural concentrations. These modelsulshbe developed from a large
regional database of uncontaminated sedimentsyanttl thus be applicable to a variety
of sediments (Summest al., 1996). Ideally the sediments used in the baseainodel
should also cover a full grain-size distributiondathus yield a wide range of Fe
concentrations (Summers al, 1996). Data points may then be superimposed en th
baseline regression models, and if the pointswahin the 95 % prediction limits of the
model, the sediments are considered to be uncomédea (Schroppet al., 1990;
Summerset al., 1996; Tam and Yao, 1998). Data points that fatvee the upper 95 %
prediction limit are identified as sediments thabt@in metals from both a natural and an
anthropogenic source (Liat al., 2003). However, caution should be exercised when
using this method, as a finding of enrichment ist mbways an indication of
anthropogenic contamination (Schrogpal., 1990). Metals may exceed the upper 95 %
prediction limit due to procedural errors (suchcaatamination during sampling) or due
to the probability that a few samples from unconteted areas exceed the 95 %
prediction limit (Schropgt al., 1990).

In this study Fe has been used as a reference mefoe normalizing metal
concentrations. Baseline regression models hava Hdeeeloped from regional metal
concentrations reported during 1983 (Watling andlivg 1983a).
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3.3.5 DEVELOPMENT OF BASELINE LINEAR REGRESSION MODELS

Simple linear regression models were developedlblfipy baseline concentrations of
Cd, Co, Cu, Ni, Pb and Zn against baseline Fe curatons. The baseline
concentrations used were those published by WadlimtjWatling (1983) for surface and
core sediments from the Bushmans, Kariega, KowmieGreat Fish Rivers. Any samples
that were anthropogenically enriched with metalsutth be removed from the baseline
data set (Schroppt al., 1990; Summerst al., 1996). The baseline data were thus
examined for statistical outliers and influenti@ses using residual plots and Cook’s
distance test (Summees al., 1996). Data points with a standard residual tgrethan
2*standard deviation were removed prior to perfoxgnthe final regression analysis.
Simple linear regression plots of each metalFe were constructed using the resulting
data set (Summera al., 1996). The concentrations of metals in sediméms this
study were then superimposed onto the baselinessigin plots, and data points that fell
above the upper 95% prediction limit of the baselmodels were identified as being
enriched (Schropgt al., 1990).

Linear regression analysis of baseline data puddighy Watling and Watling (1983a)
revealed that all metals, except Cd, exhibit sigaiit linear relationships with Fe
(R?> 0.80, p < 0.05). Results of the regression a®aslyare shown in Fig. 3.1. Once data
were superimposed onto metal Fe regression analyses it was possible to deterati

which site metal concentrations were elevated abac&ground concentrations.
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3.3.6 ENRICHMENT FACTORS

Regression models were used to predict what metadentrations would be obtained at
the upper 95 % prediction limit for given (sample concentrations. Metal enrichment
within surface sediments was then quantified bydilng the measured concentration by
the baseline concentration predicted by the regmeswmodel. Thus, enrichment factor
(EF) = M gbserved™ M predicteaWhere M = metal concentration (Roach, 2005). Altaise
except Cd, exhibit significant linear relationshipgh Fe (p < 0.05), thus for Cd, the EF
was calculated by dividing the measured concenptraby the highest regional baseline
concentration above which enrichment can be infiefRoach, 2005). This concentration
was calculated to be 0.360-g§ Cd by Newman and Watling (2007). Enrichment fator
were plotted against sampling site to asses thmalaed distribution of metals along
each estuary. Since Cd enrichment factors werenaohalized for grain size, Cd / Fe
ratios were calculated for samples in order to satke normalized distribution of Cd
along the estuaries.

3.4 PHYSICO-CHEMICAL PARAMETERS

3.41 GRAIN SIZE, TOTAL ORGANIC CARBON, SALINITY AND TOTAL
SUSPENDED SOLIDS.

Total organic content (TOC) of the sediments waerdg@ned by the loss-on-ignition
method (Schumacher, 2002). Sediment samples werériad at 6GC for a minimum of

8 hours or until constant mass. Sediment samples then heated at 400 — 4%D for 24
hours in ceramic crucibles and the percentage of Tas determined as the mass of
weight lost over the initial weight of the dry sewint multiplied by 100 %. The grain
size distribution of sediments was estimated byomlination of wet and dry sieve
methods. The percentage clay and silt content vedsrdined by soaking a known
weight of dry sediment in 250 ml water and 10 mili@m hexametaphosphate (6:2Y
practical grade, Sigma-Aldrich Ltd., Cape Town) &irleast 2 hours, after which the
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slurry was passed through a 63 um sieve. The saotdn remaining in the sieve was
dried at 60 °C for 24 hours and weighed. The muadtivn was determined by the
difference in weights before and after wet sievifilge size distribution of the remaining
sand fraction was determined by dry sieving thedghnough a nest of sieves that was
mechanically shaken for 10 minutes. The grain sfzearticles were classified according
to the Udden-Wentworth scale. The mesh sizes o$igwes used for grain size analysis
are shown in Table Al (Appendix 2). The percentaigeoarse sand, medium sand, fine

sand, very fine sand and mud were thus determmreglich sediment sample.

Salinity (psu) was determined at each sampling &it¢he time of sampling using a
Reichert optical salinometer. Water samples welleated at each site for the laboratory
analysis of total suspended solids (TSS), which aaalyzed as follows; Whatman
number 1 glass-fiber filter disks were dried at $0B05°C overnight, cooled in a
dessicator and weighed. A well mixed sample of waigs vacuum-filtered through the
weighed filter paper and the filter was then rentbaad dried at 103 — 108 overnight,
after which it was cooled in a dessicator and wedghTotal suspended solids analysis
was performed in triplicate. The TSS (mdj®) was calculated as the weight of the filter
paper after filtration minus the weight of thediltpaper before filtration, divided by the

sample volume.

3.5 STATISTICAL ANALYSIS

The software of Statistica 7 was used for all iewing statistical analyses. Data were
analyzed for temporal variations in metal concemns using a t-test for independent
samples. Data that were not normally distributedevamalyzed using the Mann-Whitney
U Test. Data were examined for spatial variatiosiig one-way ANOVA. Spearman’s
Rank Order Correlation was used to measure theiaeship between sediment
characteristics and metal concentrations (Giah, 2007).

Principal component analysis (PCA) was appliecetdiraent data (metals concentrations,

TOC and grain size) in order to reduce the dimeraity of data set and understand the
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underlying variability in the data (Meglen, 199R)is assumed that the principals and
theory behind PCA is understood by the readerstlansl a detailed explanation behind
this analysis will not be provided. Principal compat analysis has been widely used for
the analysis of environmental data as it can ‘ulknsignificant relationships between
variables and relationships between samples (cingteof similar groups) (Meglen,
1992). Principal component analysis has also hes as a tool to characterize the
anthropogenic and geogenic loads of metals by ttieaction of ‘latent’ variables
(principal components) that explain the underlywragiability in the data set (Simeonov
et al., 2000; Wenchuast al., 2001, Boruvkat al., 2005).

Each principal component (PC) extracted represarssparate source of variance in the
system and PCs are commonly termed the ‘latentiabbes. The variable loadings
provide information about the contribution of eactividual variable to the new latent
variable. If several variables have high loadingsdne component they are identified as
being associated, and the nature of their associatiay be either chemical or physical
(Meglen, 1992). Loadings between + 0.7 and * 1.@icamie substantially high
relationships between the variable and principahponent and loadings between + 0.5
and £ 0.7 indicate moderate relationships (MeglE#92). The sign of the loading
indicates whether the variable has a direct or rge/eelationship with the principal
component. Only principal components with eigengalet 1 were considered (Wenchuan
etal., 2001).
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CHAPTER 4

METALS CONCENTRATIONS IN THE SEDIMENT AND
WATER OF SELECTED TEMPORARY OPEN-CLOSED
AND PERMANENTLY OPEN ESTUARIES

4.1INTRODUCTION

To date very limited research has been conducteth@igoncentrations of metals in the
sediment and water of Eastern Cape estuaries.dRiesiudies have largely concentrated
on the larger, permanently open estuaries and tpwilthot spots’ such as harbors and
heavily industrialized estuaries (Watling and Wagli 1983; Watling 1988; Binning and
Baird, 2001; Fatoki and Mathabatha, 2001). Gaps #xuist in the monitoring of coastal
areas and the smaller estuarine systems. Theneriendy limited literature on metal
concentrations in temporary open-closed estuani¢ed Eastern Cape (Ot al., 2007,

In Press), despite the fact that they are numéyithé dominant type of system within
the region and are becoming the foci of boomingtalalevelopments. There is therefore

a need to conduct studies on metals within thesdlensystems.

It is well documented that development within thegcbment and in the vicinity of
estuaries has been associated with an increasestal woncentrations within estuarine
environments (Binewt al., 1994; Kennish 2002). The early surveys conduotednetal
concentrations within Eastern Cape estuaries iteticthat metal concentrations were
elevated in the sediments of urbanized estuarieg @izabeth and East London), and
thus reflected the extent of development (Watlib@38). The developments associated
with the lower reaches these temporary open-clossiuaries are mainly
residential / holiday houses and coastal resortserd is currently no industrial
development within the catchment areas of the tearpmpen-closed estuaries included
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in this study, and thus the anthropogenic sourtesetals are likely to be of a non-point
nature.

This chapter presents the results of a baselineegwonducted in four temporary open-
closed (the Mpekweni, the West Kleinemonde, theokiga and the Boknes Estuaries)
and in two permanently open estuaries (the Koweethr Great Fish Estuaries) along an
approximately 200 km stretch of coastline. The pmremtly open estuaries were

previously surveyed for metal concentrations in3L.9&atling and Watling, 1983a), and

thus provide a reference point to asses if theseelde®en a significant change in metal
concentrations within these systems over the Vastdecades. Furthermore, this chapter
also assess if there is a significant differencehim concentrations and enrichment of
metals in temporary open-closed and permanently @stuaries. The methods used to

conduct this study are summarized in Chapter 3.

4.2 TEMPORARY OPEN-CLOSED ESTUARIES

4.2.1 MPEKWENI ESTUARY

Sediment Characteristics

The sediment at the mouth and lower reaches ofMpekweni comprised mainly
medium and fine sands whereas the middle and ugaehes comprised mainly fine
sands and mud. The percentage of very coarse saddgravel increase from the middle
to upper reaches of the estuary (Fig 4.1). Therocgeontent of the sediments increases
consistently from the mouth of the estuary to thpar reaches (Fig. 4.1).

Metalsin sediment

Metal concentrations in the sediment of the Mpekviestuary are shown in Table 4.1.
The concentrations of all metals (except Cd) ineefeom the marine environment to the
middle reaches of the estuary, and then decreasarde the upper reaches. This
increasing trend in metal concentrations correspdodthe significant increase in total

organic content (TOC) of the sediments, as weklmasncrease in fine grained particles.
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All metals (except Cd) were thus positively corteth(R > 0.50, p < 0.05) to the organic
content and percentage mud in the sediments (Pghlédppendix 2). Cadmium was the
only metal that was uncorrelated (R < 0.50) to T@@d and other metals. Cadmium,

unlike the other metals, exhibited a decreasingceotation gradient from the marine

environment to the middle and upper reaches oéstigary.

100

[e]
o

% Composition
D
o

N
o

% Organic Content

[o2]
o

118

Mouth

LR MR
Site

UR

= gravel

mmmm very coarse sand

=== coarse sand

=== medium sand

== fine sand

—= very fine sand

—— mud

Figure 4.1: Grain size composition and organic content of tee@ireents at four sites
along Mpekweni Estuary. (LR = lower reaches, MR #ldie reaches, UR = upper
reaches).

TABLE 4.1
Mean (+ SD) concentrations of metals (mgg™, dry wt.) in the sediments along the
Mpekweni Estuary
Site Cd Co Cu Fe Ni Pb Zn
Marine 0.97 | 3.67 3.97 2790 719 | 10.72° | 452
(x0.06) | (£0.06) | (¥0.21) | (£90.79) | (+x0.21) (x 0.57) (x 3.25)
LR 0.53 1.63 3.68 2475 5.00" 6.74 7.71¢
(£0.28) | (+1.40) | (+2.10) (+ 656) (£1.87) | (£3.82) | (£7.32)
MR 0.63° | 8.86 | 10.8° | 28998 | 13.3% | 16.89 | 33.29
(£0.03) | (£6.56) | (£2.99) | (+21693) | (+4.16) (£5.01) | (*14.01)
UR 0.44 6.85 | 9.2¢’ 2538% | 10.07° | 13.09° | 19.58"
(£0.12) | (+1.52) | (+0.75) | (£8708) | (+0.87) | (+1.38) | (£4.02)
Mean 0.64 5.25 6.93 14912 3.41 11.86 16.27
(x0.25) | (x4.14) | (£3.66) | (+16300) | (+3.38) (x4.73) | (£13.78)
Note: Different superscript letters denote significant differencesinvithlumns (p < 0.05). n= 12
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Principal component analysis was used to reducdithensionality of the data and to try
and identify the ‘latent’ factors that may be imhcing metal concentrations in the
sediments. Principal component analysis was apphied8 variables (7 metals, TOC and
5 grain size fractions) and three principal compmisievere identified, explaining more
than 94 % of the cumulative variance. The tabldoatlings (Table 4.2) reveals that
component 1 (PC 1) was dominated by Co, Cu, FePNj,Zn, coarse sand and mud.
These variables were negatively correlated to thediom sand fraction. Principal

component 2 (PC 2) had a high loading for sand,R@a@ had a high loading for Cd. The
first PC thus reflects the complexion nature of T@Qd the increased ‘adsorptive’
capacity of fine grained sediments. Since PC 3 baly a significant loading for Cd it is

evident that Cd concentrations represent a uniquecs of variance in the system. The
Cd may thus be from an alternative natural souocalltthe other metals (such coastal
upwelling, see Chapter 6)) or from a diffuse anplagenic source. A scatterplot of the
loading scores for PC 1 and PC 2 (Fig. 4.2) givekearer representation of the grouping

between variables.

TABLE 4.2
Principal component loadings for metals and sedimercharacteristics in the
Mpekweni Estuary
Component 1 Component 2 Component 3
(62.76 %)* (22.35 %)* (9.83 %)*
Cd 0.29 -0.36 0.88
Co -0.85 -0.51 0.03
Cu -0.98 -0.09 0.09
Fe -0.92 -0.34 -0.20
Ni -0.93 -0.26 0.20
Pb -0.86 -0.36 0.35
Zn -0.92 -0.04 -0.03
TOC (%) -0.86 0.46 0.11
Coarse sand -0.78 -0.50 -0.35
Medium sand 0.84 -0.41 0.27
Fine sand -0.08 0.89 0.14
Very fine sand -0.67 0.67 0.13
Mud -0.76 0.57 0.22
Note: Loadings greater than = 0.7 are in bold and irtdisabstantially high relationships
between the variable and principal component.
*Percentage total variance.
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Figure 4.2: Principal component loading scatter plot (PGsisl PC 2) for variables
measured in Mpekweni Estuary sediments.

Metal concentrations were superimposed onto metaFe baseline linear regression
plots, and the samples that fell above the 95 %igtien limit were considered to be
enriched. One can clearly see from Fig. 4.3 thaintljority of samples were un-enriched
with metals in the sediment of the Mpekweni Estuarite few samples that were

enriched with Co, Cu, Ni, Pb and Zn were colledtedh the mouth of the estuary.

In order to get a clear representation of the iistion of the metals along the estuary
geochemical data were normalized for grain sizegi$ie as a reference element and
enrichment factors (EFs) were calculated. The brmrent factors were plotted against
site (Fig. 4.4). The enrichment factors of all netéexcept Zn and Cu) decreased
significantly from the marine environment to thepapreaches of the Mpekweni Estuary
(p < 0.05). The average EFs of all metals (exceptWere below 1 in the middle and

upper reaches indicating that there was no enriohofemetals at these sites.
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Figure 4.4: Spatial variation in mean (x SD) enrichment fact(E§s) for Mpekweni
Estuary sediments. Different superscript lettersotie significant differences within
columns (p < 0.05). (LR = lower reaches, MR = midaiaches, UR = upper reaches).

Please note that Cd enrichment was not normaliredyfain size due to the fact that
baseline linear regression plots could not be cood for Cdvs. Fe (see Chapter 3). Fig.

4.4 A thus does not show the normalized Cd distidbu However, Cd / Fe ratios
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decreased significantly (p < 0.05) in a landwamction suggesting accumulation of Cd
in the marine environment and lower reach of theiagy (not shown). The average
(= SD) enrichment factor for metals were: Cd 1.9 (.69), Co 1.00 (+ 0.63),

Cu 0.77 (£ 0.20), Ni 0.86 (+ 0.38), Pb 0.99 (+ .46d Zn 0.47 (x 0.29). The Mpekweni
Estuary sediments thus showed little to no enricttrf@ all metals except Cd. Since Cd
was uncorrelated to any other metals, grain siZeT&C it is possible that Cd originated

from an alternative source (possibly anthropogetni@ll other metals.

Water

There was no significant spatial variation in tie@@entrations of Cd and Pb in the water
of the Mpekweni Estuary (p > 0.05) (Fig. 4.5). Séespfrom the upper reaches were
suspected to be contaminated with metals from anclglassware during laboratory
analysis and thus they were not included in thessults. The average (z SD)
concentrations of Cd and Pb were 0.40 (+ 0.12)Chcand 3.51 (+1.38) g’
respectively. These averages fell well belowSlath African water quality guidelines
for coastal waters (DWAF, 1995) and thus the watethe Mpekweni Estuary was
uncontaminated with Cd and Pb at the time of samgpli
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Figure 4.5: Spatial variation in the mean (£ SD) concentratiohBb and Cd in the water
of the Mpekweni estuary. Different superscript dett denote significant differences
within columns (p <0.05). (LR = lower reaches, MRmiddle reaches, UR = upper
reaches).
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4.2.2 WEST KLEINEMONDE ESTUARY

Sediment Characteristics

At the time of sampling, the sediments of the moaitid lower reaches of the West
Kleinemonde Estuary comprised mainly of medium sdndhe middle reaches of the
estuary the sediments comprised mainly fine sartdlewthe sediments of the upper
reaches were mostly composed of mud (Fig. 4.6). féreentage TOC increases from
0.78 % at the mouth to 9.16 % in the upper reaoch#dse system (Fig. 4.6).
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Figure 4.6: Grain size composition and organic content of tee@ireents at four sites
along the West Kleinemonde Estuary. (LR = lowerchems, MR = middle reaches,
UR = upper reaches).

Metalsin Sediment

The absolute concentrations of metals in the sedsnaf the West Kleinemonde Estuary
can be seen in Table 4.3. There was no signifispatial variation in the concentrations
of Cd, Co, Cu, Fe, Ni and Pb in the sediments @& Wiest Kleinemonde Estuary
(p > 0.05). The concentrations of Co, Cu, Ni and iRerease from the marine
environment to the middle reaches of the estudng. doncentrations of Pb and Cd on the

other hand decreased from the marine environmehetapper reaches of the estuary.
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TABLE 4.3
Mean (+ SD) concentrations of metals (mgg™, dry wt.) in the sediments along the
West Kleinemonde Estuary
Site Cd Co Cu Fe Ni Pb Zn
Marine 1.18 5.59 2.29 2066' 16.12 26.05' 4.38
(£0.41) | (£0.69) | (+0.33) | (+105) (1.77) (+ 1.65) (+ 0.30)
LR 0.75' 4.8° 5.21° 2137 13.3¢ 26.57 24.29
(£0.07) | (£0.48) | (x2.78) (+ 147) (x1.11) (+ 1.58) ( 6.28)
MR 0.74 9.13 7.18 9168 12.17 21.66 43.66
(£0.38) | (£4.93) | (£4.15) | (+7256) | (£6.79) | (+11.52) | (+21.30)
UR 0.74 5.42 3.54 13134 5.74 13.34 14.66'
(£0.38) | (£5.23) | (+3.81) | (£5853) | (x4.44) (+ 8.34) (+ 14.86)
Mean 0.81 6.24 4.55 5435 11.83 21.91 21.75
(£0.34) | (£3.23) | (£3.29) | (+5474) | (£5.34) | (+8.27) | (+18.93)
Note: Different superscript letters denote significant differencesinvitcblumns (p < 0.05). n=12

Principal component analysis (PCA) was used togedie dimensionality of the data set
and to extract the ‘latent’ variables that expldirme of the variance in the data
(Meglen, 1992). Thirteen variables were subjecte®@ €A (concentrations of 7 metals,
TOC, and 5 grain size fractions). Three principainponents accounted for 82.74 % of
the cumulative variance. The relationships betwegmiables and the principal

components can be seen in the loadings table (#ad)e The first principal component

has moderate to good positive relationships with Bid Pb and coarse sand, and an
inverse relationship to Fe, TOC, mud, and very fsamd. Evaluation of enrichment
factors indicated that Cd, Ni and Pb may be of mmbgenic origin (EF > 1). The second
principal component includes the positive contridmutof Co, Cu and Zn. Component 3
has a positive loading for the fine sand fractiamich is uncorrelated to any of the

metals. The loadings scatterplot (Fig. 4.7) givedearer depiction of the relationship
between variables and their contribution to then@pal components. It is however,
unusual that all metals (except Fe) showed no lativa with the fine grained sediments
and TOC. The distribution of these metals may thascontrolled by a variable not

considered in thus study.
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TABLE 4.4

Principal component loadings for metals and sedimeércharacteristics in the West
Kleinemonde Estuary

Component 1 Component 2 Component 3

(45.68 %)* (27.75 %)* (9.31 %)*
Cd 0.53 -0.54 -0.11
Co 0.13 0.89 -0.32
Cu 0.08 0.94 -0.08
Fe -0.80 -0.04 0.07
Ni 0.84 0.43 -0.22
Pb 0.78 0.52 -0.23
Zn -0.06 0.86 0.10
TOC (%) -0.95 0.17 -0.02
Coarse sand 0.66 -0.39 -0.23
Medium sand 0.84 -0.19 0.11
Fine sand -0.23 0.47 0.72
Very fine sand -0.95 0.00 -0.30
Mud -0.82 -0.05 -0.55

Note: Loadings greater than + 0.7 are in bold and intdisabstantially high relationshi

between the variable and principal component.
*Percentage total variance.
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Figure 4.7: Principal component loading scatter plot (PGsisl PC 2) for variables
measured in West Kleinemonde Estuary sediments.
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Metal concentrations were plotted against Fe fog iWest Kleinemonde Estuary
sediments. Baseline Linear regression models fdalsws. Fe were superimposed onto
the data and the samples that fell above the 95eHiqtion limits were considered to be
enriched. Figs. 4.8 A, 4.8 C and 4.8 D show thatriajority of samples were enriched
with Co, Ni and PDb, indicating enrichment of thesetals above baseline concentrations,

while few samples were enriched with Cu and Zn{~Hg8 B and 4.8 E).
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In order to asses the spatial variation in metaicement, enrichment factors were
plotted against sampling sites (Fig. 4.9). Enrichtmef Co, Ni and Pb decreased
significantly from the marine environment to thepapreaches of the estuary (p < 0.05).
There was little spatial variation in the enrichmeh Cd, Cu and Zn along the estuary
(Figs. 4.9 A, 4.9 C and 4.9 F). The Cd enrichnfaators were not normalized for grain
size (see Chapter 3), and thus Cd / Fe ratios wa&ilated to asses the normalized
distribution of Cd. There was no significant splatidiation in Cd / Fe ratios along the
estuary (p > 0.05). Average (x SD) enrichment fexctor metals were; Cd 2.27 (x 0.95),
Co 2.42 (+ 1.17), Cu 0.56 (+ 0.15), Ni 1.83 (+ 1,0®b 2.77 (+ 1.41) and
Zn 0.55 (x 0.27). Moderate enrichment was thus eeskfor Cd, Co, Ni and Pb (1 < EF
< 3) and the sediments were not enriched with Cd an (EF <1). The elevated
enrichment of metals at the mouth and lower reachag be associated development in

that area, or the input of metals from the marimarenment.

Water

The surface salinity dropped from 36 psu in theingaenvironment to a constant 17 psu
in the lower, middle and upper reaches of the Welginemonde Estuary. The
concentration of total suspended solids (TSS) weatgst in the marine environment and
upper reaches of the estuary (range: 30 — 3% Hh@nd was lowest in the lower and
middle reaches (range: 15.4 — 15.5 &y

The average concentrations of Pb (2.67 + 1.48})gand Cd (0.43 + 0.51 pg") in the
water of the West Kleinemonde Estuary were wellolethe DWAF recommended
guidelines of 12 and 4 p(', respectively. There was no significant spatialateon in
the concentrations of Pb along the estuary (Fig0¥(p > 0.05). The concentrations of
Cd were significantly greater in the lower and uppaches of the estuary (p < 0.05).
Overall, the water of the West Kleinemonde was atexminated with Cd and Pb at the

time of sampling.
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Figure 4.9: Spatial variation in the mean (x SD) enrichmentdes for metals in the
West Kleinemonde Estuary sediments. Different sqpt letters denote significant
differences within columns (p < 0.05). (LR = loweaches, MR = middle reaches,

UR = upper reaches).
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Figure 4.10: Spatial variations in the concentrations (mean # 8DCd and Pb in the
water of the West Kleinemonde Estuary. Differenpesscript letters denote significant
differences within columns (p < 0.05). (LR = loweaches, MR = middle reaches, UR =
upper reaches).

4.2.3 KASOUGA ESTUARY

Sediment Characteristics

The percentage organic content of the sedimentth@fKasouga Estuary increased
steadily from 0.88 % at the mouth to 7.47 % atupper reaches of the estuary. Similarly,
there was a steady decrease in large grained sedirften the mouth of the estuary to

the upper reaches and a concurrent increase igfaieed sediments (Fig. 4.11).

Metalsin Sediment

Metal concentrations in the sediments of the Kaaolgtuary increased significantly

(p < 0.05) from the marine environment to the upgarches of the system (Table 4.5).
This increasing trend in metal concentrations camatiributed to the increase in fine

grained particles and organic content of the sedisnm a landward direction. All metals

exhibited highly significant correlations with TO@wud and Fe (p < 0.01), Table A4,

Appendix 2, indicating that metal distribution adptne estuary may have been controlled

by grain size, organic content and formation ofkales.
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Figure 4.11: Grain size composition and organic content of théiraents at four sites
along the Kasouga Estuary. (LR = lower reaches, MRiddle reaches, UR = upper
reaches).

TABLE 4.5
Mean (+ SD) concentrations of metals (mgg™, dry wt.) in the sediments along the
Kasouga Estuary

Site Cd Co Cu Fe Ni Pb Zn

Marine 0.26 0.45 0.47 1313 <DL 3.55' <DL
(+x0.61) | (£0.03) | (x0.27) (x 33) (+ 0.25)

LR 0.16' 0.50" <DL? 1325 0.07 2.90° <DL
(£0.01) | (£0.09) ( 66) (£0.10) | (£0.04)

MR 0.66' 3.72 0.27 5726 3.94 6.58 4.65'
(0.14) | (0.66) | (x0.25) | (¥1207) | (x1.13) | (¥0.52) | (+4.04)

UR 1.57 7.76 5.24 12292 8.57 11.4F | 8.67
(£0.33) | (+1.40) | (x0.39) | (+1882) | (+1.85) | (£1.56) | (+6.06)

Mean 0.71 3.34 1.63 5513 3.41 6.42 3.63
(x0.61) | (3.23) | (2.33) | (+4858) | (+3.38) | (£3.62) | (+5.01)

Note: Different superscript letters denote significant differencesinvithlumns (p < 0.05). n= 12
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Principal component analysis was applied to 14abédes (7 metals, TOC and 5 grain size
fractions) and 11 samples from the Kasouga EstuBmp principal components were
identified that explained 92.95 % of the cumulatixeriance (Table 4.6). A plot of
variable loadings for component 1 and componeréarly shows the strong association
between metals, TOC and mud content of the sedsn@&ing. 4.12). The first principal
component accounts for 80.19 % of the variance el substantially high positive
loadings for all 7 metals, TOC, very fine sand amad. Principal component 2 (19.28 %
of total variance) has a high loading for the fsend fraction and does not appear to
influence the concentration of metals. Principahponent analysis thus reveals that the
concentrations of metals in the Kasouga Estuaryahattong relationship to grain size

and organic content of the sediments.

TABLE 4.6
Principal component loadings for metal concentratios and sediment
characteristics in the Kasouga Estuary
Component 1 Component 2
(80.19 %)* (19.28 %)*
Cd 0.98 -0.17
Co 0.99 -0.08
Cu 0.89 -0.37
Fe 0.99 -0.07
Ni 0.99 -0.07
Pb 0.99 -0.10
Zn 0.85 -0.06
TOC (%) 0.98 -0.16
Coarse sand -0.78 -0.39
Medium sand -0.87 -0.46
Fine sand 0.20 0.97
Very fine sand 0.86 0.34
Mud 0.95 -0.18
Note: Loadings greater than = 0.7 are in bold and mgicsubstantially high
relationships between the variable and principatgonent.
*Percentage total variance.
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Figure 4.12: Principal component loading scatter plot (PG/sl PC 2) for variables
measured in Kasouga Estuary sediments.

Enrichment of metals within the Kasouga Estuaryimsedts was assessed by
superimposing metals concentrations onto matdfe linear regression plots for baseline
data (Fig. 4.13). Again, samples that fell abowe 3B % prediction limits of the models
were considered to be enriched with metals relativbaseline studies. The only metal
that showed any degree of enrichment was Co (FikB A). The concentrations of all
other metals fell within the 95 % prediction limagthe models (Figs. 4.13 B to 4.13 E).

Spatial variation in enrichment factors was invgeeed by plotting enrichment factors
(EFs) against sampling sites Fig. 4.14. The Cd,NC@and Pb plots display similar spatial
trends, with enrichment increasing significantlprfr the marine environment to the
upper reaches of the estuary (p < 0.05). The Kas@sgguary was moderately enriched
with Cd (EF > 1), with the average (= SD) enrichtiiagtors for Cd being 2.02 (+ 1.64).

Average (x SD) enrichment factors for all other atetwere: Co 0.73 (£ 0.54),

Cu 0.22 (£ 0.27), Ni 0.38 (= 0.29), Pb 0.65 (x 0.Bdd Zn (0.14 £0.17). The average
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EFs for Co, Cu, Ni, Pb and Zn were thus below #ljcating little or no enrichment.

Since sediments were mostly enriched with Cd ipassible that a fraction of Cd
originated from an anthropogenic source such as ma@off or degradation of phosphate
fertilizers. It is important to note that Cd enmeént factors were not normalized for

grain size due to the fact that @&l Fe linear regression models could not be congduct

(Chapter 3). Calculation of Cd / Fe ratios reveallkdt normalized Cd distribution

actually decreased significantly in a landward ction (p < 0.05), possibly indicating

input of Cd from a marine source.
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Metal concentrations plotte
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reaches).
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Water

The salinity of the Kasouga Estuary decreased #yefaom approximately 36 psu at the
mouth to approximately 25 psu in the upper reaché® spatial distribution in the
concentrations of Cd and Pb in the water of theokiga Estuary can be seen in Fig. 4.15.
The concentrations of Cd and Pb were homogenous tine mouth to the upper reaches
of the estuary, with no significant differencesciwncentrations being observed between
sites (p < 0.05). The mean concentrations of both (3.07 + 0.03 pgdg™) and

Pb (0.75 + 0.27 pg™) were below the DWAF recommended guidelines fastal and

marine waters and the Kasouga Estuary was therafme@ntaminated with these metals.
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Figure 4.15: variations in the concentrations (mean + SD) ofa@d Pb in the water of
the Kasouga Estuary. Different superscript letgigaote significant differences within
columns (p < 0.05). (LR = lower reaches, MR = madidlaches, UR = upper reaches).

4.2.4 BOKNES ESTUARY

Sediment Characteristics

The sediment at the mouth and lower reaches oBtikmes Estuary were dominated by
medium sands, while the sediments of the middle @pypkr reaches were composed
mainly of fine grained sands (Fig. 4.16). There wesy little difference in particle size
distribution between the middle and upper reacliéiseoestuary. No mud (< 63 pm grain
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size) was present in the sediment at the sitesddcat the mouth and lower reaches of
the estuary. The percentage of organic matterarstuliments increased from the mouth
of the estuary to the upper reaches, althoughitel fad relatively low organic content
(range: 0.7 % — 4.2 %).
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Figure 4.16: Grain size composition and organic content of tediments from the
Boknes Estuary during open and closed mouth phdk&s.= lower reaches, MR =
middle reaches, UR = upper reaches).

Metalsin Sediment

The absolute concentration of metals in the sedisnatong the length of the Boknes
Estuary can be seen in Table 4.7. The concentgtdrall metals (except Zn) were
significantly higher in the upper reaches tharhatdther sampling sites (p < 0.05). There
were no spatial variations in metal concentratioesveen the marine, lower and middle
reaches of the estuary. The significant increaseetals in the upper reaches reflects the
increase in organic content of the sediment, ad a®lthe increase in fine grained

particles.
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TABLE 4.7
Mean (+ SD) concentrations of metals (migg™, dry wt.) in the sediments along the
Boknes Estuary

Site Cd Co Cu Fe Ni Pb Zn

Marine 0.26 0.00° 0.78 1350 <DL 3.872 <DL
(£ 0.02) (x 0.00) (1.02) (x 47) (+ 0.56)

LR 0.2F¢ 0.03 0.58 1482 0.38 4.07° <DL
(£ 0.02) (£ 0.03) (£ 0.20) (x 67) (+ 0.65) (+ 0.58)

MR 0.36' 1.16' 1.73 2737 2.24 4.06" 27.4
(£ 0.28) (+1.20) (x1.51) (+ 1844) (1.70) (x2.13) (+32.8)

UR 0.89 3.83 6.52 6835 6.56’ 7.36 26.0°
(+0.11) (+ 0.57) (+ 1.80) (+ 880) ( 0.76) (£ 1.44) (+ 25.0)

Mean 0.43 1.26 2.40 3101 2.30 4.81 13.3
(£ 0.31) (x1.72) (x2.75) (+ 2480) (+ 2.85) (+1.92) (x 22.5)

Note: Different superscript letters denote significant differencesinvithlumns (p < 0.05). n=12

Principal component analysis was applied to theimat 14 features (7 metals, TOC and
5 grain size fractions) and 12 samples of the BsKastuary sediments to assess the
relationship between variables. Three components extracted that described 91.12 %
of the variance in the data (Table 4.8). Loadinfjpaiween + 0.7 and + 1.0 indicated
substantially high relationships. The first priradigomponent (accounting for 62.2 % of
the variance) had a good positive relationship With Co, Cu, Fe, Ni, Pb, TOC and mud
and had a high negative loading for the mediumesiand fraction. The interrelations
among elements and sediment properties are cledelyicted in projections of
components 1 and 2 (Fig. 4.17). It is thus evidiatt there was a strong positive
relationship between metals, fine grained sedimantsTOC in the Boknes Estuary. The
loadings for grain size and PC 1 become progrelyshaeger as grain size decreased,
indicating the increased adsorptive capacity oflenparticles.

Component 2 (19.2 % total variance) had a largatipedoading for the coarse sand
fraction and accounted for very little of the véioa in metal concentrations. Principal
component 3 (9.63 % of total variance) exhibitedsabstantially high positive
relationship with Zn and a positive moderate relaghip with mud. The contribution of
Zn to two different features (principal components)icated that Zn had two sources of
variation. Since the Zn is uncorrelated to any othetals on PC 3 it is possible that some
of the Zn in the Boknes Estuary is from anthropagenurces. It is also probable that PC

3 accounts for an artifact of measurement suclbasmination of Zn within samples.
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TABLE 4.8
Principal component loadings for metals and sedimeércharacteristics in the Boknes
Estuary
Component 1 Component 2 Component 3

(62.21 %)* (19.28 %)* (9.63 %)*
Cd 0.94 0.28 -0.08
Co 0.97 0.15 -0.15
Cu 0.88 0.23 -0.24
Fe 0.95 0.21 -0.13
Ni 0.86 0.40 -0.17
Pb 0.85 0.33 0.15
Zn 0.57 -0.20 0.72
TOC (%) 0.96 0.03 0.02
Coarse sand -0.09 0.93 0.05
Medium sand -0.82 0.53 0.15
Fine sand 0.39 -0.67 -0.54
Very fine sand 0.67 -0.59 0.14
Mud 0.78 -0.22 0.50

Note: Loadings greater than + 0.7 are in bold and irtdisabstantially high relationshij

between the variable and principal component.
*Percentage total variance.
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Figure 4.17: Principal component loading scatter plots (P@s1PC 2) for variables
measured in Boknes Estuary sediments.
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Enrichment of metals within sediment samples wasessed by superimposing metal
concentrations on the meted. Fe regression plots for regional baseline conaéotrs.
The samples that fell above the 95 % predictiont lfor the model were considered to be
enriched with metals. Figs. 4.18 A, 4.18 C and D1show that all samples fell within
the 95 % prediction limits for Co, Ni and Pb, inaling no enrichment of these metals
within the Boknes Estuary sediments. Several sanpkere enriched with Cu and Zn
(Figs. 4.18 B and 4.18 E) in the upper reaches®Bioknes Estuary, which may suggest
anthropogenic input of these metals.

The distribution of metals in the sediments of &stuary was assessed by calculating
enrichment factors (EFs) for each metal at eaeh $iis removed any interference that
may occur in the interpretation of metal distribatidue to variations in grain size. Please
note that Cd enrichment was not normalized forrgeze (see Chapter 3). The EFs for
each site can be seen in Figs. 4.19 A to 4.19 fereltwas no significant variation

(p > 0.05) in the distribution of Ni, Pb and Zn dpthe length of the Boknes Estuary
(Figs. 4.19D, 4.19E and 4.19 F). The enrichmewtdrs for Cd, Co and Cu (Figs.

4.19 A, 4.19 B and 4.19 C) were significantly higirethe upper reaches of the estuary
(p < 0.05), likely due to the high organic contehthe sediments at this site which may
have led to the accumulation of these metals. Cainmoncentrations were normalized
for grain size by calculating Cd / Fe ratios. Alligh not shown, there was no significant

spatial variation in normalized Cd concentratiolusg the Boknes Estuary (p > 0.05).

The mean (x SD) EFs for each metal were; Cd 1.19.86), Co 0.53 (x 0.34), Cu

0.42 (x 0.41), Ni 0.29 (£ 0.16), Pb 0.68 (+ 0.1édazn 0.78 (+ 1.20). On average, the
Boknes Estuary sediments were un-enriched witimalials except Cd, which exhibited
minor enrichment, and Cu and Zn which exhibitedanienrichment in the upper reaches

of the estuary.
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Figure 4.18
Metal concentrations plotte
against Fe for the Bokn
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Boknes Estuary sediments. Different superscrifierie® denote significant differences
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reaches).
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Water

The average (+ SD) concentrations Pb and Cd imtlter of the Boknes Estuary were
0.76 + 0.51 pg™* and 0.09 + 0.05 pg*, respectively. These values fall well below the
DWAF recommended guidelines for coastal and maniaters and thus the water of the
Boknes Estuary was uncontaminated at the time rapbag. The spatial distribution of
Pb and Cd in the Boknes Estuary is representedgin4f20. There was no significant
variation in the concentrations of Pb and Cd in wWeter along the Boknes Estuary
(p > 0.05), probably due to the fact that the estimsmall and well mixed.
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Figure 4.20: Variations in the concentrations (mean = SD) ofa@d Pb in the water of
the Boknes Estuary. Different superscript letteemale significant differences within
columns (p < 0.05). (LR = lower reaches, MR = midaiaches, UR = upper reaches).

4.3 PERMANENTLY OPEN ESTUARIES

4.3.1 GREAT FISH ESTUARY

Sediment Characteristics
The sediments from Great Fish Estuary comprisedijnaiery fine grained sands and

mud (Fig. 4.21). The percentage of fine grainedrsedts increased from the mouth (site
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F1) of the estuary to the upper reaches (site H&).sediments from sites F4 to F6 were
comprised mainly of mud. The percentage organidestrin the sediments reflected the
distribution of mud, with the greatest percentagjerganic content being located at site
F6 (Fig. 4.21).
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Figure 4.21: Grain size composition and organic content of théiraents at eight sites
(F1 to F8) along the Great Fish Estuary.

Metalsin Sediments

The absolute concentrations of metals in the Gfestt Estuary sediments are shown in
Table 4.9. Significant spatial variation was obserin the concentrations of all metals
(p < 0.05). Two overriding trends were observethaconcentrations of metals along the
estuary. The first was the landward increase in@g Fe, Ni and Zn. These metals were
significantly correlated to TOC and mud (Table Agpendix 2) indicating that the
elevated concentrations corresponded to an inclieafsee grained particles (mud) and
organic content of the sediments. The second tweasl the seaward increase in the
concentrations of Cd and Pb. Both Cd and Pb wep®oruelated to the fine grained
particles and organic content of the sedimentsware significantly correlated to each

other (R = 0.71, p < 0.01). This may suggest @thaind Pb were from a common source.
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TABLE 4.9
Mean (+ SD) concentrations of metals (mgg™, dry wt.) in the sediments along the Great
Fish Estuary
Site Cd Co Cu Fe Ni Pb Zn
F1 1.2¢° 1.17° 0.78 | 1036? | 6.82° | 19.13F 5.33
(marine) (+0.10) | (x0.43) | (£0.40) | (x116) (0.71) | (¥2.35) | (£1.19)
F2 0.50° | 2.48° 0.48 700% 4.37 8.18 5.1¢
(0.26) | (¥2.11) | (£0.22) | (£304) (+0.89) | (+4.81) | (+1.46)
F3 0.98° | 4.75°¢ 452 27301 9.32 7.63° | 13.79
(+0.06) | (¥1.13) | (£2.18) | (£578) (+3.16) | (+1.64) | (£0.19)
F4 0.57° | 5.44° 8.31° 9717 | 11.0P° | 4.24° | 17.76
(x0.01) | (#1.31) | (£#1.07) | (¥3942) | (x1.33) | (x1.42) | (¥0.92)
F5 0.67°° | 6.02° 8.27F 81239 | 13.79 | 5.03° | 48.2¢8
(+0.17) | (£2.06) | (£0.82) | (+468) (+1.87) | (x0.38) | (+10.34)
F6 0.83" 8.77 15.78 | 14106 | 19.78 | 10.19 | 49.48
(+0.34) | (£0.84) | (£0.57) | (£1432) | (+0.74) | (¥1.93) | (+4.93)
F7 0.25 3.67° | 3.0 | 47879 | 8.01%°¢ | 1.3¢ 16.98
(+0.12) | (£0.98) | (+1.12) | (+549) (+1.96) | (+1.55) | (+7.27)
F8 0.31 5.10°¢ | 5.32° | 5217 8.28°¢ | 3.54° | 1452
(upper) (+0.06) | (£1.08) | (+0.43) | (+347) (+1.56) | (+1.44) | (+2.21)
Mean 0.65 4.67 5.81 5801 10.38 7.41 21.41
(+0.32) | (£2.49) | (+4.85) | (£4592) | (+4.77) | (£5.60) | (+17.33)
Great Fish 1988* 0.30 3.1 50 8712 7.5 7.6 26.5
(+0.36) | (1.9 (x2.0) | (+3994) (x4.1) (£2.3) (+12.3)
Note: Different superscript letters denote significdifferences within columns (p < 0.05). n = 24. * iiiftey
(1988)

Principal component analysis (PCA) was used tocedhe dimensionality of the data
and to identify ‘latent’ variables (Meglen, 199@rincipal component analysis was
applied to the raw metal concentrations, grain slaega and organic content of the
sediments (13 variables in total). Two principalgmnents were extracted that account
for 79.33 % of the variance in the data. The contipmsof the principal components,
referred to as ‘loadings’ is reported in Table 4ak@l is plotted in Fig. 4.22. The first
principal component includes positive contributi@f€o, Cu, Fe, Ni, Zn, TOC and mud,
and thus PC 1 is likely to represent the naturalatian in metal concentrations. The
second principal component is made up of positmetridbutions from both Cd and Pb
and the large grained sands, and Pb and Cd weseadsociating with the sediments
found predominantly at the mouth of the estuaryn@onent 2 is thus likely to represent

an alternative source of metals (possibly anthrepay.
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TABLE 4.10
Principal component loadings for metal concentratios and sediment
characteristics in the Great Fish Estuary
Component 1 Component 2

(56.92 %)* (22.41 %)*
Cd 0.01 0.82
Co 0.88 -0.07
Cu 0.96 0.16
Fe 0.93 0.06
Ni 0.91 0.24
Pb -0.31 0.86
Zn 0.86 0.14
TOC (%) 0.78 0.35
Coarse sand -0.66 0.63
Medium sand -0.75 0.52
Fine sand -0.72 -0.44
Very fine sand 0.36 -0.60
Mud 0.96 0.22
Note: Loadings greater than + 0.7 are in bold and indicsubstantially high
relationships between the variable and principatgonent.
*Percentage total variance.
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Figure 4.22: Principal component loading scatter plot (PG/sl PC 2) for variables
(metals, TOC, grain size) measured in Great Fishdfg sediments.
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Metal concentrations were plotted against Fe ferGneat Fish Estuary sediments, on top
of which baseline metals. Fe regression plots were superimposed (Fig. 4.2B).
samples that fell above the 95 % prediction lifmisthe models were considered to be
enriched with metals relative to baseline conceiotna. One can clearly see that the
sediments were extensively enriched with Co andAWis. 4.23 A and 4.23 C), while
fewer samples were enriched with Cu, Pb and Zns(Hig23 B, 4.23 D and 4.23 E).
Although not shown in Fig. 4.23., the samples thate enriched with Zn and Cu were
collected at sites F5 and F6. The sediments fr@setlsites also had the highest mud and

organic matter content of all sites, which may hiageto the accumulation of Cu and Zn.

Enrichment factors were calculated in order to gjiyathe degree of metals enrichment
since baseline studies were conducted in 1983 {Wgasind Watling, 1983a). The mean
(x SD) enrichment factors for metals in the GreahFestuary sediments were; Cd 1.81
(£ 0.90), Co 1.87 (£ 2.03), Cu 0.84 (£ 0.54), Nd1L(+ 0.32), Pb 1.03 (+ 1.07) and Zn
0.98 (= 0.56). Thus, on average the Great Fishdggtsediments were unenriched with
Cu, Pb and Zn (EE 1), and they were moderately enriched with Cd, &al Ni
(1<EF<2).

The spatial variation in enrichment factors is shaw Fig. 4.24. One can clearly see
from Fig. 4.24B and 4.24E that Co and Pb enrichmreat significantly higher in the

marine sediments (sites F1 to F3) than the middié@ @pper reaches of the estuary
(P < 0.05). The significantly higher enrichmentQd, and Pb in the marine environment
and lower reaches of the Great Fish could be lirtkedinoff from the national road that

crosses the estuary in the lower reaches, as wiik aatmospheric deposition of the
metals from combusted fuels. Cadmium enrichmenb alecreased significantly

(P < 0.05) from the mouth to the upper reaches@gestuary, but the enrichment gradient
was less clearly defined than for Co and Pb. Imiportant to note that Cd enrichment
was calculated without normalizing for grain sized Chapter 3), and thus Fig. 4.24 A
does not show the normalized Cd distribution. Caloon of the Cd / Fe ratios revealed
that normalized Cd concentrations were signifigahtgher at the mouth as compared to

the rest of the estuary (p <0.05). This may ssggeput of Cd from the marine
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environment or from road-runoff from the R 72 metay. Copper and Zn showed
significant spatial variation in metal enrichmenbrey the estuary, with enrichment
increasing significantly (p < 0.05) from the mowhsites F5 and F6, and then decreasing
again in a landward direction. The peak in Cu andedrichment at sites F5 and F6 is

likely to correspond to the increase in organicteradt these sites, since organic matter is

well known to act as a binding substrate for theséals (Liet al., 2001).
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Metal concentrations plotte
against Fe for the Great Fi
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sediments are superimposed
the data.
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Figure 4.24: Spatial variation in the mean (x SD) enrichmentdex of metals in the
Great Fish Estuary sediments. Different supersteipers denote significant differences
within columns (p < 0.05).
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Water

At the time of sampling the concentration of taaspended solids (TSS) was greatest in
the middle and upper reaches of the estuary (Bteand F6). The TSS maximum shifts
depending on the rate of freshwater inflow. In tgdy the TSS maximum was located
at site F6 (478 mg™ suspended solids). The salinity decreased stefrdity 35 psu at
the mouth of the estuary to 0.5 psu at the heath wiigohaline conditions being

observed approximately 7 km from the mouth.

The average (+ SD) concentrations of Cd and Phenwater of the Great Fish Estuary
were 0.13 (+ 0.09) pg'and 2.81 (+ 1.74) pg', respectively. These concentrations
were below the South African recommended waterityuglidelines for coastal and
marine waters and thus the water of the Great Esbary was uncontaminated with Cd
and Pb. The concentration of Pb varied signifigamtiong the length of the estuary
(p < 0.05), exhibiting a general landward incretisg corresponded to an increase in the
concentration of total suspended solids (TSS) enwlater (Fig. 4.25 A). A significant
positive correlation thus existed between Pb anfl {’5= 0.89; p < 0.01). There was no
significant spatial variation in the concentratioh Cd along the Great Fish Estuary
(p > 0.05), as can be seen in Fig. 4.25B.
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Figure 4.25: Spatial variations in the mean (x SD) concentretiof Pb and Cd in the
water of the Great Fish Estuafyote: horizontal bar denotes South African water quality
guideline value for Pb. Different superscriptdest denote significant differences within
columns (p <0.05).
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4.3.2 KOWIE ESTUARY

Sediment Characteristics

At the time of sampling, the sediments of the Ko&mtuary were mainly composed of
fine and medium grained sands and there was\#il@tion in grain size along the length
of the estuary (Fig. 4.26). The percentage orgaartent was generally highest in the
middle and upper reaches of the estuary (sitesoPB7), but remained fairly low

throughout the estuary (range: 1 — 7 %).
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Figure 4.26: Grain size composition and organic content of théiraents at eight sites
(P1 to P8) along the Kowie Estuary.

Metalsin Sediment

The average concentrations of metals at sites aloag<owie Estuary can be seen in
Table 4.11. The concentrations of all metals ineeeasignificantly from the marine

environment (site P1) to the upper reaches (sijeoPthe estuary (p < 0.05). Significant
positive correlations existed between all metal8CTand mud (Table A7, Appendix 2).

The concentrations of all metals (except Cd) wertgcaable lower than those reported by
Watling in 1988 (Table 4.11). The average concéotmaof Cd in this study was

84



Chapter 4 - Survey of Metal Concentrations

approximately 36-fold higher than the average regabfor the Kowie sediments in 1988
(Watling, 1988).

TABLE 4.11
Mean (+ SD) concentrations of metals (mig™, dry wt.) in the sediments along the Kowie
Estuar
Site Cd Co Cu Fe Ni Pb Zn
P1 0.59 0.52 0.20" 1302 0.66 2517 1.03
(marine) (+ 0.02) (¥0.02) | (x0.01) (+ 16) (+0.03) | (+0.47) (+ 0.02)
P2 0.66 0.53 1.78° 1527 0.68° | 3.7 2.46
(£0.05) | (+0.04) | (£2.73) (£7.7) (£0.05) | (£0.50) | (x2.49)
P3 1.5 0.66 3.00" 3921 2.52 5.05° | 14.98°
(x0.26) | (£0.02) | (+1.68) (+ 644) (x0.99) | (+0.99) (£ 9.92)
P4 3.08 2.9% 7.98 778T 595° | 5.02° | 16.73"°
(x0.43) | (£2.78) | (£3.19) (+ 953) (x0.89) | (¥0.27) (+5.36
P5 2.60 2.79 6.05° 6810 4.93 5.45 7.17°
(x0.45) | (£0.49) | (£2.31) | (¥1142) | (x0.86) | (+0.46) (+ 4.34)
P6 2.5 2.89 6.06" 6997 5.3C0 4.91° 8.83"
(x0.22) | (£0.29) | (£3.08) ( 572) (x0.78) | (+0.63) (+ 6.06)
P7 4.2¢ 4.81 7.74 10386 7.85 8.37 21.57
(x0.35) | (£0.35) | (£2.42) (+ 527) (x0.56) | (+¥0.32) (+5.27)
P8 2.56 3.60 2.56" 7259 578 450° | 12.63°
(upper) (x0.34) | (£0.56) | (x1.14) (x 767) (x0.61) | (+0.26) (+7.36)
Mean 2.18 2.31 4.27 5659 4.13 4.93 10.67
(x1.21) | (#158) | (£3.30) | (¥3140) | (¥2.60) | (+1.68) (+ 8.35)
Kowie 1988* 0.06 17.9 16.5 32300 24.4 29.8 96.0
(£0.02) | (+7.6) (£7.6) | (£9740) | (£6.2) (£ 5.5) (% 60.5)
Note: Different superscript letters denote significarifetences within columns (p < 0.05). n = 24,
* Watling (1988).

Principal component analysis was used to clariy rislationships between metals and
sediment characteristics. Thirteen variables wetgested to PCA (7metals, grain size
and TOC content) and two new ‘latent’ variables avextracted that explained 99.47 %
of the variance in the data. The contribution of thriginal variables to the ‘latent’

variables is depicted by their loadings, as showfable 4.12. Principal component 1
had high positive loadings (> 0.70) for Cd, Co, €&, Ni, Pb, TOC, very fine sand and
mud. The organic content of the sediments and éngcfes smaller than 0.125 mm were
possibly acting as binding substrates for the raetald were thus controlling their
distribution.

Component 2 has a high loading fore tltoarse sand fraction

(0.50 to 1.00 mm), which showed no correlation ny af the metals and thus did not
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play a role in their distribution. The strong cdatens between metals and fine grained

sediments is typically characteristic of unconteetea sediments.

TABLE 4.12
Principal component loadings for metal concentratios and sediment
characteristics in the Kowie Estuary
Component 1 Component 2
(80.19 %)* (19.28 %)*
Cd 0.97 0.19
Co 0.91 0.25
Cu 0.86 -0.13
Fe 0.96 0.23
Ni 0.95 0.26
Pb 0.84 0.11
Zn 0.66 0.40
TOC (%) 0.95 -0.19
Coarse sand -0.29 0.84
Medium sand -0.86 0.34
Fine sand -0.31 -0.78
Very fine sand 0.83 -0.43
Mud 0.92 -0.30
Note: Loadings greater than £ 0.7 are in bold and indisabstantially high
relationships between the variable and principatgonent.
*Percentage total variance.
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Figure 4.27: Principal component loading scatter plot (PG/sl PC 2) for variables
(metals, TOC, grain size) measured in Kowie Estsadiments.
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Metal concentrations were plotted against Fe, asetline metals. Fe regression models
were superimposed onto the plots (Fig. 4.28). Asriee samples were considered to be

enriched with a metal if the sample fell above #e% prediction limit for the model.

Figs. 4.28 A, 4.28 C and 4.28 D show that the cotnadons of Co, Ni and Pb from all

samples fell well within the prediction limits dfie¢ models, and this indicates that the
sediments were un-enriched with these metals atirthe of sampling. Several samples

were enriched with Cu, and Zn (Figs. 4.28 B an@£»
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Metal concentrations plotte
against Fe for the Kow
Estuary sediments. Line
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Enrichment of metals within the Kowie Estuary seeits was quantified by calculating
enrichment factors (EFs) for metals at each site. §patial variation in metal enrichment
is shown in Fig. 4.29. One can clearly see from Eig9 A that Cd had the highest EFs
(1 < EF < 15), while EFs for all other metal werdw 2. Cadmium, Co, Cu and Ni
enrichment increased from the mouth of the estumgylandward direction (Fig. 4.29 A
to 5.29 D), while Pb and Zn did not show any obsiguadient in metal enrichment along
the estuary (Fig. 4.29 E and 4.29 F). Fig. 4.2%Avws Cd enrichment values that have
not been normalized for grain sized (see ChapteC8)culation of Cd / Fe values (Fe
used as a normalizer for grain size) revealed @uhtistribution decreased significantly
in a landward direction (p < 0.05). The averages®) enrichment factors for metals in
the Kowie Estuary sediments were; Cd 6.20 (x 3.89)0.64 (£ 0.23), Cu 0.65 (x 0.23),
Ni 0.50 (= 0.23), Pb 0.60 (x 0.11) and Zn 0.50 (38). Enrichment factors of less than
one indicate no enrichment. The sediments of thei&dstuary were thus un-enriched
with all metals except Cd, which exhibited moderateichment relative to baseline

concentrations.

Water

A decreasing salinity gradient was observed albegleéngth of Kowie Estuary from the
euhaline mouth to the oligohaline upper reache& ddncentration of total suspended
solids increased steadily from the mouth of thei@st up to site P4, and then decreased
towards the upper reaches. The turbidity maximumeawas thus located approximately

3 km from the mouth (site P4) at the time of sangpli

The average (£ SD) concentrations of Cd and Phenaater of the Kowie Estuary were
0.18 (+ 0.10) ud™ and 1.65 (+ 0.44) p&*, respectively. These concentrations fell well
below the DWAF recommended guidelines for Cd (4&f)yand Pb (12 pg™?), and thus
the water of the Kowie Estuary was uncontaminatéth whese metals at the time of
sampling. The spatial distribution of Cd and Plthe water of the Kowie is depicted in
Fig. 4.30. The metals exhibited similar concenbratgradients and were significantly
correlated at p < 0.05 (R = 0.61), indicating ety may be from the same source. Lead
concentrations varied significantly along the estuand Pb was significantly correlated
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to TSS (p <0.05, R 0.54) suggesting that Pb was being adsorbed éypérticulate

matter in the water column.

16 2.0
B

14 ~

12 1.5
= 10 o
O O
b b

6

4

2

0

2.0

EF Cu
EF Ni

EF Pb
EF Zn

P1 P2 P3 P4 P5 P6 P7 P8 P1 P2 P3 P4 P5 P6 P7 P8
Site Site

Figure 4.29: Spatial variations in the mean (+ SD) enrichmewtdrs for metals from the
Kowie Estuary sediments. Different superscriptelettdenote significant differences
within columns (p < 0.05).
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Figure 4.30: Spatial variations in the mean (+ SD) concentratiof Pb and Cd in the
water of the Kowie. Different superscript lettersndte significant differences within
columns (p < 0.05).

4.3 DISCUSSION AND CONCLUSIONS

The concentrations and enrichment of metals irsétgment and water of the Mpekweni,
West Kleinemonde, Kasouga, Boknes, Great Fish aswlid& Estuaries were determined.
The following section provides a brief summary dfe tmetal concentrations and
enrichment in these estuaries. Table 4.13 givesatleeage concentrations of metals in
the sediments of the above estuaries. No singlegsincluded in this study appeared to
have exclusively high concentrations of all metMariations of metal concentrations
within estuaries may largely be due to variationsthe underlying geology and
mineralogy rather than variations in anthropogenputs of metals. Changes in metal
concentrations were also linked to sediment sizmposition and organic content of
sediment, and this has been well documented by athiors (De Grooét al., 1976;
Tessieret al., 1979; Dasalakis and O’Conner, 1995; Tam and Y868). The geology of
the Eastern Cape coastline is comprised mainlaofistone deposits, shale deposits and
a mixture of the two. Shale generally contains &rghoncentrations of metals than

sandstone (Turekian and Wedepohl, 1961) and theiestuaries that flow over large
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shale deposits are likely to have higher concenotrat of metals than those with
catchment areas containing more sandstone. ltuss iot advisable to deduce that one
estuary is more contaminated with metals than amqibrely by comparison of sediment

metal concentrations.

TABLE 4.13
Mean (+ SD) absolute concentrations (mgg™, dry wt) of metals in sediments from the
Mpekweni, West Kleinemonde, Kasouga, Boknes, Gre&ish and Kowie Estuaries

Estuary Mouth Cd Co Cu Fe Ni Pb Zn
Phase
Mpekweni Mouth 0.64 5.25 6.93 14912 3.41 11.86 16.27
closed (£0.25) | (x4.14) | (+3.66) | (+16300)| (£3.38) | (+4.73) | (+13.78)
West Closed 0.81 6.24 4.55 5435 11.83 | 21.91 | 21.75
Kleinemonde Mouth (x0.34) | (£3.23) | (£3.29) | (x5474) | (£5.34) | (x8.27) | (+x18.93)
Kasouga Closed 0.71 3.34 1.63 5513 3.41 6.42 3.63
Mouth (x0.61) | (x3.23) | (x2.33) | (+4858) | (¥3.38) | (¥3.62) | (¥5.01)
Boknes Closed 0.43 1.26 2.40 3101 2.30 4.81 13.3
Mouth (£0.31) | (x1.72) | (x2.75) | (x2480) | (¥2.85) | (¥1.92) | (¥22.5)
Great Fish - 0.65| 4.67 5.81 5801 10.38 7.41 21.41
(£0.32) | (£2.49) | (x4.85) | (x4592) | (¥4.77) | (£5.60) | (+17.33)
Kowie 2.18 2.31 4.27 5659 4.13 4.93 10.67
- (+1.21) | (£1.58) | (£3.30) | (+3140) | (+2.60) | (+1.68) | (+8.35)

Enrichment factors were calculated for each esturargrder to remove some of the
variation caused by differences in mineralogy armgingsize. The average enrichment
factors (EFs) for the Mpekweni, West KleinemondekiBes, Kasouga, Great Fish and
Kowie Estuaries are shown in Table 4.14. All esasexhibited Cd enrichment (average
EF > 1), with the Kowie Estuary having the highaserage enrichment factor for Cd
(average EF =6.19). With a few exceptions, averafe were below 1 for all other
metals. The Kasouga, Boknes and Mpekweni estulasi@éshe lowest average enrichment
factors of all six estuaries included in this cleapand thus they can be considered to be

relatively pristine.

The enrichment factors (and Cd / Fe values) of re¢vwmetals (Cd, Co, Pb and Ni)
increased in a seaward direction along the Mpekwafast Kleinemonde, Kowie and

Great Fish Estuaries. The elevated enrichmentdeskemetals at the mouth and lower
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reaches of the above estuaries may be due to nahipputs such as runoff from the
national road that crosses the lower reaches ahafie estuaries (Gobetl al., 2007).
They may also be due to input of metals from bggéiativities, or runoff from dumping
sites and parking lots. The higher enrichment afafsen the sediments at the mouth may
also suggest that the metals were from a marinecepguch as coastal upwelling. It is
also possible that Fe was not the best normal@ealf the metals in each estuary and it
would be interesting to determine if enrichmenttdas showed the same distribution
along the estuaries if Al, Mn or TOC were used las hormalizer. Manganese in
particular may have been a much more appropriateal@er for Cd concentrations in
the sediment since Cd is well known to adsorb qatdiculates coated with manganese

oxides (Simpson, 1981).

TABLE 4.14
Mean (= SD) enrichment factors (EFs) of metals inegliments from the Mpekweni,
West Kleinemonde, Kasouga, Boknes, Great Fish anddiie Estuaries
Estuary Mouth Cd Co Cu Ni Pb Zn
Phase
Mpekweni Mouth 1.79 1.00 0.77 0.86 0.99 0.47
closed (£0.69) | (x0.63) | (£0.20) | (+0.38) | (+0.46) | (+0.30)
West Closed 2.27 2.42 0.56 1.83 2.77 0.55
Kleinemonde Mouth (x0.95) | (x1.17) | (x0.15) | (*x1.09) | (x1.41) | (£0.27)
Kasouga Closed 2.02 0.73 0.22 0.38 0.65 0.14
Mouth (x1.64) | (x054) | (x0.27) | (x0.29) | (£0.19) | (x0.17)
Boknes Closed 1.19 0.53 0.42 0.30 0.68 0.79
Mouth (+0.86) | (x0.34) | (x0.42) | (£0.16) | (+0.16) | (+1.20)
Great Fish - 1.81| 1.86 0.84 1.41 1.03 0.98
(£0.90) | (£2.03) | (£0.54) | (+1.10) | (£1.10) | (+0.56)
Kowie 6.19 0.63 0.65 0.50 0.59 0.50
- (£3.35) | (0.23) | (0.46) | (£0.23) | (+0.11) | (+0.38)
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CHAPTER 5

THE EFFECTS OF INCREASED FRESHWATER INFLOW
ON METAL ENRICHMENT IN SELECTED EASTERN
CAPE ESTUARIES, SOUTH AFRICA

5.1 INTRODUCTION

Numerous studies have demonstrated that the coatens of metals in the sediments
and water of estuaries are influence by the hydradycs of the system (Geesetyal.,
1984; Ruiz and Saiz-Salinas, 2000; Jain and Sh&2@t4,). Metal concentrations in river
and estuarine water are often negatively correlaadtbw rate largely due to the dilution
effect caused by increased rainfall (Jain and Sha001). The concentrations of metals
in the sediment are also known to decrease signifig after heavy rainfall due to the
remobilization of metals and the erosion and scwuoif the riverbed (Geeseyal., 1984;
Jain and Sharma, 2001).

Reduced freshwater inflow into estuaries may cbuota to the accumulation of metals
within an estuary, whereas increases in river-mfimay in turn dilute contaminants
and / or flush them from the system (Ruiz and Salinas, 2000). Temporal variations
in metal concentrations are theoretically relatediver flow processes, but practical
evidence for such effects is scarce (Ruiz and Salias, 2000). It is thus important to
conduct flow-related studies on metal contaminatiespecially in flow-restricted
estuaries. The aims of the following study werantestigate the effects of rainfall on the
concentrations and enrichment of metals in theaserfwater and sediment of three
different estuaries, namely; the Kariega, the Riet the East Kleinemonde Estuaries.

The Kariega Estuary was sampled during a dry se@day 2006) and a wet season

(November 2006), the East Kleinemonde Estuary vaaspied during open and closed
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mouth phases (May 2006 and September 2006) asheaRi¢t Estuary (June 2006 and
October 2006). Heavy rainfall within the catchmeontributed to the formation of an
axial salinity gradient in the Kariega Estuary floe first time in ten years (Vorwesk al.,
2007). Similarly, the high rainfall also resultedthe breaching of the East Kleinemonde
and Riet Estuaries. The methods used to undertaise study are summarized in
Chapter 3.

5.2 KARIEGA ESTUARY

Sediment Characteristics

No major changes were observed in the grain sirgposition of sediments along the
Kariega Estuary between dry and wet seasons (Fiy. bhe sediments from the mouth,
lower and middle reaches of the Kariega Estuarypr@ad mainly medium and fine
sands. The percentage of medium sands decreasdteapdrcentage of mud increased
in a landward direction. During both the dry seasmal wet season, the percentage
organic content of sediments steadily increasenh fime mouth to the upper reaches of
the estuary (Fig. 5.1). There was a reduction endlerage percentage organic content
from + 2.95 % during the dry season to + 1.83 %rduthe wet season, although the

difference between the two seasons was not signifip > 0.05).

Metalsin Sediments

The concentrations of metals in the sediment olkheega Estuary, sampled during the
dry season, are shown in Table 5.1 A. A signifidantd-to-sea increase was observed in
Cd and Pb concentrations (p < 0.05), and Pb andv@® thus positively (R = 0.50,
p < 0.05). Cobalt and Ni showed homogenous didiohuat all sites along the estuary.
The concentration of Fe increased significantlyhie upper reaches of the estuary, which
correlated with an increase in mud (R =0.92, p0dp and organic content of the
sediments (R =0.91, p <0.01). The Spearman Ramnklations between all other metals

and sediment characteristics are shown in Tabl@)A8ppendix 2).
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Figure 5.1: Grain size composition and organic content of theireents at eight sites
(K1 to K8) along the Kariega Estuary during the sepason and a wet season.

The absolute concentrations of metals obtained filmenKariega sediments during the
wet season are shown in Table 5.1 B. There wasgmifisant spatial variation in the
concentrations of Cd, Co, Cu, Ni and Zn along #rmggth of the estuary. The average Pb
concentration was significantly higher in the seelintnat site K2 (p < 0.05), which was
situated directly below the storm water drain. Téencentration of Fe increased
significantly in the upper reaches, which corregfsmhto an increase in fine grained
particles. The correlations between metals andnssai characteristics are shown in
Table A8 (ii) (Appendix 2).
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TABLE 5.1 A
Mean (+ SD) concentrations of all metals (mgg™, dry wt.) in the sediments along the Kariega
Estuary during the dry season (July)

Site Cd Co Cu Fe Ni Pb Zn
K1 0.40" 4.87 2.45° 1369 7.97 22.83° 0.47
(marine) (+0.05) | (£0.11)| (£2.77) | (+50) (+7.12) | (£1.32) | (+0.44)
K2 0.45"° 4.958 0.92° 1558 5.758 22.50° 5.6
(storm water) (£0.02) | (£0.43) | (+£0.06) (£ 20) (£1.48) | (£0.29) | (x4.56)
K3 0.33 5.0% 1.2G6° 1374 8.45 26.1C 0.43
(+0.05) | (+0.19) | (¥0.39) | (+16) (+6.94) | (£0.85) | (+0.47)
K4 0.38"° 5.16" 1.15" 1858 8.78 25.4F 0.54
(+0.21) | (+0.51) | (+0.43) | (¥218) | (+3.98) | (+0.23) | (+0.66)
K5 0.65 5.04 3.25" 2878 22.56 22.43 51.7%
(+0.25) | (+0.49) | (#3.07) | (+93) (+1.83) | (+0.65) | (+39.54)
K6 <DL® 3.45 1.56 3474 8.57 17.3% 717
(+0.53) | (£0.99) | (+1385) | (+6.89) | (£0.75) | (+3.17)
K7 <DL°® 7.47 7.56" 11170 11.36 22.82° 18.7%
(+0.88) | (£0.79) | (£4459) | (+3.02) | (+2.01) | (+2.95)
K8 <DL® 7.8F 10.3% 15196 15.37 18.27 31.8F°
(upper) (+4.56) | (£6.45) | (+9042) | (+5.61) | (+4.64) | (+13.13)
Mean July 0.27 5.48 3.57 5659 10.58 22.20 12.93
(+0.23) | (+2.01) | (#4.10) | (+3140) | (+6.39) | (+3.41) | (+18.87)
TABLE 5.1 B

Mean (+ SD) concentrations of all metals (mgg™, dry wt.) in the sediments along the Kariega
Estuary during the wet season (November)

K1 0.59 3.66 277 1443 5.3C° 11.7% 5.65
(marine) (+0.11) | (+0.58)| (+1.04) | (¥116) | (x2.72) | (+0.35) | (+2.92)
K2 0.17 3.17 3.37° 330F° 1.86 30.9P 13.19
(storm water) (+0.08) | (+0.19) | (£0.64) | (+1118) | (+1.78) | (¥6.42) | (+2.92)
K3 0.85 3.77 1.84 1407 2.39 1153 3.74
(+0.51) | (x0.11) | (x1.12) | (x47) (+1.86) | (¥0.37) | (+5.10)
K4 0.49 3.99 2.26 1965 3.3F 14.82 6.93
(+0.12) | (+0.55) | (#0.23) | (+313) | (+1.78) | (+3.09) | (+5.66)
K5 0.56 3.8% 1.9¢ 2823° 3.6T7 10.79 6.7%
(+0.46) | (x0.76) | (+1.69) | (+1021) | (+6.23) | (+1.11) | (+11.51)
K6 2.78 3.09 2.18 2334" 24.16 8.817° 29.6C
(+2.46) | (+6.66) | (+1.45) | (+145) | (£26.68) | (+6.07) | (+27.18)
K7 1.23 6.66' 5.63 9665 13.24 11.89 13.8%
(+1.84) | (+1.02)| (x2.27) | (+3627) | (+5.83) | (+2.35) | (+12.36)
K8 <DL 5.69 6.23 13113 3.68 10.37 20.8F
(upper) (+3.65) | (+4.45) | (£8597) | (+5.19) | (+4.66) | (+17.06)
Mean November 0.88 4.16 3.14 4129 7.35 14.01 12.21
(+1.28) | (+1.59) | (+2.11) | (+4439) | (+11.43)| (+7.59) | (+13.61)
Kariega 1988* 0.05 5.4 75 16050 9.9 10.7 27.1
(+0.01) | (£4.7) | (3.6) | (£9740) | (+8.6) (+5.2) | (£20.1)

Note: Differentsuperscript letters denote significant differeneéhin columns (p < 0.05) for each

season. n = 24.
* Watling (1988)
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Principal component analysis was used to exploe dbrrelations between metal
concentrations and sediment characteristics duhagdry season, as well as to identify
new “latent” variables that account for the varid@pin the data (Meglen, 1992). Three
principal components were extracted that account dgproximately 80 % of the

cumulative variance in the data. The principal comgnt loadings for each variable are
shown in Table 5.2. The first component, describirdp % of the common variance, is
highly loaded with Co, Cu, Fe, Cd, TOC and mud enontThe negative loading for Cd in
component 1 suggests antagonistic effects withedp Co, Cu, Fe, TOC and mud. The
second component describing 18.59 % of the comnamiance in the data set is highly
loaded for Co and Pb, and Component 3 (16.67 Y%owoieon variance) has substantial
positive loadings for Zn and Ni. A plot of loadings PC 1vs. PC 2 gives a clearer

depiction of the association between variables. (¥i8). There is an obvious separation
of Cd and Pb from the other metals, suggesting @thand Pb are from an alternative,
possibly anthropogenic source. A second group fisiéd by Co, Cu, Fe, Ni, Zn, TOC

and mud. The distributions of these metals are frartly controlled by fine grained

particles (mud) and the organic content of thersedis, and this group is thus likely to

represent the geogenic metals.

TABLE 5.2
Principal component loadings for metal concentratias and sediment characteristics
in the Kariega Estuary, sampled during the dry seasn (July)
Component 1 Component 2 Component 3

(45.23 %) (18.59 %) (16.67 %)
Cd -0.62 -0.42 0.49
Co 0.73 -0.61 -0.13
Cu 0.84 -0.31 0.02
Fe 0.94 -0.23 -0.16
Ni 0.48 -0.26 0.67
Pb -0.38 -0.68 0.02
Zn 0.48 -0.18 0.63
TOC (%) 0.89 0.07 -0.21
Coarse sand 0.53 -0.45 0.44
Medium sand -0.72 -0.51 -0.28
Fine sand -0.26 0.50 0.69
Very fine sand 0.67 0.63 0.27
Mud 0.82 0.17 -0.41
Note: Loadings greater than £ 0.6 are in bold and indicaoderate relationships
between the variable and principal component. *&@age total variance.
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Figure 5.2: Principal component loadings plot (PG/d PC 2) for metals concentrations
and sediment characteristics of the Kariega Estsadiments during the dry season

(July).

The associations between all metals and sedimemtacteristics during the wet season
were difficult to asses simply from the SpearmamiReorrelation matrix, and thus the
data was subjected to principal component analydisee components were extracted
that described approximately 77 % of the commomewae. Table 5.3 shows the variable
loadings for the three principal components. Congobrl has high loadings for Co, Cu,
Fe, TOC and mud, as in the dry season. Componéas high loadings for Cd and Ni,
and component 3 has high loadings for Pb and Za.F®A loadings scatterplot (Fig. 5.3)
was used to view the relation between the varialiés evident that Pb is separated from
all the other metals and that it is associated withcoarse sands which dominated the
mouth and lower reaches of the estuary. Theresecand cluster of Cd, Ni and Zn which
are associated with the fine sands, and a thirdteduof Cu, Co, and Fe which are
correlated to TOC and mud. The Pb is likely to bardhropogenic origin given that it is
uncorrelated to any of the other metals and trahtghest Pb concentrations were found

below the storm water drain.
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TABLE 5.3
Principal component loadings for metal concentratias and sediment characteristics
in the Kariega Estuary, sampled during the wet seas (November)

Component 1 Component 2 Component 3

(40.62 %) (21.04 %) (15.26 %)
Cd 0.20 0.80 0.43
Co 0.74 -0.22 -0.04
Cu 0.81 -0.43 0.25
Fe 0.86 -0.40 -0.04
Ni 0.42 0.66 0.55
Pb -0.21 -0.51 0.68
Zn 0.56 0.36 0.68
TOC (%) 0.86 -0.07 -0.05
Coarse sand -0.29 -0.58 0.56
Medium sand -0.62 -0.32 0.23
Fine sand -0.60 0.48 -0.03
Very fine sand 0.55 0.41 -0.32
Mud 0.94 -0.15 -0.20

Note: Loadings greater than £ 0.6 are in bold and indicaoderate relationships
between the variable and principal component. *&@age total variance.
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Figure 5.3: Principal component loadings plot (PG/d PC 2) for metals concentrations
and sediment characteristics of the Kariega Estsadiments during the wet season
(November).
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The average sediment concentrations of Co and Pé significantly lower during the
wet season (p < 0.05), and the average sedimegeotation of Cd were significantly
higher (p < 0.05). During the wet season the mednc@ncentration was above the
regional baseline concentration of 0.360ggabove which enrichment can be suspected.
These variations in absolute concentrations may lh@en due to variations in grain size
between seasons, and thus enrichment factors vedcelated that normalized metal

concentrations for grain size.

Enrichment of metals within sediment samples wasessed by superimposing metal
concentrations onto baseline metsl Fe regression plots (Fig. 5.4). The points thht fe
above the 95 % prediction limits for the models eveonsidered to be enriched. During
both dry and wet periods, the metals that showeadrtbst extensive enrichment were Co,
Ni and Pb (Figs. 5.4 A, 5.4 C and 5.4 D). During tlry season samples from all sites
within the Kariega Estuary fell above the upper 9peédiction limit of the regression
model for Co (Fig. 5.4 A), while during the wet sea fewer samples fell above this
95 % prediction limit. Five samples were enrichathwCu during the dry season, and no
Cu enrichment was evident in the sediment of thedga Estuary during the wet season
(Fig. 5.4 B). Sediment samples were enriched witltdiNing both dry and wet seasons,
but the enrichment was more evident during thesgigson with the majority of samples
falling above the upper 95 % prediction limit. Thelk of sediment samples were
enriched with Pb during the dry season and fewep$es were enriched with Pb during
the wet season (Fig. 5.4 D). There were very fammes that fell above the 95 %
prediction limit for Zn during both seasons. Thénas appeared to be more extensive
enrichment of Pb, Cu, Co and Ni relative to backg concentrations during July (dry

season) as compared to November (wet season) whihiKariega Estuary.
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Fig. 5.5shows the spatial variation in enrichment fact&Bg) for metals in the Kariega
Estuary sediments during the dry and wet seasohalCand Pb enrichment increased
significantly (P < 0.05) in a seaward directionidgrboth seasons (Figs. 5.5 B and 5.5 E).
In the wet season, Pb enrichment was significamtjer at site K2 (p < 0.05), which
was situated directly below the storm water drdihere was no significant spatial
variation in Cu and Ni enrichment during both thg dnd wet seasons (Figs. 5.5 C and
5.5 D) (p > 0.05). There was no significant vadatin Zn enrichment along the Kariega
Estuary during the dry season (Fig. 5.5 F). Sevdrobthe eight sites along the Kariega
Estuary showed no significant spatial variatioZimduring the wet season, however, site
K5 was significantly more enriched (p < 0.05) wih than all other sites (Fig. 5.5 F).
Cadmium enrichment was significantly higher in theuth to middle reaches of the
estuary during the dry season (sites K1 to K5)smmved no significant spatial variation
during the wet season (Fig. 5.5 A). Please noté @th enrichment factors were not
normalized for grain size, and this is due to thet fthat suitable Cds. Fe baseline
regression plots could not be constructed (see €€h&). Thus Cd / Fe ratios were
calculated to asses the normalized distributio€af Using this method, Cd / Fe ratios
were significantly higher in the mouth to middleckes of the estuary (sites K1 to K5)
during the dry season and showed no significartiagdpariation during the wet season. It
IS interesting to note that the enrichment factorsCo, Ni and Pb were generally higher
during the dry season at sites K1-K5 than durirggvtlet season. This may suggests that
these metals were scoured from the surface sedinoénihe estuary during the period of

heavy rainfall via the process of erosion.

Enrichment factors for Co, Ni and Pb were signiiiba higher in July (dry season) than
in November (wet season) (p < 0.05). There wasigmwifcant difference in enrichment
factors for Cd, Cu and Zn between the two seasprs((05); however there was a
noticeable increase in the average Cd enrichmenhglihe wet season. Enrichment
factors for Pb, Co and Ni were greater than 1 dutive dry season indicating enrichment
relative to baseline concentrations. Samples obdaduring the wet season had EFs > 1
for Pb, Co, Ni and Cd (Table 5.11, pg 127).
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Water

The lack of freshwater input to the Kariega Estudwmying the dry season resulted in a
homogenous salinity profile along the length of Keriega Estuary, with the salinities
ranging between 32 psu and 39 psu. Heavy rainfiiinvthe catchment of the Kariega
Estuary during November contributed to the fornratmf a longitudinal gradient in
salinity within the estuary for the first time iert years (Vorwerlet al., 2007). The
average concentration of suspended solids in therwvealumn increased during the wet
season, and the turbidity maximum zone was locatesite K4, which is approximately
1.3 km from the mouth. During the dry season theses little variation in the

concentration of total suspended solids alongehgth of the estuary.

There was a significant reduction in the net cotregions of Cd and Pb in the water of
the Kariega Estuary during the wet season (p <)0T0% mean (+ SD) concentration of
Cd decreased from 3.32 (+ 4.09)-{ifjin the dry season to 0.05 (+ 0.99){ifjin the wet
season (Fig. 5.6 B). The mean concentration oféibecised from 34.13 (+ 42.56)-fi§

in the dry season to 1.75 (+ 1.01) {ijin the wet season (Fig. 5.6 A).
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Figure 5.6: Spatial and temporal variations in the mean coma#gahs (+ SD) of Pb and
Cd in water collected from the Kariega Estuary wgra dry season (July) and a wet
season (November.Note: Horizontal bar represents South African water dyali

guidelines for coastal marine watems Dry seasond Wet season.
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Both the mean concentrations of Cd and Pb duriegdtly season were above the target
values (4 pg™ and 12 pg™?, respectively) recommended for South African calast
waters (DWAF, 1995). These results suggest thatitHew of freshwater into the
Kariega Estuary had the net effect of reducingdbecentrations of Pb and Cd in the
surface water by flushing estuarine water into itierine environment, or via dilution

with large volumes of freshwater.

5.3 EAST KLEINEMONDE ESTUARY

Sediment Characteristics

The mouth and lower reaches within the East Klemae Estuary comprised mainly
medium and fine sands when the mouth was both a¢l@sel open, however the
percentage of fine sands increased when the eskwaagched. When the mouth of the
estuary was closed the sediments of the middleuppdr reaches comprised mainly very
fine sands and mud (Fig. 5.7).
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Figure 5.7: Grain size composition and organic content of #direents from the East
Kleinemonde Estuary during open and closed moutis@hiNote: The upper reaches
were not sampled during the wet season due to sgmeblems. (LR = lower reaches,
MR = middle reaches, UR = upper reaches).
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There was a noticeable reduction in the percentdgeud in the middle reaches of the

estuary when the estuary breached (Fig 5.7). Theeptorganic content of the sediments

showed an increasing trend from the mouth to trddaireaches during both dry and wet

seasons. When the mouth was closed, the perceahiorgontent was greatest in the

middle reaches. The average percentage organierdodecreased from 4.36 % to
1.46 % when to estuary breached (Fig. 5.7).

Metalsin Sediments

Mean (£ SD) absolute concentrations of metals i Hast Kleinemonde sediments

during both the dry and wet seasons can be seéalle 5.4 A and 5.4 B. Zinc and Fe

were the only metals that showed a significant glean concentration between the two

seasons, with the mean concentration of both ZrF@ndiecreasing significantly (p < 0.05)

during the wet season.

Mean (+ SD) concentrations of all metalsnjg-kg™, dry wt.) in the sediments of the East

TABLE 5.4A

Kleinemonde Estuary during a dry season

Site Cd Co Cu Fe Ni Pb Zn
Marine 1.18° 5.50 2.29 2066 16.12 26.06 4.38
(x0.41) | (£0.69) | (x0.32) (+ 105) (+1.77) (+ 1.65) (+ 0.30)
LR 1.93 4.81° 521 2433 13.3F 26.57 24.2G°
(£0.68) | (+0.48) | (+2.78) (+ 417) (+1.11) (+ 1.58) (+ 6.28)
MR 1.14° 9.14 7.18 21286 1217 21.66' 43.66
(x0.59) | (£4.93) | (x4.15) | (x14013) | (£6.79) | (x11.52) | (*21.30)
UR 0.47 5.4 3.54 8426 5.74 13.34 14.66°
(£0.13) | (£5.52) | (£3.81) | (+7077) (+ 4.44) (+ 8.34) (+ 14.86)
Mean 1.18 6.23 4.55 8554 11.83 21.91 21.75
(dry season) | (£0.69) | (+3.64) | (£3.29) | (+10525) | (+5.34) (+8.27) (+ 18.93)
TABLE 5.4B

Mean (+ SD) concentrations of all metalsnig-kg™, dry wt.) in the sediments of the East

Kleinemonde Estuary during a wet season

Marine 1.23 5.45 0.9F° 1269 8.22 28.78 2.49
(£0.64) | (+£0.41) | (+0.08) (+ 36) (+2.51) (+ 1.99) (+2.16)
LR 0.78 527 0.80" 1557 5.29 23.88 0.6F
(x0.64) | (£0.15) | (x0.10) (x 13) (+1.64) (+ 2.28) (+ 0.29)
MR 0.0F 4.76 0.93 3897° 8.1 1257 3.2F
(+0.00) | (£1.02) | (+x0.02) (+ 206) (+1.72) (+ 2.34) (+2.38)
Mean 0.60 5.12 0.88 2362 7.08 20.84 2.08
(wet season)| (£0.67) | (+0.65) | (+0.08) | (+1281) (2.17) (+ 7.44) (+1.93)

Note: Different superscript letters denote significant differeneethin columns (p < 0.05).

(LR = lower reaches, MR = middle reaches, UR = uppaches)

The upper reaches were not sampled during theeasbs due to access problems.
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Principal component analysis was used to reducedimensionality of the data and

assess relationships between variables (Megler2)189incipal component analysis was
applied to dry season and wet season data separéteee principal components were
extracted for the dry season data that accountedapproximately 88 % of the

cumulative variance. Principal component loadirggsvariables measured during the dry
season are shown in Table 5.5 A plot of these fad(Fig. 5.8) shows a clear grouping
of variables. Cobalt, Cu, Zn, Fe and TOC all haigh Hoadings for component 1 and
form a distinct group to the top-right of the pl@rganic matter and Fe were most likely
controlling the distribution of Co, Cu and Zn thgbuthe formation of Fe-oxides and
organic complexes. Lead, Cd and Ni formed a sectusder on the left of the plot. These
metals were uncorrelated with organic matter, §rened particles or Fe. Cadmium and
Pb had the highest enrichment factors of all mdthls EF < 3) suggesting that these

metals were possibly of anthropogenic origin.

TABLE 5.5
Principal component loadings for metal concentratias and sediment characteristics
in the East Kleinemonde Estuary, sampled during thelry season (mouth closed)
Component 1 Component 2 Component 3
(43.59 % )* (33.94 %)* (10.48 %)*
Cd -0.21 0.73 0.46
Co 0.57 0.71 -0.23
Cu 0.64 0.71 0.25
Fe 0.85 0.45 -0.23
Ni -0.24 0.93 -0.21
Pb -0.21 0.96 -0.04
Zn 0.73 0.49 0.10
TOC (%) 0.83 0.28 -0.13
Coarse sand -0.62 0.20 -0.64
Medium sand -0.85 0.39 0.20
Fine sand 0.56 -0.20 0.61
Very fine sand 0.87 -0.44 -0.12
Mud 0.82 -0.35 -0.27
Note: Loadings greater than £ 0.6 are in bold and indicaoderate relationships
between the variable and principal component. *&@age total variance.
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Figure 5.8: Principal component loadings plot (PG/d PC 2) for metals concentrations
and sediment characteristics of the East Kleineradistuary sediments during the dry
season (mouth closed).

Principal component analysis of the wet season r@atsaled a change in the associations
between variables. Two principal components weré¢raeted that accounted for
approximately 80 % of the variance in the data. Magiable loadings for each
component are shown in Table 5.6. The plot ofalde loadings for component 1 and
component 2 (Fig. 5.9) shows that Cd, Pb and Ce \waghly correlated to the medium
and coarse grained particles found in the mariner@mment and lower reaches of the
estuary. Not surprisingly, organic content and Ferenhighly correlated with the fine
grained particles. Copper and Ni introduced a newce of variance into the system as

each of these metals had high loadings for comgdhen
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TABLE 5.6
Principal component loadings for metal concentratios and sediment characteristics
in the East Kleinemonde Estuary, sampled during thevet season (mouth open)
Component 1 Component 2
(59.64 %)* (20.23 %)*
Cd 0.89 0.14
Co 0.68 0.34
Cu 0.49 0.75
Fe -0.94 0.24
Ni 0.45 0.82
Pb 0.94 -0.08
Zn -0.42 0.37
TOC (%) -0.89 0.30
Coarse sand 0.70 -0.45
Medium sand 0.94 0.22
Fine sand -0.53 -0.72
Very fine sand -0.90 0.31
Mud -0.93 0.32
Note: Loadings greater than £ 0.6 are in bold and indicaderate relationships
between the variable and principal component. *&#age total variance.
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Figure 5.9: Principal component loadings plot (PG/d PC 2) for metals concentrations
and sediment characteristics of the East Kleineradistuary sediments during the wet
season (mouth open).

109



Chapter 5 - The Effects of Freshwater Inflow

The geochemistry of the East Kleinemonde is thusptex and it is beyond the scope of
this project to decipher the exact physico-chemioéractions taking place in the
sediments. The variability in metal interactionsyrba due to variations in the underlying
bedrock, as well as variations in anthropogeniaiigpmf the metals. Cadmium and Pb
were, however, associated during both seasons,tlisdmay indicate a common
(anthropogenic) source. The concentrations of Rb @t were elevated in the marine
environment and lower reaches of the estuary. Mbghe residential development is
restricted to the lower reaches of the estuarythndg Pb and Cd may have been entering
the system from non-point sources such as roadftummating activity and combustion

of fuel.

The concentrations of metals from dry and wet seaseere superimposed onto baseline
linear regression plots for metats Fe. Samples that fell above the 95 %predictioftdim
for the models were enriched with metals relatvéaseline concentrations. Copper and
Zn showed almost no enrichment in the East KleineedEstuary sediments, with only a
few samples from the dry season falling above tbe%® prediction limits of the
regression models (Figs. 5.10 B and 5.10 E). Cpbaland Pb enrichment was more
extensive when the estuary breached as opposeleo the mouth was closed. This can
be seen in Figs. 5.10 A, 5.10 C and 5.10 D in wincdre samples from the wet season
fall above the 95 % prediction limits of the copending regression models as compared
to the dry season. This may suggest that thereawascrease of metals flowing into the

system during the wet season.

The mean enrichment factors (EFs) for metals frbe East Kleinemonde Estuary are
shown in Table 5.11 (pg 127). Cobalt and Pb enrafitnmcreased during the wet season,
while Cd, Cu, Ni and Zn enrichment decreased. Sediswere not enriched with Cu and
Zn during both seasons since EFs < 1. Cadmium, NEcand Pb were moderately
enriched (1 < EF < 3.5) within sediments duringhbs¢éasons. These metals may have

been elevated above background values due to latiinah and anthropogenic inputs.
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Significant spatial variations existed for all msta the sediment during the dry and wet
periods, with the highest levels of enrichment ogog at the mouth and in the lower

reaches of the estuary (Fig. 5.11). When the maaih closed, enrichment factors for all
metals decreased significantly in a landward dioec{p < 0.05), with Cd, Co and Pb

maintaining this gradient during the wet seasoris Bpatial distribution of metals thus

appeared to reflect the land-use gradient along:t#s Kleinemonde Estuary during both
seasons, since the majority of developments avated along the beach-front and the
banks of the lower reaches.
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Figure 5.11: Spatial variation in mean (x SD) enrichment fast{EF) for sediments
taken from the East Kleinemonde Estuary during oped closed mouth phases.
Note: The upper reaches were not sampled during theemsbs due to access problems.
(LR = lower reaches, MR = middle reaches, UR =auppaches).

m Mouth closed (dry seasom),Mouth open (wet season).
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Water

Salinities recorded during this study reflect thevated input of freshwater during the

wet season. The average salinity dropped from @8u3during the dry season to 9.8 psu
during the wet season, with all sites having lows@linities when the mouth was open.

More suspended matter was present in the watemeobf the East Kleinemonde Estuary

during the wet season, which can be attributech&increased turbulence caused by

rapid freshwater inflow as well as the reductionl@pth due to breaching of the estuary.

The mean (x SD) concentration of Pb in the watethef East Kleinemonde Estuary
during the closed and open mouth phases were 2.46.41) pgt* and

3.71 (+ 2.41) pd™?, respectively. The mean (+ SD) concentration dfiCthe water of

the East Kleinemonde Estuary during the closed apdn mouth phases were
0.110 (+ 0.21) pg™ and 0.386 (+ 0.62) ug', respectively. Following freshwater
inflow, the concentrations of Pb and Cd in the watere higher in the middle reaches,
suggesting fluvial or terrestrial input (Fig. 5.12puring both seasons, the mean
concentrations of Pb and Cd both fell well below 8outh African recommended water
quality guidelines for coastal marine waters (DWAB95), indicating that the water of
the East Kleinemonde Estuary was uncontaminatet thiése metals at the time of

sampling.
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Figure 5.12: Spatial and temporal variations in the mean (x &)centrations of Pb and
Cd in water collected from the East Kleinemondeu&st when the mouth was closed
and operNote: The upper reaches were not sampled during theseagon due to access
problems. (LR = lower reaches, MR = middle reach#&= upper reaches).

m Mouth closed (dry seasom),Mouth open (wet season).
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5.4 RIET ESTUARY

Sediment Characteristics

The spatial patterns in the grain size compositworthe Riet Estuary can be seen in Fig.
5.13. A distinct temporal pattern was evident wathmarked increase in fine grained
sands and mud at all sites when the estuary brdabheing both seasons the fraction of
medium sands decreased in a landward direction,tladoercentage of fine grained

sands and mud increased.
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Figure 5.13: Grain size composition and organic content of #mdiraents from the Riet
Estuary during open and closed mouth phasete: The upper reaches were not sampled
during the wet season due to access problems. (UBwer reaches, MR = middle
reaches, UR = upper reaches).

There was an increasing trend in percentage orgeondent from the mouth of the
estuary to the upper reaches, although all sitdsahelatively low organic content (Fig.
5.13). There was a slight increase in the averaganic content from the dry season

(1.53 %) to the wet season (2.11 %), althoughrbeease was not significant (p > 0.05).
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Metalsin Sediment

The concentrations of metals in the sediment of Riet Estuary during both the dry
season and wet seasons are shown in Table 5.7 A.@ri8l The average concentrations
of Cd, Co, Cu, Ni and Pb decreased significantlp ilmndward direction during the dry
season (Table 5.7 A). These metals were thus wlated to the organic content and
mud content of the sediments, which increased landward direction (Table A 10,
Appendix 2). Iron and Zn concentrations showedigoificant spatial variation along the
estuary during the dry season (Table 5.7 A).

TABLE 5.7 A
Mean (= SD) concentrations of all metalsnig-kg™, dry wt.) in the sediments along the Riet
Estuary during a dry season

Site Cd Co Cu Fe Ni Pb Zn
Marine 1.38 5.06 552 1589 9.38 17.97 1.48'
(£0.09) | (£0.17) | (£1.67) (+ 49) (+1.16) | (+0.56) (£0.77)
LR 1.17 4.86" 5.0% 1996 9.82 17.03 4.558"
(+0.18) | (+0.44) | (+1.32) (+ 240) (+2.41) | (+0.87) (+ 3.63)
MR 0.40 1.80 2.04° 2333 3.60 7.28 4.18
(+0.12) | (£0.98) | (+1.02) (x 731) (+1.69) | (x1.26) (+5.33)
UR 0.36 1.4% 1.20° 2560 2.44 5.61° 242
(+0.07) | (£1.60) | (+1.35) | (+2108) | (£2.43) | (+2.28) (+ 2.73)
Mean 0.81 3.29 3.44 2119 6.31 11.96 6.26
(dry season) (x0.47) | (£1.93) | (x2.26) | (x1030) | (¥3.82) | (+5.94) | (x10.71)
TABLE 5.7 B

Mean (= SD) concentrations of all metalsnig-kg™, dry wt.) in the sediments along the Riet

Estuary during a wet season

Marine 1.40 4.3F 0.95 1350 11.8 12.3 4.3
(+0.44) | (£0.21) | (+0.37) (+ 74) (+1.44) | (+10.7) (+3.97)
LR 0.5F 2.96" 0.87 2389 6.6° 9.8 3.7
(+0.14) | (£0.88) | (+1.06) (+ 155) (+1.96) (x0.1) (+ 2.43)
MR 0.558 2.83 3.49 8232 9.3 8.3 11.58
(£0.09) | (£1.98) | (+0.94) | (£1936) | (+1.76) (1.0 (+1.18)
Mean 0.90 3.53 1.65 3613 9.6 10.5 6.01
(wet season) | (0.53) | (£#1.20) | (£1.40) | (£3287) | (+2.70) (+ 6.5) (+ 4.56)

Note: Different superscript letters denote significant differenwéhin columns (p < 0.05).

There was no significant spatial variation in Co, ®li, Pb and Zn concentrations during
the wet season (p > 0.05). The estuary thus appeardoe more homogenous with
respect to sediment metal concentrations duringmbieseason and this may be due to

increased mixing and scouring of the sedimentsrdiae@re no significant differences in
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average metal concentrations in the sediment oRile¢ Estuary between dry and wet
seasons (p > 0.05), with the exception of Ni, whiereased significantly during the wet

season.

Principal component analysis was used to identifyilarities between variables during

the dry season. Three principal components wemaeed that explained approximately
87 % of the cumulative variance in the data. Vdealmadings for each principal

component are given in Table 5.8. The principal ponents loadings plot (component 1
vs. component 2) clearly shows that Cd and Pb werklyigorrelated, as were Co, Cu
and Ni (Fig. 5.14). These metals were also asstiatith the medium sized sand
fraction, which was found predominantly in the marenvironment and lower reaches of
the estuary. Sediment organic content (TOC), maiFe were highly correlated, which

was expected since both Fe and organic matterraverkto associate with fine grained
particles. Zinc introduced a unique source of varéa into the system and was

uncorrelated to the other variables.

Principal component analysis was also applied tb season data. Three new “latent
variables” were extracted that accounted for apprately 87 % of the cumulative

variance in the data. The principal component ilugsl for each variable are given in
Table 5.9. A plot of the loadings for PQsl PC 2 indicates two distinct clusters of
variables (Fig. 5.15). The cluster on the far rigbtnprises Cd, Pb, Co and Ni. These
metals were associated with the medium sands ofmidwéne environment. The second
cluster on the far left is made up of very fine ddamud, TOC, Fe, Cu and Zn. The
distribution of Cu and Zn during the wet season timas probably being controlled by
binding to organic matter, adsorption to the sw$aof fine grained sediments and

formation of Fe-oxides.
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TABLE 5.8
Principal component loadings for metal concentratias and sediment characteristics
in the Riet Estuary, sampled during the dry seasofmouth closed)
Component 1 Component 2 Component 3
(53.72 % )* (25.25 %)* (8.30 %)*
Cd 0.96 0.13 0.08
Co 0.87 0.44 -0.09
Cu 0.85 0.39 0.09
Fe -0.41 0.86 -0.19
Ni 0.87 0.42 0.14
Pb 0.95 0.22 -0.02
Zn -0.05 0.48 0.76
TOC (%) -0.43 0.86 -0.08
Coarse sand -0.43 -0.48 -0.07
Medium sand 0.91 -0.21 -0.24
Fine sand -0.81 0.06 0.47
Very fine sand -0.82 0.32 -0.18
Mud -0.49 0.77 -0.31
Note: Loadings greater than + 0.6 are in bold and irntdicaderate relationships
between the variable and principal component. *&w®age total variance.
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Figure 5.14:Principal component loadings plot (P@sl PC 2) for metals concentrations
and sediment characteristics of the Riet Estuagynsents during the dry season (mouth
closed).
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Principal component loadings for metal concentratias and sediment characteristics
in the Riet Estuary, sampled during the wet seasofmouth open)

TABLE 5.9

Component 1
(56.59 % )*

Component 2
(17.02 %)*

Component 3
(13.11 %)*

Cd

Co

Cu

Fe

Ni

Pb

Zn

TOC (%)
Coarse sand
Medium sand
Fine sand
Very fine sand
Mud

0.31
0.58
-0.64
-0.91
0.49
0.78
-0.63
-0.94
-0.96
0.86
-0.01
-0.98
-0.97

-0.29
-0.41
-0.44

-0.36

-0.65

-0.25

-0.56
-0.23

0.23
-0.39

0.75
-0.02
-0.13

0.87
0.10
0.56
-0.10
0.26
-0.14
0.01
0.02
0.05
-0.31
0.64
-0.06
-0.12

Note: Loadings greater than + 0.6 are in bold and irntdicaderate relationships
between the variable and principal component. *&w®age total variance.
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Figure 5.15: Principal component loadings plot (P@sl PC 2) for metals concentrations

and sediment characteristics of the Riet Estuadynsents during the wet season (mouth

open).
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Evidence for enrichment of metals was obtainedupesamposing metal concentrations
for the Riet Estuary on baseline metal Fe linear regression models (Fig. 5.16) Cobalt,
Ni and Pb were enriched in several sediment sangplesg both the dry and wet seasons
(Figs. 5.16 A, 5.16 C and 5.16 D), while sedimemé&e only enriched with Cu during
the dry season. Sediments were evidently more legdigvith Ni during the wet season,
with the majority of samples falling above the 95p¥ediction limit (Fig. 5.16 C). Zinc
concentrations fell within the predicted baselinaaentration range during both seasons.
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There were no significant temporal changes in therage enrichment factors for all

metals (except Ni) within the Riet Estuary sedim@datble 5.11, pg 127), and this may be
due to the small size of the catchment and thedundevelopment around the estuary.
Calculation of enrichment factors revealed thatawarage sediments were not enriched
with Cu and Zn during both seasons (EF < 1). Tiet Bstuary sediments were not

enriched with Ni during the dry season but wereiotied during the wet season

(1 < EF < 2). Cadmium, Co and Pb exhibited modeeatgchment during both seasons
(1 < EF < 4), with Cd having the highest enrichnfactors.

The Riet Estuary displayed similar spatial variagion metals as the East Kleinemonde
Estuary, with the highest levels of enrichment eogog in the marine environment and
lower reaches of the system (Figs. 5.17 A to 51 Diaring the dry season, all metals
except Zn were significantly more enriched (p <5).th the marine environment and
lower reaches as compared to the middle and ugaehes. During the wet season, the
only metals that showed significant spatial vaoiatip < 0.05) were Co, Ni and Pb,
which decreased significantly in a landward dim@cti There was thus less spatial
variation in metal enrichment during the wet seasomd this is probably due to the
mixing and scouring of sediments caused by theeas®d freshwater inflow. Please note
that Cd enrichment was not normalized for grairesiand thus Cd / Fe ratios were
calculated in order to asses the normalized digioh of Cd. Although not shown, Cd /
Fe values increased significantly in a seawardctioe indicating an accumulation of Cd
at the mouth and lower reaches of the estuary. mbrsnalized Cd distribution was

observed in both seasons.

Water

The increased freshwater input into the Riet Egtdaring spring (October) resulted in a

reduction in salinity in the lower and middle reaslof the system. The average salinity
within the Riet Estuary dropped from 23.25 psuhi@ tiry season to 18.33 psu during the
wet season. The freshwater influx concurrently ltegdun an increase in suspended solids
from 31.25 mg* during the dry season to 49.06 igduring the wet season, although

the difference between seasons was not signifigant0.05).
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Figure 5.17: Spatial variation in mean (x SD) enrichment fast{EF) for sediments

taken from the Riet Estuary during open and closedthNote: The upper reaches were
not sampled during the wet season due to acceddeprs (LR = lower reaches,
MR = middle reaches, UR = upper reaches).

m Mouth closed (dry seasom),Mouth open (wet season).
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There was no significant spatial variation in tiea@entrations of Cd and Pb in the water
along the Riet Estuary (Fig. 5.18 A and 5.18 B)erEhwas a slight reduction in the mean
concentrations of Pb and Cd in the water colle@tech the Riet Estuary when the mouth
of the estuary was open (Figs. 5.18 A and 5.1&Bj) the difference was not significant
(p > 0.05). The mean (= SD) concentrations of Pth @d in the water when the mouth
was closed were 2.747 (+ 1.751) fiand 0.475 (+ 0.191) ug*, respectively. The
mean concentrations when the estuary breached k@7 (+2.480) ug= and
0.362 (+ 0.430) pug™, respectively. The mean concentrations of Cd andatPall sites

were well below the DWAF recommended guidelinegshose metals.
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Figure 5.18: Spatial and temporal variations in the mean (x &W)centrations of Pb and
Cd in water collected from the Riet Estuary whea ithouth was closed and opéiute:
The upper reaches were not sampled during theemsbs due to access problems. (LR =
lower reaches, MR = middle reaches, UR = uppethesc

m Mouth closed (dry seasom),Mouth open (wet season).

5.5 DISCUSSION

A summary of the absolute concentrations and emctt factors of metals in the
sediments of the three estuaries studied are showrables 5.10 (pg. 126) and 5.11
(pg. 127). The temporal variations in metal conimns and enrichment within
sediments differed for each estuary and each naatdlthis may be due to differences in

the extent and type of development surrounding eéktiaries, the magnitude and
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frequency of freshwater inflow, the biological uggaand cycling of metals within the
estuary, the physico-chemical interactions betweetals and sediment characteristics
and differences in the underlying geology. Eacluast thus needs to be considered
independently when trying to develop managemenategires to prevent metal

enrichment and contamination.

Cadmium and Pb, elements of great environmentalcazon displayed average
enrichment factors of 0.75 < EF < 4.07 for Cd arebl< EF < 3.17 for Pb within the
sediments of the three estuaries studied. Thesehement factors suggest minor to
moderate enrichment of Cd and Pb. Elevated rainéagllilted in an overall reduction in
Pb concentrations and enrichment within the sediraed water of the Kariega and Riet
Estuaries, whereas it resulted in an increase iocdPlentrations and enrichment within
the water and sediment of the East KleinemondeaggtiConversely, Cd enrichment
increased in the sediments of the Kariega and Bs@taries during heavy rainfall, but
decreased in the East Kleinemonde Estuary. Cadnsua common constituent of
phosphate fertilizers, which are widely used inHastern Cape (Loewe, 2007) and it has
been found that Cd may enter aquatic systems eidelgradation these fertilizers (Bettet-
Chambers, 1999). The elevated levels of Cd with@sé estuaries may thus be linked to
the use of phosphate fertilizers within their catelnts. It is possible that anthropogenic
enrichment of Cd during the wet season is also ledupiith geological enrichment,
which would increase with higher levels of rainfatid runoff. The significant reduction
in Cd concentrations in the water column of thei&ga Estuary during the wet season is
likely to be as a result of the diluting effecttbe increased flow of freshwater into the
estuary. It may also be due to up-take of Cd frommwater column by phytoplankton or

suspended sediments.

The elevated enrichment of metals at the mouth@mer reaches of the estuaries studied
is an interesting phenomenon, and at first sigipeaps to reflect the land-use gradient
along the estuaries. It is however difficult to clude that metals were elevated at these
sites due to anthropogenic enrichment given thédions of the current data set. It is

possible that metal enrichment increased in a sehdi@ection as a result of natural
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processes that were not accounted for in data sisalyPhytoplankton blooms and
upwelling events have been found to play an immbrtale in the bio-geochemical
cycling of metals, especially Cd, in the world’ssaas and estuaries (Brulagtchl., 1978;
Takesue and van Geen, 2002). Biological uptake efal®m from surface waters by
phytoplankton and microplankton would lower concatibns of metals in the surface
waters, and the organic detritus would return thedCthe sediment. Cd is thus cycled in
much the same way as P@nd NQ, and in coastal waters where upwelling occurs, Cd
will be carried to surface waters together withnplautrients that stimulate plant growth
(Bruland et al., 1978). Seasonal changes in phytoplankton densityy thus be
responsible for some of the variation seen in mebalcentrations in the water column
and sediment. Upwelling events are known to oocuthe landward side of the Agulhas
Current between East London and Port Elizabeth. ddrdre of this upwelling cell is
adjacent to Port Alfred (a coastal town ~ 40 km Boumést of the Kariega Estuary), and
has a lateral range along the Agulhas Current ab8®0 km (Lutjeharmst al., 2000).
This upwelling event, which occurs 40 % of the tirmentributes substantially to the high
nutrient loads observed for this section of thestdautjeharmset al., 2000). These
continual upwelling events may have thus contributethe enrichment of metals in the
marine and estuarine sediments of the Kariega, Eiestemonde and Riet Estuaries,

although further research needs to be conductsdldstantiate this hypothesis.

Cobalt enrichment was evident in the sediments Ibftlree estuaries studied
(1.9 < EF < 3.4), with the majority of samplesifadl above the 95 % prediction limit for
the Covs. Fe linear regression model. Cobalt enrichment etswistently increased in a
seaward direction for all the three estuaries duboth seasons. This may suggest that
Co is entering the estuaries from a marine so@obalt is an essential micronutrient for
the growth of marine phytoplankton (Tovar-Sanckeal., 2004), and thus, like Cd, it

may be enriched in the marine sediments due todicdl cycling.
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5.6 CONCLUSIONS

The effects of rainfall on metal concentrations andchment within estuarine sediment
and water in the Kariega, Riet and East Kleinemdaskeiaries during both dry and wet
seasons was investigated. The increased freshwdlmv led to a reduction in Co, Ni
and Pb enrichment in the sediments of the Kariegfadfy. The average concentrations
of Cd and Pb in the water of the Kariega Estuaryewegher than the South African
water quality guidelines for coastal marine watusing the dry season, and decreased
significantly during the wet season. Increasedhfneder inflow appears to have played
an important role in flushing metals from the seelitnand water column during the wet
season, and should be considered as a managemnaspgtfor preventing excessive
accumulation of metals in the estuary. Temporaliatians existed in metal
concentrations and enrichment within the Riet aadtEKIleinemonde Estuaries, but the

variations were less pronounced than in the Karkegaary.

Despite the minor to moderate enrichment of maetakhe sediments of these estuaries
since the study by Watling and Watling (1983a),dhseolute concentrations of metals are
still relatively low. Metal contamination may noetypose a threat to these estuarine
environments. However, Eastern Cape rainfall istéchand impoundments together with
poor catchment management may lead to the accuowlaf metals in estuaries,
particularly those in which coastal developmentussc It is thus important to consider

the natural flow of an estuary when trying to limitntamination.
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TABLE 5.10
Mean (= SD) absolute concentrationsnfg-kg™, dry wt) of metals in sediments from the Kariega,
East Kleinemonde and Riet estuaries, sampled durindry and wet seasons

Estuary season Cd Co Cu Fe Ni Pb Zn
Kariega Dry 0.27* 5.48* 3.57 5659 10.58 22.20% 12.93
(£0.23) | (¥2.01) | (¥4.10) | (+3140) | (£6.39)| (+3.41) | (+18.87)
0.88* 4.16* 3.14 4129 735 | 14.01* | 12.21
Wet (£ 1.28) (£159) | (£2.11) | (+4439) | (x11.43)| (+7.59) | (+13.61)
East Closed 1.18 6.23 4.55 8554** 11.83 21.91 | 21.75*
Kleinemonde mouth (+ 0.69) (+3.64) | (£3.29) | (+10525) | (+5.34) | (+8.27) | (+18.93)
(dry)
Open 0.60 5.12 0.88 | 2362** 7.08 20.84 | 2.08**
mouth (= 0.67) (x0.65) | (x0.08) | (x1281) | (x2.17) | (x7.44) | (£1.93)
(wet)
Riet Closed 0.81 3.29 3.44 2119 6.31° 11.96 6.26
Mouth (£ 0.47) (+1.93) | (x2.26) | (+1030) | (+3.82) | (+5.94) | (+10.71)
(dry)
Open 0.90 3.53 1.65 3613 9.6’ 10.5 6.01
Mouth (+0.53) (x1.20) | (x1.40) | (x3287) | (x2.70) | (£6.5) | (+4.56)
(wet)

'Kariega 1983 0.05 5.4 7.5 16050 9.9 10.7 27,
*Significant difference between metal concentratioiariega Estuary sediments during dry and wet
seasons (p < 0.05).

** Significant difference between metal concenwas in East Kleinemonde Estuary sediments during

closed and open mouth phases. (p < 0.05).

* Significant difference between metal concentraionRiet Estuary sediments during closed and open

mouth phases. (p < 0.05).
Watling and Watling (1983a)
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TABLE 5.11
Mean (= SD) enrichment factors (EFs) for sedimentdom the Kariega, East Kleinemonde
and Riet Estuaries, sampled during dry and wet seasis
Estuary season Cd Co Cu Ni Pb Zn
Kariega Dry 0.75 2.71* 0.52 1.66* 3.17* 0.65
(x 0.65) (x1.21) | (¥043) | (¥1.13)| (x1.17) | (x1.12)
2.82 2.02* 0.58 1.36* 1.96* 0.87
Wet (+ 4.86) (£ 0.83) (£0.28) | (x2.14) | (£1.19) | (x1.05)
East Closed
Kleinemonde mouth 3.28 2.07** | 0.64** | 1.81 2.64 | 0.90**
(dry) (+1.92) (+1.21) (£0.38) | (x1.29) | (+1.58) | (+0.63)
Open mouth  1.67 3.33** 0.18** 1.44 3.41 | 0.15*
(wet) (x1.87) (x1.17) | (£0.02) | (£0.47) | (x1.53) | (x0.13)
Riet Closed
Mouth 2.27 2.14 0.73 0.37 1.94 0.22
(dry) (x1.31) (x1.42) | (£050) | (+0.26) | (+1.02) | (+0.25)
Open Mouth|  4.07 1.96 0.49 1.87 1.55 0.35
(wet) (+ 3.93) (+1.27) (£0.48) | (x0.82) | (+0.90) | (+0.26)
*Significant difference between EF for Kariega Estusediments during dry and wet seasons
(p < 0.05).
** Significant difference between EF for East Klemonde Estuary sediments during closed and
open mouth phases. (p < 0.05).
* Significant difference between EF Riet Estuaryireedits during closed and open mouth phases.
(p < 0.05).
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CHAPTER 6

FINAL DISCUSSION AND CONCLUSIONS

6.1 DISCUSSION AND CONCLUSIONS

The spatial variation of metals in the sediment and water of nine Eastern Cape estuaries
was investigated during this study. Three of the estuaries were permanently open systems
(Kariega, Great Fish and Kowie Estuaries) and six were temporary open-closed systems
(Riet River, East Kleinemonde, West Kleinemonde, Mpekweni, Kasouga and Boknes
Estuaries). A baseline survey was conducted on the concentrations of metals in the
Kariega, Great Fish and Kowie estuaries in 1983 (Watling and Watling, 1983a), which
provided valuable data necessary to calculate regional metal vs. Fe linear regression
models and enrichment factors of metals in the sediments collected in this study. No prior
assessments have been performed on metal concentrations in the temporary open-closed
estuaries of the Eastern Cape. The concentrations of metals obtained for the temporary
open-closed estuaries in this study will thus provide important reference points for future

research.

The effects of rainfall on metal concentrations were assessed by sampling the Kariega,
Riet and East Kleinemonde Estuaries during both dry and wet seasons. Unfortunately
time did not allow for all estuaries included in this study to be assessed for seasonal
variations. Increased rainfall is known to reduce the concentrations of metals in the
sediment and water of estuaries through the processes of dilution, erosion and scouring
(Geesey et al., 1984; Jain and Sharma, 2001). Seasonal variations in metals are usually
less pronounced in sediment than in the water column, due to the fact that metals are
largely immobilized by physical and chemical binding and adsorption to the sediments

(De Groot et al.,, 1976). The Seasonal variations in metal concentrations were most
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pronounced in the water of the Kariega Estuary, with average Cd and Pb concentrations
decreasing 66-fold and 19-fold respectively during the wet season. The concentrations of
Cd and Pb were higher than the South African water quality guidelines for coastal marine
waters during the dry season, indicating that the Kariega Estuary was contaminated with
these metals at the time of sampling (July 2006). Variations in metal concentrations in the
sediment were less extreme, with a maximum of a 2-fold increase / reduction in
concentrations being observed. The influx of freshwater to the Kariega Estuary led to a
significant reduction in the enrichment of Co, Ni and Pb in the sediment, and a significant
increase in Cu enrichment. The continual input of metals from non-point sources together
with the lack of freshwater inflow may thus have led to the accumulation of metals in the

Kariega Estuary during the dry season.

Temporal variations existed in metal concentrations within the Riet River and East
Kleinemonde estuaries, but the variations were less pronounced than in the Kariega
Estuary. This may be attributed to the fact that they have smaller catchments associated
with less development. It is important to note that the temporal variations differed for
each estuary and each metal. These variations may be due to a variety of geological,
physical and chemical factors not accounted for in this study. More detailed studies are
thus needed to identify the factors that influence temporal variations in metal

concentrations in individual systems.

On average, the concentrations of metals in the sediment of the nine estuaries studied
were within the regional baseline concentration ranges for those metals (Table 6.1). The
sediments of the Kowie had the highest sediment Cd concentrations and enrichment
factors. The Kowie Estuary is surrounded by the greatest degree development as
compared to the other estuaries studied, and it also has a large catchment area that is
dominated by shale (Retief, 1995). These features combined may have contributed to the
elevated Cd concentrations within the sediments this system. The concentrations of Cd
and Pb in the water column of the nine estuaries were below South African Water quality
guidelines, except for the Kariega Estuary which exhibited elevated levels of these metals
during the dry season (Table 6.2).
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Enrichment factors were calculated in order to asses the extent of metal enrichment
within the sediments since baseline data was collected in 1983 (Watling and Watling,
1983a). The average enrichment factors for all estuaries are shown in Table 6.3. On
average, the sediments of all estuaries showed no enrichment of Cu and Zn (EFs < 1).
Average enrichment factors of greater that 1 were observed for Cd, Co, Ni and Pb in the
Kariega, East Kleinemonde, Riet, West Kleinemonde and Great Fish Estuaries. The
sediments of the Boknes, Kasouga, Mpekweni and Kowie Estuaries were unenriched with
all metal except Cd. In general, the normalized concentrations of Cd and Pb decreased in
a landward direction, following the development gradient along the estuaries. This
distribution was also mimicked by Ni and Co in select estuaries. Enrichment of metals in
the marine environment and lower reaches of the estuaries could suggest anthropogenic
input. Given that there is no industrial development within the catchments of the estuaries
studies, the most likely anthropogenic sources for these metals are non-point sources such
as storm water runoff and atmospheric deposition of combusted fuels.

Lead, Cd, Ni, Cu and Zn are common constituents of runoff and they are known to
contribute to the degradation of water quality (Gobel et al., 2007). Roads, sidewalks,
commercial and residential structures collect metals from both dry and wet atmospheric
deposition. Metals are removed from these surfaces during precipitation and are
channeled into water ways (Gobel et al., 2007). Roofing materials also release metals
such Cu, Zn, Al and Pb during the process of corrosion, and they typically contribute to a

large fraction of the metals entering storm water runoff (Gobel et al., 2007).

The largest source of anthropogenic Pb entering the environment results from the
combustion of leaded petrol (Duzgoren-Aydin et al. 2004). Lead is typically deposited
onto surrounding surfaces from which it eventually enters storm water runoff (Gobel et
al., 2007). Leaded petrol has recently been phased out of use in South Africa and thus it
is likely that lead concentrations within the estuaries studied will decrease over time.
Road traffic is another major source of metals in runoff, and metal sources from traffic
include; road surface abrasion, tyre abrasion (Zn, Pb, Cd, Cr, Ni, Pb), brake pad abrasion
(Ni, Cr, Cu, Pb) drip loss (fuel, oil, grease) and corrosion products (Gobel et al., 2007).
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The average concentrations of Cd, Pb and Ni in surface runoff originating from
motorways is greater that that of main roads, service roads, car parks and pedestrian paths
(Gobel et al., 2007). All the estuaries surveyed (except the Boknes) were traversed by a
two-laned highway (the R72), which may be contributing substantially to the total load of
metals entering the lower reaches of the estuaries.

Cadmium enrichment was observed in all estuaries studied (0 < EF < 7). Cadmium was
also predominately associated with the coarse and medium grained sand fractions found
in the marine environment and lower reaches of the estuaries. This may suggest that the
source of Cd enrichment is from the marine environment. Biological activity has been
identified as the most important factor in controlling the distribution and transport of Cd
(Boyle et al., 1976; Simpson, 1981). Cadmium is removed from surface waters by
phytoplankton, and zooplankton grazing subsequently returns Cd to the sediment as fecal
pellets (Boyle et al., 1976; Simpson, 1981). Upwelling events bring dissolved Cd back to
the surface waters where some accumulates in the sediment. Maximum Cd concentrations
are thus usually associated with areas of high biological activity such as upwelling zones
(Simpson, 1981). An upwelling cell is located adjacent to Port Alfred and it has a lateral
range of 85 — 300 km (Lutjeharms et al., 2000) and contributes to the elevated nutrient
loads observed along this stretch of coastline (Lutjeharms et al., 2000). It is thus possible
that the elevated concentrations of Cd in the sediments of the marine environment are due

to upwelling associated enrichment.

Cadmium enters the oceans via both natural and anthropogenic sources and
approximately 50 % of Cd entering the oceans is from anthropogenic input (Simpson,
1981). It was estimated that by Simpson (1981) that by the year 2000, human activities
would have introduced more than 250, 000 tones of Cd into the oceans. The atmospheric
deposition of Cd into the ocean is thus thought to be an equally important source of Cd as
riverine input, and up to 80 % of the atmospheric Cd entering the oceans results from
man’s activities (Simpson, 1981). Cadmium is regarded as a chalcophile element and has
a similar ionic radius as Ca (Garrett, 2000). Cadmium is thus present in calcium
phosphate and is incorporated into various sedimentary rock-phosphates that are used as

131



Chapter 6 - Discussion and Conclusions

agricultural fertilizers (Garrett, 2000). Most of the Cd remains in the fertilizer during
production, and hence Cd is added to agricultural lands that use such fertilizers (Garrett,
2000). Phosphate fertilizers are extensively used by pineapple farmers in the Eastern
Cape, and it is possible that Cd is also entering the estuaries via degradation of these
fertilizers. The average concentrations of Cd within the sediment of the Eastern Cape
estuaries studied did however fall into the worldwide ‘normal range’ of 0.1 — 2.0 mg-kg™
reported for estuaries and closed bays (Simpson, 1981), and thus the Eastern Cape

estuaries are generally uncontaminated with Cd with respects to international standards.

6.2 RECOMMENDATIONS FOR FUTURE RESEARCH

This project has served as an introduction to metals research in the Eastern Cape, and will
hopefully provide a platform from which future research can be conducted. The most
logical progression from this project would be to conduct a study on the extent of
bioaccumulation of metals in estuarine biota, particularly filter feeding and burrowing
organisms. It is also important to asses the bioavailability of metals within the sediments
of Eastern Cape estuaries, as bioavailability of metals is inseparably linked with metal
uptake in many benthic organisms (Bryan and Langston, 1992). The Kowie, Kariega and
East and West Kleinemonde Estuaries would be interesting systems on which to conduct
such studies as they exhibited notably higher Cd (Kowie) and Pb (Kariega and East and

West Kleinemonde) enrichment within the sediments.

Most countries have well established chemical monitoring programs, and it is imperative
that such long term monitoring programs are initiated on the South African coastline.
Chemical monitoring alone can not, however, be used to asses the environmental risks
imposed by chemical contamination (Wu, 2007). Ecotoxicology and use of bioindicators
and biomarkers has emerged as a powerful means of assessing the effects of contaminants
on living organisms and ecosystem health, and a combination of chemical and biological
monitoring allows scientists to better assess environmental risk (Wu, 2007). It is advised
that future research focuses on identifying the most suitable bioindicators within Eastern

Cape estuaries that can be used alongside chemical monitoring to assess ecosystem health.
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Future surveys of metal concentrations within sediment should also include analysis of
acid volatile sulfides, Al, Mn, Ca, Eh and pH as these variables are known to influence
metal distribution and bioavailability. Analysis of Al and Ca would provide valuable
information on the associations of metals with the terrigenous and marine sediments, and

would have aided in understanding the distribution of metals within this study.

It has been identified that river flow influences the concentrations of metals in the
sediment and water of permanently open and temporary open-closed estuaries. The
effects of freshwater inflow, however, varied between estuaries, and thus more detailed
studies need to be conducted on seasonal variations of metal concentrations within
Eastern Cape estuaries. The Kariega Estuary had significantly higher concentrations of
Pb in the water and sediment during the dry season, and it would be interesting to model
the input of Pb into the Kariega Estuary over time. It would also be of interest to conduct
stable Pb isotope studies to yield information on the geological and anthropogenic origin
of Pb (Farmer and Eades, 1996).

It was found that the concentrations and enrichment of several metals in the sediments
increased significantly in a seaward direction, possibly suggesting input from the marine
environment. It was hypothesized that this pattern of enrichment may be due to upwelling
events that take place on the shore edge of the Agulhas Current. It would thus be
interesting to conduct spatial and temporal studies on metal concentrations in the offshore
environment of the Eastern Cape to identify if upwelling is an influencing factor. Such
studies should be coupled with nutrient and phytoplankton analysis (Bruland et al., 1978;
Tekesue and van Geen, 2002).
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TABLE 6.1
Mean (+ SD) absolute concentrations (mg-kg™, dry wt) of metals in sediments of nine Eastern Cape
estuaries
Estuary Season Cd Co Cu Fe Ni Pb Zn
Kariega Dry 0.27 5.48 3.57 5659 10.58 22.20 12.93
(£0.23) (x2.01) (x4.10) (+ 3140) (x6.39) (x3.41) (+ 18.87)
0.88 4.16 3.14 4129 7.35 14.0 12.21
Wet (£1.28) (£1.59) (£2.11) (£ 4439) (£ 11.43) (£7.59) (+13.61)
East Closed 1.18 6.23 4.55 8554 11.83 21.91 21.75
Kleinemonde mouth (£ 0.69) (x3.64) (£ 3.29) (x 10525) (£5.34) (x8.27) (+ 18.93)
(dry)
Open 0.60 5.12 0.88 2362 7.08 20.84 2.08
mouth (x0.67) (x 0.65) (x0.08) (£ 1281) (x2.17) (x7.44) (x1.93)
(wet)
Riet River Closed 0.81 3.29 3.44 2119 6.31 11.96 6.26
Mouth (£0.47) (£1.93) (+2.26) (+1030) (£3.82) (£5.94) (+£10.71)
(dry)
Open 0.90 3.53 1.65 3613 9.6 10.5 6.01
Mouth (£ 0.53) (x1.20) (= 1.40) (£ 3287) (x2.70) (£ 6.5) (x4.56)
(wet)
Mpekweni - 0.64 5.25 6.93 14912 341 11.86 16.27
(£0.25) (x4.14) (£3.66) | (£16300) (£3.38) (£4.73) (£ 13.78)
West - 0.81 6.24 4.55 5435 11.83 21.91 21.75
Kleinemonde (x0.34) (£3.23) (£ 3.29) (£ 5474) (£5.34) (x8.27) (x 18.93)
Kasouga - 0.71 3.34 1.63 5513 341 6.42 3.63
(£ 0.61) (£3.23) (x2.33) ( 4858) (£3.38) (£3.62) (x£5.01)
Boknes - 0.43 1.26 2.40 3101 2.30 4.81 13.3
(£0.31) (x1.72) (£ 2.75) (+ 2480) (x2.85) (x1.92) (x22.5)
Great Fish 0.65 4.67 581 5801 10.38 741 21.41
- (£0.32) (£2.49) (£ 4.85) (+ 4592) (£4.77) (£5.60) (£17.33)
Kowie 2.18 231 4.27 5659 4.13 4.93 10.67
- (x1.21) (x 1.58) (x3.30) (£ 3140) (£ 2.60) (£1.68) (£8.35)
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TABLE 6.2
Mean (+ SD) concentrations (ug-(") of Cd and Pb in the water of nine Eastern Cape
estuaries
Estuary Season Cd Pb
Kariega Dry 3.32 34.13
(+ 4.09) (+ 42.56)
0.05 1.75
Wet (£ 0.99) (£ 1.09)
East Kleinemonde Closed mouth 0.11 2.46
(dry) (£0.21) (£1.41)
Open mouth 0.38 3.71
(wet) (x0.61) (x2.41)
Riet River Closed Mouth 0.48 2.74
(dry) (£0.19) (x1.75)
Open Mouth 0.36 1.11
(wet) (£ 0.43) (£ 2.48)
Mpekweni - 0.40 351
(+0.12) (+ 1.37)
West Kleinemonde - 0.43 2.67
(x0.51) (+1.45)
Kasouga - 0.07 0.75
(+0.03) (+0.27)
Boknes - 0.09 0.76
(£ 0.05) (x0.51)
Great Fish 0.13 2.81
- (x 0.09) (x 1.75)
Kowie 0.18 1.65
- (£ 0.08) (£ 0.44)
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TABLE 6.3
Mean (= SD) enrichment factors (EFs) for sediments of nine Eastern Cape estuaries

Estuary Season Cd Co Cu Ni Pb Zn

Kariega Dry 0.75 2.71 0.52 1.66 3.17 0.65
(£ 0.65) (x1.21) (£043) | (x113) | (x117) | (x112)

2.82 2.02 0.58 1.36 1.96 0.87
Wet (+ 4.86) (£0.83) (£0.28) | (x214) | (¥119) | (£1.05)

East Closed

Kleinemonde mouth 3.28 2.07 0.64 1.81 2.64 0.90
(dry) (£1.92) (x1.21) (£0.38) | (x129) | (£158) | (+£0.63)

Open mouth | 1.67 3.33 0.18 1.44 3.41 0.15
(wet) (x1.87) (x1.17) (£0.02) | (x047) | (x153) | (x0.13)

Riet Closed

Mouth 2.27 2.14 0.73 0.37 1.94 0.22
(dry) (£ 1.31) (£ 1.42) (£050) | (x0.26) | (£1.02) | (x0.25)

Open Mouth 4.07 1.96 0.49 1.87 1.55 0.35
(wet) (+3.93) (£1.27) (£0.48) | (x0.82) | (£0.90) | (x0.26)

Mpekweni - 1.79 1.00 0.77 0.86 0.99 0.47
(£ 0.69) (£ 0.63) (£0.20) | (x0.38) | (+x0.46) | (x0.30)

West - 2.27 2.42 0.56 1.83 2.77 0.55
Kleinemonde (£ 0.95) (x1.17) (£ 0.15) (x 1.09) (x1.41) (x0.27)

Kasouga - 2.02 0.73 0.22 0.38 0.65 0.14
(+1.64) (£ 0.54) (£0.27) (x0.29) (£0.19) (x0.17)

Boknes - 1.19 0.53 0.42 0.30 0.68 0.79
(£ 0.86) (£0.34) (£0.42) | (x0.16) | (+x0.16) | (x1.20)

Great Fish - 1.81 1.86 0.84 1.41 1.03 0.98
(x0.90) (x2.03) (x 0.54) (x1.10) (x1.10) (x 0.56)

Kowie 6.19 0.63 0.65 0.50 0.59 0.50
- (x3.35) (£ 0.23) (£0.46) | (x0.23) | (x0.11) | (x0.38)
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Appendices

APPENDICES

APPENDIX 1: EQUATIONS

1A. Example of calculation used to determine correction factor:

1. First calculate the volume of MIBK remaining for analysis after extraction of

metals from seawater.

Salinity = 33.4 psu

% solubility MIBK in 33.4 psu seawater = 0.015
Volume seawater used for extraction = 750 ml
Volume MIBK added to seawater = 35 ml

Volume of MIBK that dissolves in 750 ml seawater of salinity 33.4 psu
=0.015 x 750 ml
=11.25 ml

Volume of MIBK remaining for analysis after extraction
=35ml-11.25 ml
=23.75 ml

2. Second calculate the volume of MIBK remaining for analysis after extraction of

metals from standards made with deionized water.

Salinity =0 psu

% solubility MIBK in deionized water = 0.024
Volume seawater used for extraction = 750 ml
Volume MIBK added to seawater = 35 ml
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Volume of MIBK that dissolves in 750 ml deionized water
=0.024 x 750 ml
=18 ml

Volume of MIBK remaining for analysis after extraction
=35ml - 18 ml
=17 ml

3. Determine a correction factor needed to equilibrate the volumes of MIBK that

remained after extraction with seawater and Deionized Water

Volume MIBK after deionized extraction = 17 ml
Volume MIBK after seawater extraction = 23. 75 ml

Correction factor =23.75+17=1.4
i.e. The concentrations of metals in seawater of salinity 33.4 psu need to be multiplied by
1.4 to correct for the reduced solubility of MIBK in saline waters as compared to the

deionized water that was used to make the standards.

1B. Equation used to calculate the percentage recovery of metals from spiked seawater
samples (EURACHEM, 1998):

% recovery = ((C1-C2) + C3) x 100

Where: C1 = Concentration determined in fortified sample

C2 = Concentration determined in unfortified sample

C3 = Concentration of fortification
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1C. Equation used to adjust for excess percentage recovery of Pb from seawater using
Chelex-100 method:

Concentration of Pb in seawater = (A x 100 %) +~ B

Where: A = initial Pb concentration obtained from ICP-OES
B = average percentage recovery of Pb obtained for the two spiked concentrations.
i.e ((150.0 % + 159.9 %) + 2) = 155.4 %

Thus, Concentration of Pb in seawater = (A x 100 %) + 155.4 %

1D. Equation used to adjust for excess percentage recovery of Cd from sediment using
FAAS (a) analysis and ICP-OES analysis (b):

(a) Concentration of Cd in sediment = (A x 100 %) +~ B

Where: A = initial Cd concentration obtained from FAAS
B = average percentage recovery of Cd obtained from NIST reference sediment
(120.5%)

Thus, Concentration of Cd in sediment = (A x 100 %) + 120.5 %

(b) Concentration of Cd in sediment = (A x 100 %) + B

Where: A = initial Cd concentration obtained from ICP-OES
B = average percentage recovery of Cd obtained from NIST reference sediment

(132.5%)

Thus, Concentration of Cd in sediment = (A x 100 %) + 132.5 %
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APPENDIX 2: TABLES

TABLE A1l

Mesh sizes of sieves used to determine grain size distribution of sediments according
to the Udden-Wentworth sedimentary grain-size scale

Sieve mesh size (mm) | Particle size retained on sieve (mm) Grade

0.500 >0.05 Coarse sand
0.250 0.250 - 0.50 Medium sand
0.125 0.125 - 0.250 Fine sand
0.063 0.063 - 0.125 Very fine sand
*

Smaller than 0.063 mm

Mud (silt + clay)

*All particles that passed through 0.063 mm sieve were classed as mud
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TABLE A2
Spearman rank order correlations for metals concentrations and sediment properties for the Mpekweni Estuary sediments

Cd Co Cu Fe Ni Pb Zn TOC | Coarse | Medium | Fine | Very fine | mud

sand sand sand sand
Cd 1.00
Co -0.05 | 1.00
Cu -0.01 | 0.85* | 1.00
Fe -0.06 | 0.92* | 0.93* | 1.00
Ni 0.11 | 0.91* | 0.91* | 0.87* | 1.00
Pb 0.05 | 0.88* | 0.94* | 0.94* | 0.95* | 1.00
Zn -0.20 | 0.63 | 0.83* | 0.74* | 0.79* | 0.83* | 1.00
TOC -045| 056 | 0.73 0.67 | 0.63 | 0.72 | 0.79* | 1.00

Coarse sand -0.45|0.85| 0.68 | 0.75* | 0.73 | 0.68 | 0.53 0.67 1.00
Mediumsand | 0.58 | -0.67 | -0.75* | -0.76* | -0.64 | -0.65 | -0.74* | -0.79* | -0.81* 1.00

Fine sand -0.16 | -0.33 | -0.09 | -0.24 | -0.11 | -0.12 | 0.19 | 0.39 -0.17 -0.12 1.00
Very finesand | -0.50 | 0.55 | 0.65 | 062 | 0.61 | 0.64 | 0.65 | 0.92* | 0.75* -0.81* | 0.35 1.00
Mud -041 ] 056 | 0.75* | 0.70 | 0.66 | 0.75* | 0.77* | 0.95* | 0.66 -0.78* | 0.30 0.95* 1.00

Note: correlations in bold are significant at p < 0.05.
*Correlations significant at p < 0.01.
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TABLE A3

Spearman rank order correlations for metals concentrations and sediment properties for the West Kleinemonde Estuary
sediments

Cd Co | Cu Fe Ni Pb Zn | TOC | Coarse | Medium | Fine | Very fine | mud
sand sand sand sand

Cd 1.00

Co -0.13 | 1.00

Cu -0.15 | 0.60 | 1.00

Fe -0.24 | -0.02 | 0.03 | 1.00

Ni 0.24 | 0.62 | 0.41 | -0.48 | 1.00

Pb -0.03 | 0.62 | 041 | -0.57 | 0.81* | 1.00

Zn -0.34 | 044 | 0.82 | 041 | -0.01 | 0.10 | 1.00

TOC -0.53 | -0.17 | -0.13 | 0.84* | -0.65 | -0.51 | 0.26 | 1.00

Coarse sand 061 | 042 | -0.03| -0.19 | 0.59 | 0.25 | -0.35 | -0.45 1.00

Mediumsand | 0.35 | 0.04 | 0.15 | -0.78* | 0.55 | 0.60 | -0.18 | -0.90* | 0.15 1.00

Fine sand -0.27 | 0.08 | 0.16 | 0.14 | 0.06 | 0.15 | 0.16 | 0.18 -0.02 0.03 1.00

Very finesand | -0.55 | -0.19 | -0.19 | 0.68* | -0.73 | -0.63 | 0.26 | 0.93* | -0.42 -0.90* | 0.05 1.00

Mud -0.39 | -0.09 | -0.05 | 0.79* | -0.70 | -0.60 | 0.40 | 0.92* | -0.42 -0.91* | -0.04 0.93* 1.00

Note: correlations in bold are significant at p < 0.05.

*Correlations significant at p < 0.01. n = 12.
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TABLE A4
Spearman rank order correlations for metals concentrations and sediment properties for the Kasouga Estuary sediments
Cd Co Cu Fe Ni Pb Zn | TOC | Coarse | Medium | Fine | Very fine | mud
sand sand | sand sand
Cd 1.00
Co 0.92* | 1.00
Cu 0.75* | 0.60 | 1.00
Fe 0.92* | 0.94* | 0.70 | 1.00
Ni 0.88* | 0.90* | 0.62 | 0.88* | 1.00
Pb 0.98* | 0.91* | 0.80* | 0.93* | 0.87* | 1.00
Zn 0.87* | 0.88* | 0.75* | 0.87* | 0.89* | 0.88* | 1.00
TOC 0.95* | 0.85* | 0.80* | 0.92* | 0.86* | 0.95* | 0.83* | 1.00
Coarse sand -0.47 | -0.68 | -0.31 | -0.61 | -0.74* | -0.48 | -0.55 | -0.47 1.00
Medium sand | -0.76* | -0.86* | -0.51 | -0.87* | -0.88* | -0.79* | -0.72 | -0.82* | 0.81* 1.00
Fine sand 0.07 | 029 | -0.37 | 0.26 | 030 | 0.11 | 0.18 | 0.10 | -0.28 -0.44 | 1.00
Very finesand | 0.68 | 0.81* | 0.46 | 0.79* | 0.80* | 0.74* | 0.76* | 0.76* | -0.67 -0.92* | 0.57 1.00
Mud 0.92* | 0.90* | 0.66 | 0.92* | 0.94* | 0.90* | 0.83* | 0.94* | -0.66 -0.92* | 0.23 0.83* 1.00
Note: correlations in bold are significant at p < 0.05.
*Correlations significant at p < 0.01. n = 12.
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TABLE A5
Spearman rank order correlations for metals concentrations and sediment properties for the Boknes Estuary sediments
Cd Co Cu Fe Ni Pb Zn TOC | Coarse | Medium | Fine | Very fine | mud
sand sand | sand sand
Cd 1.00
Co 0.48 | 1.00
Cu 0.76* | 0.66 | 1.00
Fe 0.53 | 0.92* | 0.78* | 1.00
Ni 0.64 | 0.87* | 0.70 | 0.87*| 1.00
Pb 0.76* | 0.59 |0.89*|0.76* | 0.67 | 1.00
Zn 0.49 | 0.77* | 043 | 0.62 | 0.79* | 0.51 | 1.00
TOC 0.48 | 0.86* | 0.71 | 0.88* | 0.89* | 0.67 | 0.79* | 1.00
Coarse sand 0.34 | -0.34 | 0.00 | -0.37 | -0.34 | 0.04 | -0.29 | -0.50 1.00
Medium sand | -0.28 | -0.76* | -0.48 | -0.69 | -0.82* | -0.47 | -0.87* | -0.83* | 0.59 1.00
Fine sand 0.10 | 069 | 046 | 061 | 0.62 | 0.27 | 0.56 | 0.66 | -0.59 -0.85* | 1.00
Very finesand | 0.12 | 055 | 0.34 | 0.62 | 0.72* | 043 | 0.65 | 0.72* | -0.73* | -0.81* | 0.55 1.00
Mud 0.60 | 0.87* | 0.66 | 0.79*| 0.87* | 0.62 | 0.92* | 0.92* | -0.36 -0.84* | 0.64 0.63 1.00
Note: correlations in bold are significant at p < 0.05.
*Correlations significant at p < 0.01. n = 12.
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TABLE A6
Spearman rank order correlations for metals concentrations and sediment properties for the Great Fish Estuary sediments
Cd Co Cu Fe Ni Pb Zn | TOC | Coarse | Medium | Fine | Very fine | mud
sand sand sand sand
Cd 1.00
Co -0.03 | 1.00
Cu -0.02 | 0.77* | 1.00
Fe -0.13 | 0.72* | 0.92* | 1.00
Ni 0.05 | 0.60* | 0.93* | 0.89* | 1.00
Pb 0.71* | -0.26 | -0.14 | -0.23 | -0.07 | 1.00
Zn -0.07 | 0.72* | 0.86* | 0.91* | 0.90* | -0.24 | 1.00
TOC 0.32 | 0.68* | 0.74* | 0.65* | 0.64* | 0.20 | 0.60* | 1.00
Coarse sand 048 | -0.24 | -0.25 | -0.33 | -0.30* | 0.69* | -0.43 | 0.04 1.00
Medium sand | 0.36 | -0.60* | -0.69* | -0.81* | -0.69* | 0.35 | -0.75* | -0.40 | 0.54* 1.00
Fine sand -0.26 | -0.62* | -0.74* | -0.67* | -0.64* | -0.19 | -0.63* | -0.77* | -0.23 0.39 1.00
Very finesand | -0.37 | 0.45 | 0.51 | 0.54* | 042 |-0.53*| 0.52* | 0.38 | -0.56* | -0.70* | -0.23 1.00
Mud 0.06 | 0.79* | 0.92* | 0.89* | 0.89* | -0.04 | 0.88* | 0.83* | -0.25 -0.68* | -0.72* | 0.52* 1.00
Note: correlations in bold are significant at p < 0.05.
*Caorrelations significant at p < 0.01. n = 24.
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TABLE A7
Spearman rank order correlations for metals concentrations and sediment properties for the Kowie Estuary sediments
Cd Co Cu Fe Ni Pb Zn | TOC | Coarse | Medium | Fine | Very fine | mud
sand sand | sand sand
Cd 1.00
Co 0.90* | 1.00
Cu 0.83* | 0.68* | 1.00
Fe 0.99* | 0.93* | 0.78* | 1.00
Ni 0.96* | 0.97* | 0.77* | 0.97* | 1.00
Pb 0.83* | 0.71* | 0.79* | 0.82* | 0.78* | 1.00
Zn 0.71* | 0.62* | 0.60* | 0.72* | 0.73* | 0.55* | 1.00
TOC 0.93* | 0.83* | 0.82* | 0.92* | 0.86* | 0.80* | 0.53* | 1.00
Coarse sand -0.43 | -0.22 | -0.62* | -0.36 | -0.27 | -0.46 | -0.15 | -0.62* | 1.00
Medium sand | -0.75* | -0.63* | -0.73* | -0.71* | -0.67* | -0.51 | -0.39 | -0.86* | 0.77* 1.00
Fine sand -0.35 | -0.37 | -0.18 | -0.37 | -0.44 | -0.26 | -0.51 | -0.05 | -0.43 -0.15 1.00
Very finesand | 0.72* | 0.61* | 0.72* | 0.68* | 0.64* | 0.55* | 0.30 | 0.85* | -0.73* | -0.93* | 0.11 1.00
Mud 0.90* | 0.76* | 0.83* | 0.86* | 0.81* | 0.73* | 0.55* | 0.94* | -0.64* | -0.87* |-0.14| 0.89* 1.00
Note: correlations in bold are significant at p < 0.05.
*Correlations significant at p < 0.01. n = 24.
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TABLE A8
(i) Spearman rank order correlations for metals concentrations and sediment properties for the Kariega Estuary sediments (dry season)
Cd Co Cu Fe Ni Pb Zn TOC | Coarse | Medium | Fine | Very fine | mud
sand sand sand sand
Cd 1.00
Co -0.11 1.00
Cu -0.41 0.38 | 1.00
Fe -0.53* 0.32 | 0.75* | 1.00
Ni 0.07 0.30 | 0.69* | 0.50 1.00
Pb 0.50* 031 |-0.20 |-0.48 |0.03 |1.00
Zn -0.12 0.33 | 0.68* |0.72* |0.58* |-0.30 | 1.00
TOC -0.56 041 |0.72* |0.91* |048 |-035 |0.62* |1.00
Coarse sand 0.41 0.05 | 0.06 0.01 0.30 |0.00 0.25 -0.06 | 1.00
Medium sand 0.48 -0.20 | -0.50 |-0.85* |-0.38 |0.52* |-0.61* | -0.90* | 0.30 1.00
Fine sand 0.28 -0.27 | -0.18 | 0.13 0.15 |-0.00 |0.19 0.07 -0.06 -0.32 1.00
Very fine sand | -0.47 -0.02 | 0.51 0.85* |041 |-0.59* |0.66* |0.79* |-0.08 -0.87* 0.46 | 1.00
Mud -0.54* 0.28 | 0.58* |0.92* |0.38 |-0.58* |0.67* |0.90* |-0.07 -0.92* 0.11 | 0.85* 1.00
(ii) Spearman rank order correlations for metals concentrations and sediment properties for the Kariega Estuary sediments (wet season)
Cd 1.00
Co 0.18 1.00
Cu -0.17 0.37 | 1.00
Fe -0.48 0.17 | 0.62* | 1.00
Ni 0.47 0.49 |0.60* |0.21 1.00
Pb -0.20 -0.03 | 0.36 0.08 0.06 | 1.00
Zn 0.15 0.21 | 0.62* |0.41 0.66* | 0.38 1.00
TOC -0.03 0.38 | 0.48 0.78* (043 |-0.12 |0.39 1.00
Coarse sand -0.33 -0.07 | 0.19 -0.06 |-0.18 | 0.38 0.09 -0.43 | 1.00
Medium sand 0.16 -0.24 | -0.20 |-0.68* |-0.14 |0.23 -0.13 | -0.84* | 0.62* 1.00
Fine sand 0.37 -0.12 | -0.57* |-041 |-0.20 |-0.08 |-0.19 |-0.11 |-0.21 -0.11 1.00
Very finesand | -0.22 -0.00 | 0.18 0.71* |0.17 |-042 |0.13 0.73* |-0.43 -0.78* -0.03 | 1.00
Mud -0.29 0.32 1043 0.85* 028 |-0.21 |0.28 0.89* |-0.39 -0.89* -0.19 | 0.87* 1.00

Note: correlations in bold are significant at p < 0.05.
*Correlations significant at p < 0.01. n = 24.
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TABLE A9

(i) Spearman rank order correlations (R) for variables measured in the East Kleinemonde Estuary sediments (dry season)

Cd Co Cu Fe Ni Pb Zn TOC | Coarse | Medium | Fine | Very fine | mud

sand sand sand sand

Cd 1.00
Co 0.36 1.00
Cu 0.61 0.60 1.00
Fe -0.16 | 0.26 | 0.52 1.00
Ni 0.72* | 0.62 | 041 -0.19 | 1.00
Pb 0.80* | 0.62 | 041 -0.29 | 0.81* | 1.00
Zn 0.30 0.44 | 0.82* | 0.71 | -0.01 | 0.10 1.00
TOC -0.13 | -0.01 | 0.33 0.89* | -0.29 | -0.34 0.65 1.00
Coarse sand 0.12 0.27 | -0.26 | -0.28 | 0.57 0.34 -0.48 | -0.38 1.00
Medium sand 0.38 0.13 | -0.06 | -0.79* | 0.37 0.62 -0.29 | -0.77* 0.03 1.00
Fine sand -0.31 | -0.10 | 0.33 0.70 | -0.44 | -0.48 0.49 0.67 -0.69 -0.54 1.00
Very fine sand -041 | -0.29 | 0.05 0.76* | -0.57 | -0.60 0.45 0.90* -0.43 -0.77* | 0.75* 1.00
Mud -0.23 | -0.10 | 0.31 0.86* | -0.48 | -0.53 0.62 0.85* -0.31 -0.87* 0.59 0.83* 1.00
(ii) Spearman rank order correlations (R) for variables measured in the East Kleinemonde Estuary sediments (wet season)
Cd 1.00
Co 0.45 1.00
Cu 0.15 0.57 | 1.00
Fe -0.83* | -0.58 | -0.17 | 1.00
Ni 0.27 0.20 | 0.28 -0.15 | 1.00
Pb 0.88* | 0.65 |0.32 -0.97* | 0.18 | 1.00
Zn -0.40 -0.17 | 0.36 0.26 071 |-0.24 |1.00
TOC -0.77 -0.50 |-0.27 |0.87* |-0.22 |-0.90* | 0.26 1.00
Coarse sand 0.70 050 |-0.17 |-0.70 |-0.30 |0.67 -0.71 -0.52 1.00
Medium sand 0.90* |0.60 |0.23 -0.88* | 0.30 | 0.90* |-0.40 |-0.90* |0.68 1.00
Fine sand -0.70 -0.33 | -0.37 | 0.53 -0.77 |-0.55 |-0.26 | 0.50 -0.18 -0.70 1.00
Very fine sand -0.77 -0.28 |-0.10 |0.90* |-0.13 |-0.88* |0.21 0.93* | -0.50 -0.82* 0.47 | 1.00
Mud -0.88* |-0.62 |-0.35 |0.88* |-0.27 |-0.95* | 0.33 0.95* | -0.58 -0.95* 0.60 |0.87* 1.00

Note: correlations in bold are significant at p < 0.05.
*Correlations significant at p < 0.01. n = 12 dry season, n = 9 wet season.
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TABLE A10
(i) Spearman rank order correlations (R) for metals concentrations and sediment properties for the Riet Estuary sediments (dry season)
Cd Co Cu Fe Ni Pb Zn TOC | Coarse | Medium | Fine | Veryfine | mud
sand sand sand sand
Cd 1.00
Co 0.91* 1.00
Cu 0.81* 0.85* 1.00
Fe -0.15 0.06 0.16 1.00
Ni 0.84* 0.90* 0.97* 0.15 1.00
Pb 0.87* 0.93* 0.81* -0.01 | 0.83* 1.00
Zn 0.47 0.34 0.46 0.55 0.48 0.17 1.00
TOC -0.13 0.02 0.13 0.95* | 0.13 -0.06 0.63 1.00
Coarse sand -0.50 -0.54 -0.28 -0.20 | -0.34 | -0.48 -0.37 -0.23 1.00
Medium sand 0.58 0.61 0.64 -0.37 0.65 0.70 -0.22 -0.43 -0.07 1.00
Fine sand -0.52 -0.59 -0.59 0.37 -0.59 | -0.64 0.27 0.43 0.06 -0.92* 1.00
Very fine sand -0.75* -0.73* -0.68 0.36 -0.69 | -0.83* 0.09 0.42 0.24 -0.94* 0.80* 1.00
Mud -0.76* -0.74* -0.69 0.36 -0.70 | -0.84* 0.09 0.41 0.22 -0.94* 0.81* 0.99* 1.00
(ii) Spearman rank order correlations (R) for metals concentrations and sediment properties for the Riet Estuary sediments (wet season)
Cd 1.00
Co 0.38 1.00
Cu 0.07 -0.12 1.00
Fe -0.33 -0.43 0.74 1.00
Ni 0.74 0.52 0.00 -0.24 1.00
Pb 0.61 0.64 -0.43 -0.79 0.43 1.0
Zn -0.07 -0.21 0.71 0.75 -0.14 | -0.77 1.00
TOC -0.32 -0.47 0.75 0.99 -0.29 -0.81 0.79 1.00
Coarse sand -0.67 -0.64 0.52 0.83 -0.62 | -0.96 0.68 0.86 1.00
Medium sand 0.62 0.71 -0.60 -0.81 0.55 0.96 -0.57 -0.83 -0.93 1.00
Fine sand 0.00 -0.31 0.12 -0.02 | -0.24 0.43 -0.54 -0.01 0.00 -0.07 1.00
Very fine sand -0.67 -0.74 0.50 0.79 -0.52 | -1.00 0.50 0.80 0.95 -0.98 0.05 1.0
Mud -0.69 -0.67 0.48 0.81 -043 | -0.96 0.43 0.80 0.90 -0.95 0.02 1.0 1.00

Note: correlations in bold are significant at p < 0.05.

*Correlations significant at p < 0.01. n = 12 dry season, n = 9 wet season.
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