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ABSTRACT

This study is a part of an environmental research project aimed at providing assessment
information to the grain-size distribution, mineral compositions, sedimentary structures and
coastal erosion and rehabilitation methods along the Swartkops estuary, a recent developing
industry area of South Africa. The methodologies used in this study comprise desk study of
literature, field geological investigation and sampling, and laboratory analyses including grain-
size analysis, thin section microscope study, XRD mineral composition study and SEM-EDX
grain surface texture and composition analyses.The basement and surrounding areas of the
Swartkops estuary consist of three formations: the Enon Formation of mainly conglomerate,
the Kirkwood Formation of sandstone and mudstone, and the Sundays River Formation of
dominantly mudstone with sandstone, which integrated as Uitenhage Group of Cretaceous
sequence with modern estuarine sand and alluvial sediments filled in the entire basin. Grain
size analysis is a useful tool to assess hydrodynamic environments. The grain size parameters
showed that most of the Swartkops estuary sediments are moderately sorted with very few well
and poorly sorted, coarse to fine skewed in grain size distribution. Whereas the Bluewater Bay
beach sediments are mostly fine grained, well sorted, fine to coarse skewed in grain size
distribution. The bivariate scatter plots are-an indication of shallow marine environment by
beach and coastal processes with the influence of water flow and wind influence during
transportation and deposition processes. Mineralogy studies revealed that the Swartkops
estuary sediments are dominantly composed of minerals such as: quartz, calcite, feldspar
(orthoclase and plagioclase), aragonite, clay minerals (smectite and illite), and salts such as
NaCl and MgCl. Skeletal carbonate minerals (shell fragments) are more than chemical
precipitated carbonate minerals. Quartz is the most abundant detrital mineral observed in all
the sediments and it comes from inland and transported into the estuary and the beach by fluvial
streams, whereas skeletal calcite/aragonite is the most abundant biogenic carbonate derived
from sea side and transported by marine currents. The study shows that grain surface textures
reveal the existence of several features that reflect the depositional environments. Observed
grain surface textures by microscope and SEM include V-shape pits, upturned pits caused by
mechanical crashing and corrosion during transportation; crystalline precipitation of calcite,
quartz, salt and clay by chemical precipitation and crystallization; dissolution pits and pores
formed by dissolution, and burrow and boring by biogenetic activities. The grain surface
morphologies are closely linked to different formation mechanisms and depositional
environments. Well-developed sedimentary structures have been found in the beach and



estuary, including sand dune, sand ridge, straight and sinuous ripple, ripple marks, aeolian nail
marks, high angle tabular cross bedding, antidune, rill mark, rhomboid mark, swash line, mud
crack, gravel pavement, interfering ripples, flat topped ripple mark, linguiod mark, asymmetric
sinuous ripples, dendritic pattern on sandy beach, boring and bioturbation, burrows desiccation
cracks and water escape hole. Different sedimentary structures are reflective of different
hydrodynamic conditions and depositional environments. Coastal erosion is a major problem
for damage of road, bridge and properties in the industrial areas in Swartkops, which is also a
task for this study. The author had suggested some practical mitigation-methods to local
government, such as groins, revetments, shoreline hardening, planting of vegetation, and

vertical walls, bulkheads, sills, which could be useful for the protection of coastal erosion.

Keywords: Swartkops estuary, grain size parameters, mineral compositions, sedimentary

structures, coastal erosion and mitigation.
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CHAPTER 1 GENERAL BACKROUND

1.1 Introduction

The Swartkops is situated at north of Port Elizabeth. Its catchment is about 120 kilometers long
and 42 kilometers wide. The dominant topographical features are Elands and the Zunga
Mountains in the Western part of the catchment. In the east, the mountain ranges are fringed
by low lying coastal plains that are terraced around an extensive alluvial floodplain and estuary
(Maclear, 1996). The Pre-Cretaceous basement, which consists of the Table Mountain Group
quartzite and the shales of the Bokkeveld Group, which formed a trough where the Cretaceous
and younger strata were deposited (Mackay, 1993). The Cretaceous deposits of the Uitenhage
Group distributed along the Swartkops River, which is made of Enon Formation of mainly
poorly sorted coarse conglomerate, Kirkwood Formation of sandstone and mudstone, and
Sundays River Formation of mainly mudstone intercalated with sandstone (Maclear, 1996).
The Swartkops River flows through a high urbanized industrial region of the Eastern Cape
Province and forms an integral part of the Port Elizabeth municipality (Binning and Baird,
2001).

The distribution of sediments to the estuary decreases in percentages of sands from the bank to
the deeper center. In the case where there is sustained tidal flowas in permanently open estuary,
the distribution is reversed with muddy sediments occurring in the supratidal zone and coarser
sediments flooring the tidal channel (Alanson, 1999). The Sundays River Formation is exposed
along the Swartkops River and it forms a prominent escarpment (Martin, 1962). The hard rock
of the east-west aligned Cape Fold Belt consisting of the fine-grained quartz of the Table
Mountain sandstone (Martin, 1962).
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Fig. 1.1 a: Geographical map showing the locations of the Swartkops and Sundays estuaries
at north suburb of Port Elizabeth'(Strydom et al., 2015).
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Port Elizabeth (extracted from Muir et.al., 2017).

1.2 Location of the study

The study area is in the Eastern Cape Province of South Africa, immediately 8 km north of Port
Elizabeth and it is orientated as Northwest-Southeast and geographically located at S 33°5230”
and E 25°35'0" (Fig. 1.1b). The Western part of the study area consists of high West —Northwest
striking mountains such as the Groot Winterhoek, the Elands, and the Zunga Berge. The
Swartkops River, especially the upper regions, the river channel is a dominantly medium to
coarse-grained sedimentary assemblage with some boulder beds. The estuary comprising
supratidal mudflow sediments and, intertidal and subtidal sediment bodies of grain-flow

deposits in the lower reaches is underlined by older Holocene estuarine deposits (Strydom,



1985). The estuary formed during the marine transgression in the late Pleistocene when the
Swartkops River valley was filled with sediments. The Swartkops River is believed to occupy
about 2 km wide floodplain of which the intermittently changes course. The system measures
approximately 90 m wide in the upper reaches and it is characterized by the steep banks and
winding channels. Lower reaches are significantly wider with extensive intertidal mudflows,
island, saltmarshes, and sandbanks. The estimated area covered by the estuary is about 682 m
(Partridge and Maud, 1987). The mouth of the estuary is located at north of Port Elizabeth and
the system is extended to 16.4 km inland (Partridge and Maud, 1987). The main source of
sediments in the lower reaches of the estuary is the adjacent beach and the large sandbanks
characterized by the lower reaches (Fig.1.2). Sediments in the middle to upper reaches are

derived from terrestrial origins, mainly by the river catchment (Slinger, 1995).
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Fig. 1.2: A satellite imagery map, showing the location of the sampling stations in Swartkops
estuary and Bluewater Bay beach.

1.3 Relation of grain size with water energy

It is important that the environmental effects and estuarine deposition be understood.
Environmental effects can be very harmful to estuaries, for example, the heavy rain that might



cause floods and major erosions. In estuaries at large, the bank erosion is due to river flooding
and wave action, speed boat wash, windblown, and the destruction of bank vegetation by
people (Carter, 1987). The estuaries are composed of sediments that contain calcite, quartz,
plagioclase and potassium-feldspars also other type of minerals. Other sediments in the
estuaries constitute the organic materials such as small snail and shell fragments normally
found in the sand sediments and the coral in the sandbank. Sedimentation produces the texture
of clastic sedimentary rock by physical process and sedimentation process controls the grain
shape and size.

The grain size is one of the indicators used mostly by sedimentologists for classifying
unconsolidated sediments and consolidated sedimentary rocks, and further to sedimentary
environments. The particle size of the materials depends on the environmental setting,
hydrodynamic strength and time length during the transportation of sediments (Lopez, 2017).
There are various techniques applied in grain size determination, those techniques include dry
and wet sieving, the laser diffraction, sedimentation, and setting and dynamic light scattering
(Lopez, 2017). One of the cheapest and frequently used techniques is the dry sieving technique
where the samples or materials can be dried in the oven with a maximum temperature of 50

degrees Celsius.

1.4 Aim and objectives of the research

The aim of the study is to character the sediments grain size, mineral compositions and the
sedimentary structures, which link to the hydrodynamic environments for the formation of
Swartkops estuary sediments, which is the recent developing industry area for the City of Port
Elizabeth.

The specific objectives of this research are as follows:
e To analyse the sediment grain size distribution to better understand the hydrodynamic
condition at the time of sediment deposition;
e To investigate mineral compositions of the sediments in the Swartkops estuary and to
study the source of sediments and their depositional environment;
e To study the sedimentary structures and depositional process;
e To investigate the effects of water erosion in the estuary and coastline;

e To provide mitigation methods for protection coastal erosion.



1.5 Research questions

As stated in the objectives above, there were several task related questions we need to answer

for the studies on the Swartkops estuary:

How is the sediment grain-sizes distributed in the Swartkops estuary?

What are the mineral types, abundance and the source area for these sediments?
Does grain-size variations link to hydrodynamic energy?

What are the causes for the erosion of the estuary bank and coastline?

How to protect erosion for the coastline environment?

This research project is to address the above questions, and to find effective ways to protect
erosion and the environment.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Swartkops estuary is situated about 8 km north of Port Elizabeth, South Africa, and
geographically located at longitude 25.63° E and latitude 32.87° S (Binning and Baird, 2001),
(Fig. 2.1). The estuary is approximately 16.4 km long and has a permanent open tidal inlet
which connects it to Algoa Bay in the Indian Ocean (Scharler and Baird, 2003). The total
surface area of the estuary is about 4 km? and the average tidal prism is 3 x 10% m® with an
average sediments load volume of 12 x 10° m® (Binning and Baird, 2001). During periods of
low river flow, the estuary is shallow, and turbid, with an average depth of about 3 m (Scharler
and Baird, 2003). The salinity gradient that exists along the longitudinal axis of the estuary
throughout the year must be reversed at times due to high evaporation water levels (Binning
and Baird, 2001). The estuary has extensive intertidal areas. These areas are divided between
sandbanks, mud flats, and salt marshes (Winter, 1990).
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Fig. 2.1: Map of Algoa Bay, with the city of Port Elizabeth in the western sector. The inset
map shows the position of Algoa Bay on the coast of South Africa. The general flow of the
Agulhas current is indicated from north east to south west (Goschen and Schumann, 1988).

The Swartkops River running from west to east to the Algoa Bay.



2.2 Geology of the study area

The Swartkops River originates in the West of Uitenhage, in the Groot Winterhoek Mountains
catchment area (Fig 1.1b and fig.2.2). Between industrial and residential areas is the estuarine
bank. In comparison to the valley's north side, which has a high slope, the south margin is
moderate (Reddering, 1988). The capping of strongly cemented calcareous sandstone of the
Tertiary Alexandria Formation overlies the sediments of the Uitenhage Group, resulting in a
steep slope to the north of the Swartkops estuary (Reddering, 1988). Salt marshes, mudflats,
and sandbanks make up the intertidal portions of the Swartkops estuary (Winter et al., 1990).

The Swartkops Basin is built on a Cretaceous sandstone, shale, and mudstone foundation.
Marine sedimentary layers in high-lying areas and diverse alluvial deposits in the floodplain
cover the latter in a non-uniform manner. The Table Mountain sandstone and quartzite, which
are Palaeozoic Silurian to early Carboniferous deposits, lie beneath the entire system. The
Cretaceous System deposits in the Swartkops Basin can be classified into three formations.
(Reddering and Esterhuysen, 1981), (Fig. 1.1b) namely:

(@) (lower) Enon Formation (fluvial conglomerate)
(b) (middle) Kirkwood Formation (fluvial sandstone, conglomerate and mudstone)

(c) (upper) Sundays Formation (marine sandstone and shale)

The first two formations occur as outcrops in the basin, while the third formation forms the
northern escarpment and major part of the hills to the south of the Swartkops River (Fig.1.1b).
These units integrated as the Uitenhage Group, which has been dated as Late Jurassic to Early
Cretaceous deposits (McMillan et al., 1997). More younger sediments, Late Tertiary to Recent
Deposits of estuarine and marine origin occurs in the valley and river streams and at the raised
beaches along the coastal fringe (HKS, 1974).
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1981).

2.2.1 The Enon Conglomerate Formation

The Enon Formation primarily consists of conglomerate and underlies the Kirkwood
Formation and overlies the Cape Fold Belt (Fig. 1.1b and 2.3). It is a geological formation
found in the Eastern Cape and Western Cape along the south coast of South Africa. The basic
features of the Enon Formation contain thick bedded, poorly sorted, pebble to cobble
conglomerate with sub- to well-rounded clasts, and alternated with sandstone and mudstone
(Viljoen et.al., 2017), (Fig. 2.3). The characteristics of sedimentary features indicate that the
Enon Formation was deposited by high energy alluvial steams. Enon Formation sediments crop
out along the northern margin of the basin and have been found in the Elands River valley near
the Uitenhage (Frost, 1996).



Figure 2.3: Photograph showing Cretaceous conglomerate of Enon Formation in Port
Elizabeth area.

2.2.2 The Kirkwood Formation

The Kirkwood Formation is outcropped in the Eastern and Western Cape Provinces in South
Africa (Fig. 1.1b). The Kirkwood Formation is made up of mostly sandstone and mudstone
(Fig. 2.4). It overlies the Enon Formation and underlies the Sundays River Formation and can
be divided into 3 members, that is the Swartkops Member which consists of sandstone rich
unit, and lack of fossils; whilst the Colchester Member and Bethelsdorp Members contain dark
grey mudstone and small amounts of sandstone (Muir et.al., 2017). The thickness of Kirkwood
Formation is highly variable but outreaches its maximum thickness in the Algoa Basin (Muir
et.al., 2017). The Kirkwood Formation in the Algoa Basin area consists of silty weathered
mudrocks and small amounts of sandstone. The Kirkwood Formation in the Algoa Basin has
given in the richest animal and plant fossils. The fossiliferous marine to estuarine rocks of the
Colchester Member within the lower part of the Kirkwood Formation are indicative of changes
in relative sea level and near to the fluvial system to marine shorelines during the Early

10



Cretaceous time (Bordy et.al., 2015). Kirkwood Formation does not have significant age-
diagnostic is normally considered as being between Late Jurassic and Early Cretaceous in age
(Bordy et.al., 2015).

Kirkwood
Formation ®

Figure 2.4: The map on the left shows the location of the Kirkwood Formation and the spread
shown in figure 1.1b, which is one of the main source areas for Swartkops River sediments,
while the photograph on the right shows interbedded porous medium to coarse-grained

sandstone above maroon shales (Chabangu et.al., 2014).

2.2.3 Sundays River Formation

The Sundays River Formation is the youngest formation found within the Uitenhage Group of
the Algoa Basin (Fig. 1.1b). It overlies the Kirkwood Formation and underlies the Algoa
Group. The Sundays River Formation consists of sedimentary rocks that are largely fine to
medium-grained grey sandstone with shell fragments, mudstone, and siltstone (Fig.2.5). The
deposit was in a shallow marine environment such as estuarine and lagoons. The outcrop of the
Sundays River Formation consists of greenish-grey mudstone, and some contain gypsum and
secondary limestone (Hattingh and Fourie, 2010), which indicate possible higher salinity of
shallow marine to lagoon environment. The Sundays River Formation is largely covered by
Tertiary to modern deposits (Hattingh and Fourie, 2010). Invertebrate fossils such as
gastropods and bivalves are common in the Sundays River Formation, and they indicate
Neocomian which is a Lower Cretaceous age unit (Hattingh and Fourie, 2010). The Uitenhage
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Group rocks are made up of fluvial conglomerate at the bottom and younger marine mudstone
at the top, reflecting a marine transgression cycle and a fining upward succession during
Cenozoic times (Choiniere, 2016). The Sundays River and Kirkwood Formation rocks are best
exposed through the steeper river banks of the Sundays and Bushman's Rivers in the north of
Swartkops River (Choiniere, 2016).

Figure 2.5: Photograph showing the Sundays River Formation dominated by mudstone with

alternated siltstone and sandstone layers.

2.3 Sediment distribution along the estuary

There are two main areas where the sediments are derived. The beach is regarded as the first
that is next to the river. Marine-derived sediments typically enter the estuary through the flood-
tides, although fewer residues leave the estuary during the seaward flow. When sediments are
deposited in this form, they gather together on the flood tidal deltas, making the channels of
the lower estuary to be in shallow water or simple to shoal. Mud deposits are present in the
upper part of the estuary, and the content of mud in the sediment of Swartkops estuary is low.
The large lenses point out that the estuarine deposits have been influenced over by river floods.
The dominant structure is fluvial; other than that, the sediment restrains the skeletal remains of

the mollusc that comes within the estuary (Reddering and Esterhysen, 1981). The cross-
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bedding points out that the sediments were gathered together on tidal flood delta (Reddering
and Esterhysen, 1981). The upper estuary contains more concentrated mud deposits, resulting

in steep banks (Reddering and Esterhysen, 1981).
2.4 Hydrodynamics

Hydrodynamic conditions in the estuary are variable, not only in different estuary types but
also in one estuary that could be different due to seasonal and climate change. The mouth of a
river gets wider after the significant floods; apart from that, the water interchange is substantial
after long dry periods. The sand in the mouth area is moved in and out of the Swartkops estuary
mouth by strong tidal currents. The arrangement gets different and endless, which affects the
tidal movement inside the estuary. It has become significant and precise that when major, the
mouth can become a restriction on the floodwater movement to the sea. The flow of freshwater
and the velocity tidal form the start of the likely cause of classifying the estuaries (Mark and
Kowalewska-kalkwska, 2015). Current in many stratified estuaries is primarily brought around
by the density and elevation dissimilarities between fresh and the salt layers (Mark and
Kowalewska-kalkwska, 2015).

One effect is forcing water circulation within the estuarine, which is referred to as tidal
straining. That alludes to slight differences in;stratification conditions that may not get as far
as to the well-mixed limit (Mark and Kowaleswska-kalkwska, 2015). In estuarine circulation,
a stratified system amounts to or constitutes an extent of potential energy. In whatever way,
kinetic energy is present in the movement of estuarine waters, giving less to tides, wind, and
density differences (Schumann et.al., 1999). The Kkinetic energy is interconnected to turbulent
kinetic energy, lifting heavier water and adding the stratified water column to a mixed water
column representing a high state of potential energy (Schumann et.al., 1999). Bluewater bay
beach is situated in the Algoa Bay and is exposed on the east coast of South Africa, and the
easterly winds bring deep ocean waves into the bay (Ndibo, 2017). Storms, winds, and the
seafloor topography are features that determine the direction and the elevation of the bay
(Bremner, 1991).

2.5 Fluvial floods

The Swartkops estuary is subject to regular floods, unpredictable in duration and extent
(Marais, 1982). A combination of tidal sea surges commonly causes flooding in estuaries and
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is made by winds and low barometric pressures and may be exacerbated by high upstream river
flow, in instances such as a tropical cyclone or extratropical cyclone. The morphology of
alluvial channels and floodplain is very much overdone by high discharge (Andrew and
Cooper, 1993). Consequently, floods might be regarded to produce marked geomorphological
changes in large rivers that are supplied by estuaries. The impacts of the significant floods on
rivers and estuaries are inadequately recorded to the extent of these rare occuerence. The role
of such floods in long-term sedimentation and stratigraphic records is not known clearly
(Andrew and Cooper, 1993). For an estuary structure or system, surge and ebb-tidal dominance
are the essential ideas. An asymmetry in the tidal waves in which the ebb phase speed and that
of a flood are different and induced by the difference in an induced asymmetry gives rise to a
partiality for import or export of sediment (Townend and Pethic, 2002). The flooding has been
a massive problem in the Swartkops estuary (Fig 2.6). The higher levels of the flood have been
affected by the urban development on the upper valley, which has constituted the stormwater
runoffs maximum level into the river. Unclean water discharge and surface water runoff need
to be considered (Baird et al., 1986). The overflow of the Swartkops alluvial and estuarine
floodplains is happening over an average of 25 years (Carter, 1987). Intertidal areas bring
about notably tidal prism which stops the mouth through scour and, also the development
alongside the banks of the Swartkops Riverand to the other side such as the Swartkops Railway
Bridge, which has affected the characteristics of flooding of the minor extent of the river
(Carter, 1987). According to Reddering, the severe floods in the Swartkops estuary remove
sediments down to the erosion base, which stretches from the estuary to the mouth of the
Sunday’s estuary (Marais, 1982). The estuaries with lots of tides have characteristics of
downstream in back-barrier response to floods. There is no cohesive tidal delta, and sand
barriers are eroded when floods occur (Cooper, 2001). In some cases, estuarine floods tend to
show a triggering mechanism that draws a movement of sediments that accumulates and takes
the involved recycling of a confirmed amount of volume of sediment at the barrier (Cooper,
2001).
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Fig. 2.6 The aerial photograph shows flooding in Swartkops River.

2.6 Coastal erosion

2.6.1 Estuarine shoreline erosion

Estuaries are a significant ecosystem, and it is quite necessary to understand the coastline
changes for the importance of the resource risks. The rise of the sea level can comprise of
shoreline erosion, marine submergence, inundation of low-lying coastal areas; these outcomes
may be magnified by an increase in storm events (Cowart, 2009). The estuarine shoreline is
regarded as a dynamic feature that experiences continued erosion. Therefore, the land is lost
by short-term processes such as erosion by storms, tidal currents, and rising sea level, which is
regarded as a long-term process. Once the coastal sediments are in motion, they are now
reconstructed and generally based on the grain size and the weight (Rogers and Skrabal, 2001).
Natural factors that influence the shoreline change and the shift in the shoreline and the changes
in the habitat can result in the environmental alternation (Goodwin, 2007). Previous studies
reveal that shoreline erosion is exceptionally variable from site to site, with significant ranges
in erosion rates that give evidence over short distances. Studies show that the mainland marshes
and low sediment bank have the highest estuarine recession rates (Corbett et al., 2008). In the
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Eastern Cape of South Africa, the erosion in those catchments are aggravated by the regional
climate's characteristics (Fig 2.7). By the way, the maximum flood rates, drought, and reduced
vegetation cover results in intensive grazing and low moisture percolation of clay soils, which
constitute erosion and sedimentation (Vernon et al., 1993). There are numerous cases of
stabilizing the estuarine shore, such as land planning, vegetation control, the wetland toe
protection, riprap revetments, the sill which is designed to protect or restore the existing or
newly planted wetland vegetation, the riprap revetment, which is a sloping structure parallel to
the shoreline constructed against the bank to protect it from erosion while absorbing wave
energy and the bulkheads which is the vertical structure parallel to the shoreline designed to

prevent overtopping, flooding or the erosion of the land.

Fig. 2.7: Road erosion caused by wave and tide current at Port Elizabeth coast in 2012.

Those are subjected to the states as geological and geotechnical characteristics of the estuary
basin bed (Santos and Ferreira, 2017). In estuaries, erosion rates can be high if there is a lack
of deposition sediments between storms and a little number of sediments and bay shorelines to
replenish losses (Nordstrom, 1989). Erosion along the beach and estuaries and the loss of
forefront properties are the results of environmental factors that act together resulting in
erosion, to mitigate such acts, it is important to control the climate change on coastal processes,
and the most responsible factor is global warming which causes the sea level rise (Wolanski

and McLusky, 2011). Coastal erosion is again fasting up by local human interventions, leading
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to a decrease in the volume of sand gravel that reaches the ocean beaches, such as the
construction of dams on rivers whereby there could be a cut off of the primary source of
sediment to the beaches (Wolanski and McLusky, 2011).

2.6.2 Beach erosion

Beach erosion may be caused by hydraulic action, abrasion, corrosion, and impact by wind,
water, and other forces which can be natural or unnatural. Beach formation starts as eroded
continental material such as sand, gravel, and even cobble material washed by streams and
rivers. Dissipative beaches are typically eroded by swash bores and undertows associated with
elevated water levels and storm surges (Hesp, 2011). Erosion induced by storm at a particular
site can be affected by pre-storm beach profile and geological conditions (Zhang et.al., 2001).
Big storm waves are the direct result of erosion; nevertheless, the storm tide determines the
position where storm waves attack beaches and dunes (Zhang et.al., 2001). Beach erosion and
dune scarping are laterally continuous alongshore and, at times, catastrophic or disastrous
(Hesp, 2011). Beach erosion predictions from any cause are essential in coastal management
(Short and Jackson, 2013). It forms the underlying support of setback and hazard lines, buffers
zones, and retreat strategies and approximates sediment volumes needed in beach nourishment
projects (Short and Jackson, 2013). Beaches can promote critical marsh and wetlands habitats,
but storms can reshape them abruptly and dramatically. Beach resilience is quite limited in low
energy environments where regular waves are strong enough to take back the sand that storm
waves deposited (Duvat, 2009). Human-induced beach erosion can be minimal due to the

coastal zone's low development level (Duvat, 2009).
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Fig. 2.8: Photograph shows erosion caused by waves and stirring up of currents along the

shore on a coastal tarred road.

2.7 Estuarine sediment dynamics

Estuaries can be regarded as a tidal pulsing of sediments that move upstream under low river
flow, and with high tidal flow conditions and in some instances (Fig. 2.9), the downstream
sediments that are pulsing downstream of sediments with high river flow and weaker tidal
flows and by the way the delivery of sediments happens on the coastal zones and the catchment
(Wolanski and Elliot, 2016). Marine sediments in the lower ridges dominate the Swartkops
estuary, and the fluvial deposits dominate the central and upper highlands. The main channel
in the Swartkops estuary of the lower reaches consists of the sandy substrate (Baird et.al, 1986).
Estuaries are dominated by clays, silts with sands, and larger sizes deposited at the head of the
estuary or even in the ocean entrances. Almost all the sediments in the estuary are called mud
since the residues include organic and inorganic materials, fine-grained sediments and clay
sizes and some silts; in the case of transportation, deposits are characterized by their size,
composition constituents, and cohesion (Mehta and MeNally, 2009). In the Swartkops estuary,
the meanders, river beds, and flood plains were devised to a period of sea level. The Swartkops
estuary seemed to be in a firm or steady phase, andthat being the reason for minor variations,
which are typical in the natural behaviour such as sandbanks in the estuary (Baird et al., 1986).
In the sediment movement, there is a frictional drag responsible for water movement that covers
sediment beds. This frictional drag exerted by water is also responsible for the sediment grains
at the water-sediment interface. The sediments' action starts when the shear stresses and the
lifting forces from the turbulent currents become great to overcome frictional and gravitational
forces binding the grains together on the bed (Schumann, 2003). Estuaries comprise many
dynamic environments at large, so they have an objective in riverine systems merge with
marine systems, and they show both floods and droughts and even the waves and tides
(Reisinger et al., 2017). In estuaries, the river and the tidal flows produce estuarine and

sediment dynamics (McLachlan et al., 2017).
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Fig.2.9: Sediment dynamics between high discharge and low discharge in the tidal river to

estuarine reach (McLachlan et al., 2017).

2.8 Beach sediment dynamics

Beaches consist of sediments that.can:range in size from the sand up to cobbles and boulders.
Adequate sand results in shallow gradient beaches, while cobbles may be stacked at a steep
angle. Bluewater bay beach consists mainly of sands, and it is a wave-dominated deposited
accumulation of sediment located at the shoreline and dunes. The deposition is through wave
action and induced currents rather than tide induced or wind-induced currents (Van Rijn, 2010).
Generally, sand coasts such as Bluewater bay are open coasts exposed to wind-generated
waves. They may vary from flat, low energy, straight coastal beach plains to steep, high energy
deficient, and irregular bay headlands (Van Rijn, 2010). Coastal dynamics result from three-
dimensional sediment movements over time, driven by waves, currents and winds, which are
influenced by the shape of the sediment mass, being the landform that defines the configuration
of any given section of the coast (Eliot, 2016). Landforms may persist over time either when
their features, such as beach, limit sediment transport capacity or when sediment supply rates
and loss from the landform occur over a perspective timescale (Eliot, 2016). Beaches and

shoreface consist mainly of quartz materials.
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Heavy minerals are sometimes found as concentrated deposits within the beach and may erode
and become exposed during storm events. Beaches may include materials from biogenic nature
like carbonates; carbonates can be formed by direct precipitation seawater saturated with
calcium carbonates. Shells and shell fragments are found on many beaches, and they are
concentrated on the coast by wind and wave action. Numerous organisms can transform
sediment particles into more solid material, producing protective erosion-resistant bottom
layers (Van Rijn, 2010). Sandy beaches are subject to erosion, especially during winter storms
and are globally retreating under sea rising sea-level. Bluewater bay beach are directly exposed
to waves; greater energy is associated with the deep ocean swell (Goschen and Schuman,
2011). Beaches inside estuaries differ in form and structure, and those on the open coast (Eliot,
2016). These can physically separate erosion and recovery sediment pathways and often result
in limited beach recovery after storm events unless there is a sediment source active under

prevailing conditions (Eliot, 2016).
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CHAPTER 3 METHODOLOGY

3.1 Introduction

In this research, the materials and methods used involves the collection of data along the estuary
and the coast which is the process of obtaining the information and the data from the field. The
methodologies adopted in this work include the literature review, laboratory analysis and field
work investigation. The laboratory work constitutes the petrographic, mineralogical analysis,
the (SEM) scanning electronic microscopy, the (XRD) x-ray diffraction analysis and the grain

size analysis.

3.2 Field observation

The fieldwork was carried out in June 2019 in Swartkops estuary, and some samples were
sampled in the Bluewater Bay beach. The Swartkops estuary consists mainly of Cretaceous to
Jurassic Uitenhage Group deposits, and floodplain areas are formed by quarzitic sandstone
along the river banks. The estuary consists of a clast deposit of gravel and boulders. From the
estuary to the Bluewater Bay, the area is mainly of sand and the dunes as the most common
component along the area and also with pebbles and shells and quartz veins (Figure 3.1). Sixty-
one samples were collected along the Swartkops estuary to the Bluewater Bay but in different
locations (Fig. 1.2). Of those sixty-one samples, fifteen samples were collected from the
Bluewater bay, and Forty-six samples were collected from Swartkops estuary. The GPS was
used for the coordinates of the locations. Between the Swartkops estuary and blue water bay,
there were sedimentary structures observed, such as real marks, swash zone, and ripple marks.
The Swartkops, on its own, has a lot of channels, and the plain is finer with different sediment,
which depends on water energy and lots of snail shells, the pebbles are lighter which were
exposed for a shorter time, and the darker one which was exposed to a longer time. The
Swartkops estuary has a lot of engineering projects used to protect the river bank. The

Swartkops estuary has a lot of vegetation for retaining the water and full water swamps.

21



5 o ey
e g &

Fig.3.1: The photograph shows field observation from Swartkops estuary to Bluewater beach,
photograph (A) showing quartzite with quartz veins (black arrow), photograph (B) showing
sand dune with vegetation, photograph (C) showing small pebbles (yellow arrow) and

photograph (B) showing shell fragments.
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Fig.3.2: The photograph showing students in the field observation and sampling along the

Swartkops estuary.

3.3 Grain-size sieving analysis

The sand samples were collected for sieve analysis for determining the particle size
distribution for sand materials: by allowing the sand to pass through a series of sieves of
progressively smaller mesh sizes. The material that is-retrieved in each sieve is weighed as a
fraction of a whole mass. Therefore, the data (sand samples) collected in Swartkops estuary
and blue water bay was dried up in the laboratory machine oven at the maximum temperature
of 50 degrees Celsius. A pan and six sieves were used for sieving, the start was on the large
sieve with a large diameter of 2.0 mm (-¢) on top to a smaller sieve of the diameter of 0.0625
mm (4¢), and the Wentworth scale can show a pan of 0.031 mm (5¢). For mineral analysis,
some measured mass sediments retained were used for analysing the minerals present in the

sand materials. The sediments retained on each sieve were measured and recorded.
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Fig.3.3: The process and equipment for the grain size analysis.

3.4 Petrographic microscope

The sediments were first dried up in the oven at a maximum temperature of 50 degrees Celsius.
The sediments were then sieved before the mineral analysis so that there could be a range of
grain size. Ten samples were separated in plastic bags and were achieved with the use of a
progressive finer abrasive grit. The smooth samples were mounted on a 26 mm by 46 mm glass
microscope slide using Struers specific resin mixed with Struers specific -40 curing agent in
the ratio 5:2 by weight and they were left for 48 hours and observed under the microscope (Fig.
3.4). The magnifying microscope was used to identify the minerals that constitute the sediments
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(Fig. 3.4). The minerals were then observed and recorded, and the pictures were taken and will
be shown in the mineralogical composition chapter. The camera piece was used to observe the
samples on the computer screen to make it simple to record the samples images. Photographs
of different minerals and their petrological textures were studied to ascertain the mineral

compositions and sorting of grains.

Fig.3.4: Photograph showing Struers trimming machine (Accuton-50) (yellow arrow) for
thin section preparation at the Geology department’s thin section laboratory, University of

Fort Hare.
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Fig.3.5: The photograph shows the microscope studies for minerals composition analysis.

3.5 SEM and EDX analysis

A scanning electron microscope (SEM) was used for revealing useful information about the
sample, including texture, grain morphology, and recrystallization of the samples (Fig. 3.5).
The SEM played a considerable part in studying the relationships between the minerals texture
and shape. The samples were first coated using the carbon coating. The coating was to prevent
the charging of the specimen from occurring due to the static electric field. The energy
dispersive x-ray (EDX) was for the determination of the mineral chemical compositions in the
samples.

Each sample was coated with gold-palladium with the use of Cressington 108carbon/A carbon

coater. The scanning electron microscopy (SEM) machine Model was Jeol JSM-6390LV,
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JEOL, Tokyo, Japan in a working condition of 15 KV. The quipped Energy Dispersive X-Ray
micro-analyzer (EDX) Model was Jeol JSM-6390SEM, JEOL, Tokyo, Japan). The study was

done at the University of Fort Hare.

Fig.3.6: Photograph shows the Scanning Electron Microscope (SEM) and the Energy
Dispersive X-ray spectrometry analysis (EDX). JEOL JSM-6390 LV model Scanning Electron

Microscopy.

3.6 The X-ray diffraction analysis (XRD)

The XRD analysis is a non-destructive test method used to analyze the structure of the
crystalline materials. It is used to identify the crystalline phases present in a material and
thereby reveal chemical composition information. It is also a measurement tool for sample
purity. The eight sample sand materials were sent (about 10 grams each) to the XRD analytical
and consulting in Pretoria where the samples were analyzed using the backloading preparation
method. Diffractograms were obtained using the Malvern Panalytical Aeris diffractometer with
PIXcel detector, and fixed slits with Fe filtered Co-Ka radiation. The phases were identified
using X'Pert Highscore plus software. The relative phase amounts (Weights %) were using the

Rietveld method. The scanning speed is 1° 26/minute.
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3.7 Instruments used during the research
» Geological harmer;

» Digital camera for capturing outcrop and photos in the field;

* Global positioning system (GPS);

» Sieve set and weighing balance;

« Laboratory machine oven for drying of samples;

» Petrographic microscope;

» Scanning Electron Microscope (JEOL JSM-6390 LV model) equipped with Energy
Dispersive X-ray spectrometry.
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CHAPTER 4 GRAIN SIZE ANALYSIS

4.1 Introduction

Grain size analysis is an important tool for differentiating and classifying sedimentary rocks,
hydrodynamic energy and sedimentary environments. Grain size analysis provides a clear
picture of the sediment distribution and transport hydrodynamics in various conditions (Blott
and Pye, 2001). VVarious mechanisms affect the grain size distribution, such as transport media,
distance and local topography since grain size analysis also reflects sorting and the shape
parameters (roundness and sphericity) of particles, which closely linked to the transport
distance, current energy and depositional processes. The grain size of siliciclastic sediments

can reflect the hydraulic energy of the environment.

The finer grains accumulate in slow-moving water and the coarser grains are carried by strong
flowing currents. Grain size analysis is dependent on statistical parameters such as mean,
sorting, skewness and kurtosis. The samples are presented for well sorted, moderately sorted,
and poorly sorted. The beach samples are generally well sorted. The estuarine sediments are
categorized as poorly sorted, moderately and few well sorted. Sorting is used for clear

description for grain size distribution and it reflects the hydrodynamic condition.

Based on the grain size, unconsolidated (soft) sediments are divided into four categories which
are gravel, sand, silt and clay. The particle size is measured on diameter and is transferred from
millimeters to phi scale. The classification of grain size in millimeter scale and phi scale is list
in the Table 4.1 below.
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Table 4.1 Classification of sediments and sedimentary rocks based on the grain-size
(Friedman and Sanders, 1978; modified from Blott and Pye, 2001).

Grain size Descriptive terminology
phi mm/um Udden (1914) and Friedman and GRADISTAT program
Wentworth (1922) Sanders (1978)
Very large boulders
—11 2048 mm
Large boulders Very large
—-10 1024
Medium boulders Large
-9 512 Cobbles
Small boulders Medium Boulders
-8 256 A —
Large cobbles Small
-7 128
Small cobbles Very small
-6 64
Very coarse pebbles Very coarse
=5 32
Coarse pebbles Coarse
-4 16 Pebbles
Medium pebbles Medium Gravel
=3 8
Fine pebbles Fine
= 4 —
Granules Very fine pebbles Very fine
-1 2
Very coarse sand Very coarse sand fery coarse
0 |
Coarse sand Coarse sand Coarse
1 500 pum
Medium sand Medium sand Medium Sand
2 250
Fine sand Fine sand Fine
3 125
ery fine sand Very fine sand Very fine
4 63
Very coarse silt Very coarse
5 31
Coarse silt Coarse
6 16 Silt
Medium silt Medium Silt
7 8
Fine silt Fine
8 4
Very fine silt Very fine
9 2 Clay
Clay Clay

Grain size analysis has now become a wide used research method in sedimentology. Numerous
authors had used this method to study different aspects of sedimentary topics, such as Folk and
Ward (1957), Passega (1964), Sahu (1964), Friedman (1967), Middleton and Hampton (1976),
Friedman (1977), Friedman and Sanders (1978), McLaren (1981), Blott and Pye (2001), and
Boggs (2009), to mention a few.
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Grains in sedimentary rocks depict a wide range of size distributions, hence the frequencies of
grain size ranges determine the grain size classes (Wentworth, 1929). The unit of grain size

millimetre converts to a phi (@) scale using the expression as below:

@=-log2D
Where @ and D represents the phi size and grain diameter in millimetre scale respectively. The

obtained grain size data were presented as frequency.

4.2 Grain size measurements for sediments

Grain size analyses were done for sixty one samples. The results of the grains size for estuary
and beach sediments were graphically presented as histograms and cumulative frequency
curve. Figure 4.1 to 4.17 represent the typical groups of grain size distribution, and the
Appendix A (Figure Al to A61) are the remained grain size distribution graphs which were not
listed in the text to save the text length. Statistic parameters were calculated for all the samples

and the results are presented in Table 4.3.

The following parameters are calculated for each sample in this study, all these parameters are

measured in phi (@) units.

e Median (Md) - corresponds to the 50 percentile on a cumulative curve, where half the particles

by weight are larger and half are smaller than the median. Md= ¢50

« Mean (Mz) - is the average grain-size. Several formulas were used in calculating the
mean in the previous literature by different authors. The most widely used graphically
derived value is that given by Folk and Ward (1957). It indicates the central tendency
of a grain size distribution. The calculation formula is listed as below.

M= <1>16+5(;c1)+84<1>

e Standard deviation (Sorting, o)) - is a measuring of the grain-size variation of a sample
by encompassing the largest parts of the size distribution as measured from a
cumulative curve (Folk and Ward, 1957).
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o1 $84— ¢p16 n $95— ¢5
4 6.6

Skewness (Ski) - measures the degree of symmetricity of grain size distribution, and
descripts the majority of the grain size. The more the calculated skewness values
deviate from zero, the more the skewed. The formula of calculation of skewness
proposed by Folk and Ward (1957) is listed as below.

Sk = BLET B4-2(050) | b5+ $95-2(950)
I T (984- d16) 2($95— $5)

Kurtosis (Kg) - is a measure of peakedness in the size distribution curve where the phi
values represent the same percentages as those for sorting (Folk and Ward, 1957).

Actually, kurtosis measures the sorting ratio rather than peakedness of the frequency
curves. In cases where the tails are better sorted than the central parts, then it is referred
to as platykurtic, and when the central part is better sorted, it is known as leptokurtic.
Furthermore, if tail and the central part are both equally sorted, then it is called

mesokurtic.

_ 95— 95
G~ 2 4a($75- $25)

Table 4.2 Formulas for calculating grain size parameters (Source: Folk and Ward, 1957).

y. = 16 + P50t Pga
Mean z- 3 1)
o 0; = <Ps4;€016 + Qoaz—éfps
Standard deviation ' (2)
(Sorting)
(@84 + 916 — 2¢050) | (@95 + @5 — 2¢50)
2(¢ga — P16) 2(¢95 — s)
Skewness
_ K. = (@95 + @s)

Kurtosis 67 244(0,5 — @y5) 4)
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Table 4.3 Parameter values of the grain size analyses for collected samples.

Sample | Mq (¢) Mz (P) o1 Sk Ke
No

S1 2.10 2.16 0.62 0.07 0.81
S2 2.50 2.57 0.30 0.17 1.01
S3 2.49 2.58 0.34 0.30 0.98
S4 2.70 2.67 0.41 -0.08 1.05
S5 2.50 2.63 0.46 0.20 0.56
S6 2.60 2.67 0.45 0.17 0.94
S7 2.70 2.67 0.41 -0.09 0.89
S8 2.60 2.60 0.36 0.04 0.90
S9 2.60 2.63 0.32 -0.03 0.81
S10 2.70 2.67 0.38 -0.19 1.03
S11 2.50 2.53 0.47 0.01 0.70
S12 2.40 2.57 0.40 0.40 0.81
S13 2.50 2.53 0.44 0.02 1.22
S14 2.40 2.53 0.44 0.39 0.66
S15 2.20 2.43 0.49 0.47 0.60
S16 2.70 2.57 0.55 -0.50 1.17
S17 2.90 2.76 0.46 -0.41 0.90
S18 2.50 2.50 0.64 -0.06 1.17
S19 2.10 1.30 1.67 -0.51 0.90
S20 1.00 0.93 1.60 0.01 0.76
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S21 2.20 2.10 1.05 -1.10 2.86
S22 2.20 2.36 0.90 0.07 3.60
S23 1.60 1.97 0.60 0.58 0.78
S24 2.30 2.30 0.66 -0.42 1.22
S25 2.50 2.43 0.53 -0.28 0.90
S26 1.00 1.30 1.40 0.26 0.91
S27 2.50 2.16 1.23 0.90 3.68
S28 1.50 1.80 0.76 -0.01 0.88
S29 1.80 1.93 0.73 0.21 0.30
S30 2.50 2.00 1.44 -0.32 1.13
S31 2.50 1.63 1.00 -1.37 1.46
S32 2.10 1.67 1.18 -0.39 0.52
S33 2.40 1.76 1.31 -0.43 3.90
S34 2.50 2.47 0.32 -0.06 1.02
S35 2.50 2.47 0.42 -0.17 1.33
S36 2.50 1.80 1.19 -0.66 0.48
S37 2.50 1.76 1.15 -0.72 1.63
S38 2.50 2.43 0.52 -0.31 1.48
S39 2.61 2.57 0.48 -0.22 0.99
S40 2.71 2.57 0.76 -0.49 1.88
S41 2.51 2.50 0.53 -0.28 2.25
S42 2.40 1.83 1.09 -0.61 2.11
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S43 2.60 2.57 0.57 -0.33 2.35
S44 2.50 1.90 1.13 -0.62 1.87
S45 2.60 2.53 0.47 -0.39 1.85
S46 2.61 2.47 0.68 -1.61 1.69
S47 2.30 2.40 0.54 0.09 2.15
S48 2.50 2.50 0.67 -0.17 1.43
S49 2.50 2.53 0.35 0.07 1.63
S50 2.40 2.43 0.71 -0.17 1.69
S51 2.50 2.30 0.78 -0.50 2.97
S52 2.60 2.50 0.74 -0.44 2.11
S53 2.50 2.43 0.64 -0.36 1.77
S54 2.70 2.53 0.41 -0.60 2.18
S55 2.60 2.53 0.44 -0.31 1.31
S56 2.50 2.50 0.47 0.10 1.22
S57 2.70 2.63 0.50 -0.12 1.16
S58 2.70 2.67 0.57 -0.13 1.34
S59 2.50 2.56 0.45 0.03 1.39
S60 2.80 2.67 0.67 -0.52 191
S61 2.60 2.60 0.52 -0.11 1.47
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Table 4.4: Verbal classifications of the sorting, skewness and kurtosis (after Folk, 1974).

SORTING (1)

Very well sorted <0.35
Well sorted 0.35to0 0.50
Moderately well sorted 0.50t00.71
Moderately sorted 0.71to0 1.00
Poorly sorted 1.00 to 2.00
Very poorly sorted 2.00 to 4.00
Extremely poorly sorted >4.00

SKEWNESS (Ski)
Coarse-skewed -1.00t0 -0.30

Strongly coarse-skewed -0.30t0 -0.10

Near-symmetrical 0.10t0 -0.10
Fine-skewed 0.301t0 0.10
Strongly fine-skewed 1.0t00.30

KURTOSIS ( K&)

Very platykurtic <0.67
Platykurtic 0.67 t0 0.90
Mesokurtic 090to1.11
Leptokurtic 1.11 to 1.50
Very leptokurtic 1.50 to 3.00
Extremely leptokurtic > 3.00

4.3 Beach Sediments

Beach samples are characterized by fine to medium sands in size, well sorted and unimodal in
grain-size distribution. The samples mostly retained in 3 Phi size which represents as fine
sands. The cumulative frequency curve (Fig. 4.1-4.4) is sharply angled and shows the grain

size is very concentrated.
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The Swartkops beach is dominated by well sorted sediments. According to Folk (1951), well
sorted sediments suggest a mature to a super-mature stage of textural maturity of sands. The
dominance of well sorted confirms that the sediments were deposited on a shallow marine
environment or the beach environment where tide and wave currents sort the sediments by size
(Friedman, 1961; Blott and Pye, 2001). This group includes 16 samples. For the sake of saving

text space, we list only four representative samples as below.

Sample 1 (Beach sands)

Table 4.5 Retained and cumulative percentage of grain size for sample 1. Aliquot mass
=322.39g.

Sieve size (¢) Mass retained | % retained | Cumulative %
@)

-1 1.21 0.37 0.37

0 2.13 0.66 1.03

1 2.80 0.87 1.90

2 82.21 25.58 27.48

3 230.62 71.76 99.24

4 2.26 0.70 99.94

5 0.12 0.06 100

Retained total mass 321.35¢

Aliguot mass — retained total mass

Error = 100% x Aliquot =0.3%
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Fig. 4.1: Histogram (left) and cumulative frequency curve (right) of the Sample 1, showing
the grain size distribution varied from 1.5-3.5 phi which is dominant at 3 Phi (0.125 mm)

and a part of at 2 phi (0.25 mm).

Sample 2 (Beach sands)

Table 4.6 Retained and cumulative percentage of grain size for sample 2. Aliquot
mass=259.94q.

Sieve size (¢) Mass retained | % retained Cumulative %
(@)
-1 2.00 0.77 0.77
0 0.97 0.37 1.14
1 1.35 0.52 1.66
2 11.94 4.64 6.30
3 237.63 92.48 98.78
4 2.31 0.89 99.67
5 0.75 0.29 99.96
Retained total | 256.959
mass

Error =1.1%
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Fig. 4.2: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 2. The grain size is dominant at 3 Phi (0.125 mm) followed by

small percentage of grain size of 2 Phi (0.25 mm).

Sample 14 (Beach sands)

Table 4.7 Retained and cumulative percentage of grain size for sample 14. Aliquot mass =
397.14 g.

Sieve size () Mass retained (g) | % retained Cumulative %
-1 0.10 0.02 0.02

0 0.20 0.05 0.07

1 1.54 0.38 0.45

2 29.77 7.51 7.96

3 347.85 87.80 95.76

4 11.98 3.02 98.78

5 4.72 1.19 99.97

Retained total mass 396.169

Error=0.2 %
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Fig. 4.3: Histogram (left) and cumulative frequency curve (right) of Sample 14, showing
grain size varied from 1.5 phi to 4.5 phi, and well sorted nature, with dominant size at 3

Phi (0.125 mm) and minor at 2 Phi (0.25 mm) and 4 phi (0.0625 mm).

Sample 15 (Beach sands)

Table 4.8 Retained and cumulative percentage of grain size for sample 15. Aliquot mass =

291.99 g.

Sieve size (¢) Mass retained | % retained Cumulative %
(9)

-1 3.41 1.16 1.16
0 1.99 0.68 1.84
1 3.06 1.04 2.88
2 10.19 3.49 6.37
3 266.94 91.45 97.82
4 3.21 1.09 98.91
5 3.09 1.05 99.96
Retained total mass | 291.89g

Error = 0.03%
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Fig. 4.4: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of Sample 15. The grain size is dominant at 3 Phi (0.125 mm) followed by

small percentage of grain size of 2 Phi (0.25 mm).

4.3.1 Grain size statistical parameters of beach sediments

The parameter of grain size analysis for beach sediments are listed below (Table 4.9).

Table 4.9 Parameter values for beach:sediments

Sample | Mg Mz |o1 |Sk Ke Explanation for kurtosis, Skewness
No () () and sorting

S1 2.10 | 216 |0.62 |0.07 |0.81 | Moderately well sorted, near

symmetrical and platykurtic

S2 250 | 257 |0.30(0.17 | 101 | Very well sorted, fine skewed and
mesokurtic

S3 249 | 258 |0.34 (030 |0.98 | Very well sorted, fine skewed and
mesokurtic

S4 2.70 | 2.67 |0.41|-0.08 | 1.05 | Well sorted, near symmetric and
mesokurtic

S5 250 (263 |0.46|0.20 | 0.56 | Wellsorted, fine skewed and very

platykurtic




S6 260 | 267 |0.45|0.17 |0.94 | Well sorted, fine skewed and

mesokurtic

S7 2.70 |2.67 |0.41|-0.09 | 0.89 | Well sorted, near symmetric and
platykurtic

S8 260 |2.60 |0.36 {0.04 |0.90 | Wellsorted, near symmetric and

mesokurtic

P9 2.60 |2.63 |0.32 |-0.03 | 0.81 | Very well sorted, near symmetric and
platykurtic

S11 250 | 253 |0.47(0.01 |0.70 | Well sorted, near symmetric and
platykurtic

S12 240 | 257 |0.40 (040 |0.81 | Verywell sorted, fine skewed and
platykurtic

S13 250 |253 |0.44]0.02 |1.22 | Well sorted, near symmetric and
leptokurtic

S14 240 | 253 |0.44 {039 [0.66 | Verywellsorted, fine skewed and

mesokurtic

S15 220 | 253 |0.44 ({039 |0.66 | Wellsorted, near symmetric and

mesokurtic

S17 290 |2.76 |0.46 | -0.41 | 0.90 | Well sorted, strongly coarse-skewed

and mesokurtic

4.3.2 Discussion of the grain size analysis for beach sediments
Mean grain-size (Mz)

A mean is an arithmetic average of grain size that measures the average size of sediments,
Mean gives an average value of a distribution of sediments. The mean grain size of the beach
samples range from 2.43 to 2.67 ¢ with an average value of 2.57 ¢, which suggests that the

Swartkops beach is mostly dominated by fine grained sediments.

Median (Ma)
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Median is referred to as the middle value in a set of data arranged in rank order. It is measured
in terms of diameter, with half of the grains being finer and half being coarser by weight.
Median can be observed from cumulative frequency curve at fifty percentile. The median of
the diameter of the Swartkops samples ranges from 2.1 to 2.7 ¢, which is consistent with the

Mean value of fine sands but entered into the boundary of medium sized sands.
Sorting coefficient (o1)

Sediment sorting is the degree of dispersion of grain size distribution around a central value.
The measurement of the degree of sorting of grain size distribution can be given by any of the
statistical dispersion measurements such as standard deviation (de Mahiques, 2016). Sorting
can reflect both sediment source and transportation process. Considering with aeolian
transported sediments, they are usually being among the best sorted sediments and glacial
sediments being among the worst sorted, whereas beach sediments are usually deposited in a

relative high energy environment, therefore they are mostly well sorted (de Mahiques, 2016).

The analysed Swartkops beach samples display a standard deviation of 0.30 to 0.62 with an
average value of 0.41. The average value indicates well sorted samples which are the result of
long distance of transportation and wave washing.

Skewness (SKi)

Okeyode and Jibiri (2013) stated that the skewness is the reflection of the depositional
environment and implies a measure of the symmetry of the grain size distribution. They also
stated that the positive values indicate skewness towards the finer grain size and negative
values indicating skewness towards the coarser grain size. The skewness values of the
Swartkops beach range from -0.19 to 0.4 with an average value of 0.13 suggesting that the

sediments are near symmetric distributed and slightly coarse skewed in nature.
Kurtosis (Kg)

Kurtosis is the sorting of the tails in the central part of the distribution in the tails to the spread
or Kurtosis reflects the degree of concentration of the grains relative to the average. Kurtosis

and skewness are both parameters of the shape of the grain-size distribution.
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If the tails are better sorted than the central parts, it is termed platykurtic. The kurtosis values
of the Swartkops beach sands range from 0.56 to 1.22 with an average value of 0.87. The
kurtosis value indicates that platykurtic nature predominates the Swartkops beach. Platykurtic
distribution consists of the thinner tails than normal distribution and that results in fewer

extreme positive or negative values.

4.4 Estuarine sediments

In estuaries, the nature of grain size distribution is very variable due to hydrodynamic condition
that can be varied from blocked quiet water to active fluvial or marine currents which linked
with river or open sea. The mean diameter is representing the granulometric characteristics of
popular sediments through an average value. The measure of dispersion (sorting) is expressed
as the standard deviation of sediments. Skewness and kurtosis can be translated as
measurements of internal sorting and related to the amount of reworking and winnowing energy
(Cadigan, 1961). The steep cumulative curve represents good sorting whereas in the case of a
flat segment curve represents a poor sorting (Fig. 4.5-4.8). Sediments with normal distribution,
a positive or negative skew can result if fine or coarse sediments are added respectively on
either side of the limiting class sizes of the initial deposits (McLaren, 1981). The positive
skewness is associated with fluvial deposits resulted from the suspended material of the fluvial

currents.

4.4.1 Representative estuary samples

Poorly sorted sediments consist of grains that are of varying sizes, and they are an evidence of
sediments that deposited in a low energy hydrodynamic environment, or have been deposited
fairly close to the source and have not undergone much transport. The lower ridges of the
estuary contains poorly sorted sediments with the dominant grain size range of 3 Phi follwed
by small percentages such as -1 Phi sands. Based on Wentworth scale, these grain sizes fall
into fine sand and very coarse sand class. Coarse to fine sands-and small quantities of silts are
observed in the channel sediments of the lower ridges of the estuary and therefore these
sediments results to poorly sorted coarse to fine grain sands because of the different mixed
grain sizes. The centre of estuarine sediments are characterised by finer particles which are not

sorted.
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Sample 31 (Estuarine sample)

Table 4.10 Retained and cumulative percentage of grain size for sample 31. Aliquot mass =

308.91g.
Sieve size () Mass retained () % retained Cumulative %
-1 17.84 9.88 9.88
0 4.75 2.63 12.51°
1 6.97 3.86 16.37
2 13.57 7.51 23.88
3 110.87 61.41 85.29
4 19.07 10.56 95.85
5 7.46 4.13 99.98
| Total mass 180.53
Error=0.1%
Histogram Cumulative
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Fig. 4.5: Histogram (left) and cumulative frequency curve (right) of the Sample 31, showing

the grain size distribution varied from -1 to 5 phi. The grain size is dominant at 3 Phi (0.125mm)

followed by — 1.0 Phi (2mm) and 4 Phi and other grain sizes are very limited.

Sample 32 (Estuarine sands)

Table 4.11 Retained and cumulative percentage of grain size for sample 32. Aliquot mass =

180.75¢.

Sieve size (¢)

Mass retained (Q)

% retained

Cumulative %

-1

17.84

9.88

9.88

0

4.75

2.63

12.51
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1 6.97 3.86 16.37
2 13.57 7.51 23.88
3 110.87 61.41 85.29
4 19.07 10.56 95.85
5 7.46 413 99.98
Retained total mass 180.53¢
Error =0.1%
Histogram Cumulative
70 curwve
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% 40 g 80 /
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1 0 1 2 32 4 5 1 0 1 2 3 4 5
Sieve size (Phi) Sieve size (Phi)

Fig. 4.6: Histogram (left) and cumulative frequency curve (right) showing grain size

distribution of sample 32. The grain'size varied from -1to 5 phi dominant at 3 Phi (0.125 mm)

followed by -1.0 (2mm) and 5 Phi (0.039 mm) and other small percentages of grain sizes.

Sample 41 (Estuarine sands)

Table 4.12 Retained and cumulative percentage of grain size for sample 41. Aliquot mass =

286.66 g.
Sieve size () Mass retained (9) | % retained Cumulative %
-1 18.91 6.60 6.60
0 15.69 5.47 12.07
1 10.10 3.52 15.59
2 16.68 5.82 21.41
3 215.16 75.10 96.51
4 2.68 0.93 97.44
5 7.27 2.53 99.97
Retained total mass 286.499

Error = 0.05%

46



Histogram

80

7O

60

50

A0

% Retained

30

20

10

O

-1 0 1 2 3 4 5
Siewve size (Phi)

Cumulative

120
100
80
60

% Cumulative

40
20

O

-10 1 2 3 4 5

Siewve size (Phi)

Fig. 4.7: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of sample 41. The grain size distribution varied from -1 to 5 phi dominant at 3 Phi

(0.125 mm) followed by — 1.0 Phi (2 mm) and other small percentages of grain sizes.

Sample 57 (Estuarine sands)

Table 4.13 Retained and cumulative percentage of grain size for sample 57. Aliquot mass =

273. 66 g.
Sieve size (¢) Mass retained (g) | % retained Cumulative %
-1 7.43 2.72 2.72
0 11.06 4.06 6.78
1 9.43 3.46 10.24
2 25.16 9.23 19.47
3 199.05 73.09 92.56
4 17.71 6.50 99.06
5 2.46 0.90 99.96
Retained total mass 272.3g

Error = 0.4%
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Fig. 4.8: Histogram (left) and cumulative frequency curve (right) of Sample 57, showing
grain size varied from -1 phi to 5 phi, and with dominant size at 3 Phi (0.125 mm) and minor
at 2 Phi (0.25 mm) and few -1 phi (2mm).

4.4.2 Grain size statistical parameters of estuarine samples

Table 4.14 Parameter values for estuary samples.

Sample [Md¢ |Mz |61 | Sk Ke Explanation- for Kurtosis, Skewness and

No @) | (P Sorting

S16 2.70 | 257 [055|-0.5 |1.17 | Moderately well sorted, strongly coarse-
skewed and leptokurtic

S18 250 | 250 [0.64 |-0.06 | 1.17 | Moderately well sorted, near symmetrical and
leptokurtic

S19 2.10 | 1.30 |1.67 |-0.51 | 0.90 | Poorly sorted, very coarse skewed and
mesokurtic

S20 1.00 {0.93 |1.60|0.01 |0.76 | Poorly sorted, near symmetrical and platykurtic

S21 220 | 2.10 [1.05|-1.10 | 2.86 | Poorly sorted, coarse skewed and very
leptokurtic
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S22 2.20 | 2.36 [ 0.90 | 0.07 |3.60 | Moderately sorted, near symmetrical and
extremely leptokurtic

S23 1.60 |{1.97 |0.60 | 0.58 | 0.78 | Moderately well sorted, fine skewed and
platykurtic

S24 2.30 | 2.30 |[0.66 |-0.42 | 1.22 | Moderately well sorted, strongly coarse
skewed and leptokurtic

S25 250 | 2.43 |0.53|-0.28 | 0.90 | Moderately well sorted, coarse skewed and
mesokurtic

S26 2.70 | 2.67 [0.38 | -0.19 | 1.03 | Well sorted, near symmetric and platykurtic

S27 250 | 216 |1.23]0.90 |3.68 | Poorly sorted, fine skewed and extremely
leptokurtic

S28 150 |{1.80 |0.76 | -0.01 | 0.88 | Moderately sorted, coarse skewed and
platykurtic

S29 1.80 |{1.93 |0.73]0.21 [0.30 | Moderately sorted, Fine skewed and very
platykurtic

S30 250 |2.00 |1.44|-0.32|1.13 | Poorly sorted, strongly coarse skewed and
leptokurtic

S31 250 |1.63 |1.00|-1.37 | 1.46 | Poorly sorted, coarse skewed and leptokurtic

S32 2.10 | 1.67 |1.18|-0.39 | 0.52 | Poorly sorted, strongly coarse skewed and very
platykurtic

S33 240 |1.76 |1.31|-0.43 |3.90 | Poorly sorted, very coarse skewed and
extremely leptokurtic

S34 250 | 247 |0.32|-0.06 | 1.02 | Very well sorted, near symmetrical and
mesokurtic

S35 250 | 247 |0.42|-0.17 | 1.33 | Well sorted, strongly coarse skewed and

leptokurtic
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S38 250 | 2.43 |0.52|-0.31 | 1.48 | Moderately well sorted, strongly coarse
skewed and very platykurtic

S40 2.71 | 257 [0.76 | -0.49 | 1.88 | Moderately sorted, strongly coarse skewed and
very leptokurtic

S41 251 | 250 |0.53|-0.28 | 2.25 | Moderately well sorted, strong coarse skewed
and very leptokurtic

S42 240 |1.83 [1.09 | -0.61 | 2.11 | Moderately well sorted , strongly coarse
skewed and very leptokurtic

S43 2.60 | 2,57 |0.57 |-0.33 | 2.35 | Moderately well sorted, strongly coarse
skewed and very leptokurtic

S46 261 | 247 |0.68|-1.61|1.69 | Moderately well sorted, Strongly coarse
skewed and very leptokurtic

S47 2.30 |[2.40 |0.54|0.09 |2.15 | Moderately well sorted, near symmetrical and
very leptokurtic

S48 250 | 250 |0.67[-0:17| 1.43 | Moderately,well sorted, strongly coarse
skewed and leptokurtic

S49 250 | 253 [0.35|0.07 |1.63 | Well sorted, near symmetrical and very
leptokurtic

S51 250 | 230 [0.78 | -0.50 | 2.97 | Moderately sorted, strong coarse skewed and
Very leptokurtic

S52 260 | 250 [0.74|-0.44 | 2.11 | Moderately sorted, Strong coarse skewed and
very leptokurtic

S54 2.70 | 253 |0.41|-0.60 | 2.18 | Well sorted, strong coarse skewed and very
leptokurtic

S55 2.60 | 253 | 044 |-0.31 | 1.31 | Well sorted, strong coarse skewed and

leptokurtic
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S56 250 | 250 [0.47|0.10 |1.22 | Well sorted, near symmetrical and leptokurtic

S57 2.70 | 2.63 |[0.50 | -0.12 | 1.16 | Moderately well sorted, strongly coarse

skewed and leptokurtic

S58 2.70 | 2.67 |0.57 |-0.13 | 1.34 | Moderately well sorted, strongly coarse
skewed and leptokurtic

S59 250 | 256 |0.45|0.03 |1.39 | Well sorted, near symmetrical and leptokurtic

S60 2.80 | 2.67 |0.67 | -0.52 | 1.91 | Moderately well sorted, strongly coarse

skewed and very leptokurtic

S61 2.60 | 2.60 |0.52|-0.11 | 1.47 | Moderately well sorted, strongly coarse

skewed and leptokurtic

4.4.3 Discussion on grain size parameters for estuarine sediments

Mean grain size (Mz)

The mean values for samples collected from the Swartkops estuary range from 0.93 to 2.67 Phi
(Table 4.14) with an average value of 2.25 phi. The average value of the mean grain size reveals
that Swartkops estuary is dominated by fine grained sediments. This reveals that the energy of
transportation medium in the estuary was lower particularly at the estuary centre (Nelson, 2015;
Folk, 1974).

Median (Md)

Median can be observed from the cumulative frequency curve by finding the intercepts of the
fifty percentile. The median diameters for the Swartkops estuary samples range from 1.0 to 2.8

Phi, which is fine to medium grained.
Sorting coefficient (1)

For estuary sediments, the sorting could be variable from poorly to moderately sorted

depending on the topography and location at the estuary. For example, the centre of estuary
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shows poorly sorted sediments whereas boundary (edge) area shows moderate sorted sediments

due to more active current in the shallow water environment.

From Table 4.14, the obtained values of sorting in Swartkops estuary range from 0.32 to 1.67
with an average value of 0.77. The average value indicates that they are moderately well sorted.
The moderately well sorted values imply the deposition in the Swartkops estuary was under
the influence of relatively stronger currents, comparing to other common estuaries. In
Swartkops estuary, particularly during flooding, the water energy could be much increased to

fairly high energy currents (Freidman, 1961b; Blott and Pye, 2001).
Kurtosis (Kg)

Kurtosis in the Swartkops estuary ranges from 0.3 to 3.90 with an average value of 1.60. The
kurtosis value indicates that the area is leptokurtic to very leptokurtic. Okeyode and Jibiri
(2013) stated that an area that is leptokurtic to very leptokurtic suggests a fluvial influence,
confirming that the sands are mostly from river sourced. The abundance of very leptokurtic

nature implies that the area tail and central parts are not equal.
Skewness (Ski)

The skewness values for the Swartkops estuary range from,-1.61 to 0.9 with an average value
of -0.2 that represents strongly coarse ‘skewed ‘and few coarse skewed. Some samples show
near symmetrical. Sediments with a normal distribution that are positive or negative skewed
can results if fine sediments are added on either side of the limiting class sizes of the initial
deposit (McLaren, 1981). According to McLaren, the river sediments are usually positively
skewed, beaches showing normal distribution with slight positive or negative skew (McLaren,
1981).

4.5 Tidal channel sediments

The histograms and cumulative frequency curves of the tidal channel sediments show bimodal
distributed patterns in grain size distribution (Fig. 4.9-4.12). The distributions have two peaks
on the histograms. The particles in most of the samples are retained in 3 Phi which represents
finer part of the sediments, with anoter part at -1 phi which represents the coarser part of the
sediments. The cumulative frequency size distribution of the samples is not so steep and

therefore represent a worse sorting.
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Sample 44 (Tidal channel sample)

Table 4.15 Retained and cumulative percentage of grain size for sample 44. Aliquot mass =

289.679.
Sieve size () Mass retained (g) | % retained Cumulative %
-1 76.81 26.57 26.57
0 15.37 5.31 31.88
1 9.94 3.43 35.31
2 9.23 3.19 38.50
3 159.17 55.06 93.56
4 8.90 3.07 96.63
5 9.64 3.33 99.96
Retained total mass 289.069
Error=0.2 %
Histogram Cumulative
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Fig. 4.9: Histogram (left) and cumulative frequency curve (right) showing grain size

distribution of sample 44. The grain size distribution varied from -1 to 5 phi. The grain size is

dominant at 3 Phi (0.125) followed by — 1 Phi and other small percentages of grain sizes.

Sample 45 (Tidal channel sample)

Table 4.16 Retained and cumulative percentage of grain size for sample 45. Aliquot mass =

204.68g.
Sieve size (¢) Mass retained (g) | % retained Cumulative %
-1 37.71 18.49 18.49
0 17.21 8.44 26.93
1 17.81 8.73 35.66
2 42.40 20.79 56.45




3 79.25 38.87 95.32
4 5.04 2.47 97.79
5 4.44 2.17 99.96
Retained total mass 203.869
Error = 0.4%
Histogram Cumulative
4> curve
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Fig. 4.10: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of sample 45. The grain size varied from -1 to 5 phi which is dominant at 3
Phi (0.125) followed by — 1 Phi _and other small percentages of grain sizes. The

cumulative curve is much gentle steeped due to mixed grain size and poorly sorting.

Sample 50 (Tidal channel sample)

Table 4.17 Retained and cumulative percentage of grain size for sample 50. Aliquot mass =

228.08 g.

Sieve size (@) Mass retained (g) | % retained Cumulative %
-1 111.93 49.18 49.18

0 15.27 6.70 55.88

1 9.47 4.16 60.04

2 12.06 5.29 65.33

3 58.58 25.73 91.06

4 10.06 4.42 95.48

5 10.22 4.49 99.97

Retained total mass 227.59¢g

Error =0.2 %
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Fig. 4.11: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of sample 45. The grain size varied from -1 to 5 phi which is dominant at -1
Phi followed by 3 Phi and other small percentages of grain sizes. The cumulative curve

is much gentle steeped, indicating poorly sorting and mixed grain sizes.

Sample 53 (Tidal channel sample)

Table 4.18 Retained and cumulative percentage of grain size for sample 53. Aliquot mass =

282.60g.

Sieve size (@) Mass retained (g) | % retained Cumulative %
-1 62.25 22.05 22.05

0 17.25 6.11 28.16

1 10.52 3.72 31.88

2 18.51 6.55 38.43

3 155.39 55.06 93.49

4 14.18 5.02 98.51

5 4.11 145 99.96

Retained total mass 282.21g

Error =0.1%
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Fig. 4.12: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of sample 53. The grain size varied from -1 to 5 phi, with the dominant

at 3 Phi (0.125) followed by -1 Phi and other small percentages of grain sizes.

4.5.1 Grain size statistical parameters for tidal channel sediments
Table 4.19 Parameter values for tidal channel samples.

Sample | Ma | Mz |61 | Sk Ke | Explanation for Kurtosis, Skewness

No @) | (P and Sorting

S10 2.70 | 2.67 |0.38 | -0.19 | 1.03 | Moderately well sorted, near symmetrical
and platykurtic

S36 250 |1.80 |1.19 | -0.66 | 0.48 | Moderately well sorted, strongly coarse
skewed and very platykurtic

S37 250 |1.76 |1.15|-0.72 | 1.63 | Moderately well sorted, strongly coarse
skewed and very platykurtic

S39 2.61 |257 |0.48|-0.22 | 0.99 | Well sorted, strongly coarse skewed and

mesokurtic




S44 250 |1.90 |1.13|-0.62 | 1.87 | Moderately well sorted , strongly coarse
skewed and leptokurtic

S45 260 | 253 |0.47|-0.39 | 1.85 | Well sorted , coarse skewed and
leptokurtic

S50 240 | 243 |0.71 |-0.17 | 1.69 | Moderately sorted, strongly coarse

skewed and very leptokurtic

S53 250 |2.43 |0.64|-0.36 | 1.77 | Moderately well sorted, strong coarse
skewed and very leptokurtic

S54 2.70 | 253 |0.41|-0.60 | 2.18 | Well sorted, strong coarse skewed and
very leptokurtic

4.5.2 Discussion on grain size parameters for tidal channel sediments

Mean grain size

The mean grain size of tidal channel sediments ranges from 1.76 to 2.67 with an average value
of 2.32. The average value for the size-suggests;the tidal channel is mostly dominated by fine
grained sands. The mean values for.samples collected from the Bluewater Bay beach ranges
from 2.43 to 2.67 with an average value of 2.57 Phi, and the mean distribution for those
collected from the Swartkops estuary range from 0.93 to 2.76 Phi with an average value of
2.25, this reveals that the samples from Swartkops estuary, tidal channel and Bluewater bay
beach are dominated by fine grained sands. According to Folk and Nelson, this suggest that the

energy of the transporting medium was low and constant.
Median (Md)

The diameter with half the grains by weight finer and half the grains by weight coarser is called
the median. The intercept of the fifty percentile (50) is read from the cumulative frequency

curve. The tidal channel samples have a median diameter of 2.40 to 2.70 Phi.

Sorting coefficient

The tidal channel samples show that the sorting range from 0.38 to 1.19 with an average of
0.73 Phi. The average value shows that the area predominates of moderately sorted sediments.
The analysed beach samples show standard deviation of 0.30 to 0.62 with an average value of
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0.41. The average value indicates well sorted samples which are the result of long distance of
transportation. The values of sorting in Swartkops estuary range from 0.32 to 1.67 with an
average value of 0.77. The average value indicates that they are moderately well sorted. The
sorting of the study area indicates a high energy marine environment.

Kurtosis Ke

The kurtosis of in the tidal channel samples range from 0.48 to 2.18 with an average of 1.49
Phi. The tidal channel samples display a leptokurtic in nature. The leptokurtic nature shows a
constant accumulation of finer or coaser sediments after sorting and high energy nature during
deposition (Avramidis et.al., 2012). The average value of the beach sediments shows an
average 0.87 Phi and that indicates a platykurtic nature. The Swartkops estuary displays

leptokurtic to very leptokurtic in nature.
Skewness (Ski)

The skewness values of tidal channels range from -0.17 to -0.72 with an average value of -0.43.
The average value indicates that the tidal channel is near symmetrical. The tidal channel shows
a very fine skewed classification. The beach sediments have an average value of 0.13 showing
a near symmetric distribution. The skewness values in the Swartkops estuary ranges from -1.61
to 0.9 with an average value of -0.2 representing coarse skewed. Most of the samples dominates

a positive classification with few negative skewness classifications.

4.6 Bivariate scatter plots of grain size parameters

Bivariate plots have been used widely to interpret the transportation medium, how the
sediments were deposited, and their energy conditions. Bivariate plots show the reliability of
differences in the fluid flow mechanism of sediment transportation and deposition
(Bhattacharya et al., 2016). According to Friedman (1961, 1967), the use of scatter plots
measures to differentiate between river and beach sand, he further established among all
statistical parameters, the standard deviation about the mean is the most effective parameter for
separating sands of various origin. Many scatter plots have been shown by Moiola and Weiser
(1968), whereby they distinguished between the modern beach, dune, and river sand. Their
figures showed a combination of mean versus standard deviation that was considered to be
more effective. The bivariate plots which are effective and used often are mean versus

skewness, mean versus sorting, and mean versus kurtosis, and sorting versus skewness. The
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skewness versus kurtosis plot is quite useful in determining the genesis of the sediment by

quantifying the degree of normality of its size distribution (Folk, 1966).

The following plots characterize the bivariate characteristics of the Swartkops estuary and
Bluewater Bay beach. Graphic mean versus standard deviation/sorting (Figure 4.13); graphic
mean versus skewness (Figure 4.14); graphic mean versus kurtosis (Figure 4.15); Skewness
versus kurtosis (Figure 4.16); standard deviation/sorting versus skewness (Figure 4.17); and

standard deviation/sorting versus kurtosis (Figure 4.18).
Summary
Mean versus standard deviation/sorting

The plot of mean versus sorting indicates that the beach sediments are fine and the estuarine
sediments are also fine to medium-grained (Fig. 4.13). The beach sediments are very well
sorted to well sorted and the estuarine sediments mostly are well-sorted to sorted and few
poorly sorted. The relationship between the mean and sorting (Figure 4.13) shows a negative
relationship that means that the fine-grained sediments are well sorted compared to coarse-
grained sediments. Mean grain size and sorting have been confirmable for being hydraulically
controlled, and for that reason, all sedimentary environments which have the best-sorted

sediments are of the fine sand size range (Bramha et:al., 2017).
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Fig. 4.13: Bivariate scatter plot showing standard deviation/sorting versus mean. The plot of
mean versus sorting indicates that the sediments are fine to medium and very well sorted to

poorly sorted.

Mean versus skewness

The plot of mean versus skewness (Figure 4.14) shows that most estuarine sediments are
strongly coarse skewed to near symmetrical but few fine skewed. The beach sediments are
coarse skewed to fine skewed. The estuarine and beach sediments also show much more
fine-grained to nearly a few medium-grained. The relationship between the mean and
skewness (Figure 4.14) show a slightly positive relationship that shows that the sediments
are clustered possible towards the right hand in the plot, and that shows that the sediments
are fluvial (Friedman, 1979).
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Fig. 4.14: Bivariate scatter plot showing skewness versus mean. The plot between mean and
skewness is useful for distinguish between depositional environments. The plot also shows

that the sediments are mostly fine to medium grained.
Skewness versus kurtosis

Kurtosis versus skewness plot is very useful in determining depositional environment such
as marine or fluvial (Baiyegunhi et.al., 2017). Figure 4.15 shows that sediments lie within
negatively skewed and most of the samples are platykurtic to leptokurtic. The estuarine
sediments are mostly mesokurtic to very leptokurtic while the beach sediments are mostly

platykurtic to mesokurtic in nature. According to the skewness; the estuarine sediments are
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near symmetrical to strongly coarse skewed and the beach sediments are mostly fine skewed
to near symmetrical. As skewness decreases in values, kurtosis increases indicating a
negative relationship. The bivariate plot shows that the sediments are mostly of the beach

environment since they indicate a high energy environment.
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Fig. 4.15: Bivariate scatter plot showing kurtosis versus skewness. The trend in the kurtosis
versus skewness plot could be used to determine the type of depositional enviroment.
Arccoding to Friedman (1961), the values of kurtosis, whether they are high or low, indicates
that the sediments were sorted in high energy environment before deposited in in their current

environment.
Kurtosis versus mean

The relationship between kurtosis and mean can be complicated, but the sediments show a
slightly positive relationship. Figure 4.16 shows that the grain size increases as kurtosis
becomes less widely distributed. This can be the result of relatively less in sorting in coarse
sediments. Almost all of the beach sediments are fine grained and they are very platykurtic
to mesokurtic in nature. The estuarine sediments are mostly fine grained with few medium
to coarse grained and these estuarine sediments are very platykurtic to very leptokurtic but

most of them are leptokurtic.
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Fig. 4.16: Bivariate scatter plot showing kurtosis versus mean.The plot between mean and
kurtosis indicates that most sediments are fine grained and very few medium grained.

Standard deviation/sorting versus skewness

Sorting and skewness show a negative relationship and the sediments are scattered (Figure
4.17). Okeyode and Jibiri (2012) stated that the plotting of skewness versus sorting come up
with a helpful ways among beach and river sands. The plot shows that as the skewness
increases the sorting of grains also'increases. The bivariate plot of the sorting and skewness
shows that the estuarine sediments are moderately sorted to well sorted and they are strongly
coarse skewed to near symmetrical. The beach sediments are mostly well sorted with few
sediments that are very well sorted and these sediments are mostly near symmetrical to fine

skewed.
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Fig. 4.17: Bivariate scatter plot showing skewness versus standard deviation/sorting. From
the plot between sorting and skewness, it can be deduced that as the skewness increases, the

sorting of grains also increases.
Sorting versus kurtosis

Sorting and kurtosis show a positive relationship (Figure 4.18). The bivariate plot also shows
that most of the estuarine sediments are well-sorted to moderately sorted and they are
leptokurtic to very leptokurtic. The beach sediments are mostly well sorted and very well
sorted and they are platykurtic to mesokurtic in nature. From the plot, it is observed that the
sorting increases and kurtosis gets narrower indicating that the estuarine sediments and beach

sediments show positive relationship between sorting and kurtosis.
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Fig. 4.18: Bivariate scatter plot showing kurtosis versus standard deviation/sorting. From the
plot, it can be deduced that when sorting increases, the kurtosis gets narrower indicating that

the samples have a positive relationship between sorting and kurtosis.

4.7 Summary

Most of beach sediments show a unimodal distribution, whereas the estuarine channel
sediments show both unimodal and bimodal distribution. The textural characteristics of the
beach sediments are fine grained whereas the estuarine tidal channel sediments indicate both
the fine grain size and medium grain size particles. The beach sediments are well sorted and
this indicate that the sediments were transported far from their source area. The estuarine
channel sediments are moderately well sorted to well sorted which indicate that the sediments
were deposited on high energy currents. Some sediments are poorly sorted and that means,
their sorting is influenced by river currents, tidal waves and winds. The estuarine channel
and beach sediments can be generally classified as well sorted very fine grained sands. The
majority of frequency histograms for both beach and estuarine channel sediments show a
unimodal distribution. This suggest that the sediments are sourced from the same provenance
(Fig. 4.1-4.8). The average skewness values for the study area are strongly coarse skewed to
near symmetric which maybe the absence of strong events. The average kurtosis value for
the estuarine channel is leptokurtic to very leptokurtic confirming the sands are from the

river. The average kurtosis value for beach sediments indicates the platykuric nature.
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CHAPTER 5 MINERAL COMPOSITIONS

5.1 Technique used for mineral analysis

This chapter is aimed at identifying and analysing mineral compositions present in the
sediments. Various methods such as Scanning Electron Microscope (SEM), X-Ray
Diffraction (XRD) and Petrographic Microscope analysis were used to determine mineral
types, assemblage and occurrence. Mineral composition analysis also provides
information about the source region and depositional environment (Maity and Maiti,
2016). XRD analysis is believed to be the most suitable for quantitative analysis compared
to microscope analysis (Zhou et al., 2018). Whereas, Scanning Electron Microscope
(SEM) with the aid of Energy Dispersive Spectrometry (EDS) can provide more
quantitative chemical compositions of minerals, particularly for analysis of clay mineral

shapes, textures and chemical compositions.

5.2 Mineral types, assemblage and;occurrence

Microscope study on the mineral types found that quartz, calcite, plagioclase, orthoclase,
organic carbon (pellets),.and clay minerals are the main mineral types present in the beach
and estuary sediments. Quartz is'the most common mineral in the samples. Calcite is the
second dominating mineral in all the samples. Under the petrographic microscope, the mud
pellets are round, and carbonate fragments are light in colour, and occur as bio-fragments,
such as shell and coral clasts. Clay minerals are mainly distributed in the estuary centre in
a relative deeper water environment. It also occurs as mud-pellets such as smectite or
kaolinite pellets. Organic pellets appear light brownish or dark due to organic carbon rich.
The preparation methods for the thin sections were stated under methods chapter in section
3.5.

5.2.1 Quartz (Si02)

Quartz is the most dominant mineral in the Swartkops estuary and the Bluewater bay
sediments. Quartz appears colourless when observed under the microscope, with low relief
and interference colours. Quartz is highly resistant to weathering, and therefore it
preserved after long distance transportation and erosion. Quartz grains vary from rounded

to angular, which shows different energy levels of transportation (Figure 5.1). The micro-
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texture of the quartz grains can reveal the transport and depositional processes. Quartz
grains are monocrystalline or polycrystalline in nature. Monocrystalline consist of single-
crystalline quartz grain, and the polycrystalline consists of numerous quartz grains (Figure
5.1) and are indicative of metamorphic rock source such as quartzite and quartz schist from
surround metamorphic Cape Supergroup rocks. Monocrystalline quartz grains are more
abundant than the polycrystalline quartz grain in the samples, which are sourced from vein

quartz or felsic igneous rocks.

Fig. 5.1: Photomicrographs of various sand grains of quartz (Qtz) (blue arrows) and calcite

(Cal) (yellow arrows), sample number 4 from Bluewater beach.
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Fig. 5.2: SEM and EDX analyses for two quartz grains having the same silica (SiO2)

chemical composition. Au peak was due to gold coating for the sample.

5.2.2 Feldspar
Orthoclase (KAISi3Osg)

Albite (NaAl SizOs)

Plagioclase (CaAlzSi20s)

Feldspars are aluminosilicate minerals that are found in igneous, metamorphic, and
sedimentary rocks and include potassium, sodium, and calcium varieties, thus are
classified as orthoclase (microcline), albite and plagioclase. Few albite were observed (Fig

5.4), the most abundant feldspars in the study areas are commonly orthoclase and

plagioclase with an estimation percentage of 35 percent. Feldspars occur as both detrital
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and authigenic forms with the former is more abundant than the later. The feldspar
minerals plagioclase, microcline, and orthoclase normally show low birefringent and
interference colours. Despite the fact that feldspars are the most common minerals in
igneous and metamorphic rocks, they are less stable in sedimentary rocks. The majority of
feldspar has been altered to clay minerals or has been total destroyed during weathering
and transportation as indicated by grey arrows in figure 5.3. Microcrystalline clay minerals
progress along the cleavage planes of feldspar is an indicator for feldspar alteration.
Feldspar grains are medium to coarse grained and texturally sub-rounded to sub-angular
(Fig 5.3) in the samples. Orthoclase is typically cloudy, with some grains showing a
perthitic texture or simple twinning. In some instances, the potassium feldspar is also easily
identified by its sericitization. Plagioclase is a framework silicate that belongs to the
feldspar group. Plagioclase is less common in sedimentary rocks where it usually weathers
to clay minerals. Plagioclase occurs as detrital grains and exhibits twinning under the
microscope and shows a weak birefringence (Fig 5.9). Plagioclase is typically elongated
and is identified by its polysynthetic or albite twining of black and grey stripes, whereas
microcline is distinguished by its cross twining (Fig 5.9).
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Fig.5.3: Photomicrographs showing various grains of feldspar (Fs), Quartz and Calcite
(Cal). Quartz has no cleavage, while feldspar shows clear cleavage in the crystalline grain

indicated by green arrow (Sample 44).
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Fig. 5.4: SEM and EDX analyses for Albite grain (top) having silica, aluminium and
sodium chemical compositions (top); and Ca-Plagioclase grain showing silica, aluminium

and calcium compositions (bottom). Au peak was due to gold coating for the sample.

5.2.3 Carbonate
Calcite (CaCO:s)

Calcite is a carbonate mineral and stable polymorph of calcium carbonate. Their texture
and mineralogy are obtained during the process of formation and diagenesis. Calcite can
form up organic skeletal parts and cement of marine sediments as well. Chemical
weathering is one of the methods that can break down the calcite. Groundwater can
dissolve calcite under several factors, such as the temperature and pH value of fluid and
ion concentration. Calcite is insoluble in cold water; acidity can cause carbon dioxide gas
and dissolution. Calcite does not change colour under plain polarised light and the grains

are too bright, and other grains can be brown (Figure 5.5).

Figure. 5.5: Photomicrographs of various sand grains showing calcite (Cal), quartz (Qtz)

and feldspar (Fs) grains (Sample 45).
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Fig. 5.6: SEM and EDX analyses for low-Mg calcite grain showing calcium, oxygen and
carbon of chemical compositions with minor Mg content. Au peak was due to gold
coating for the sample.

5.2.4 Lithic fragments
Lithic fragments are a small fraction of rocks. They can be derived from a wide variety of

lithotypes, and they have a source of specific texture and composition that can be
recognized in thin sections. Lithic fragments can be subrounded, rounded to angular in
shape. The study area samples reveal that the rock fragments observed under the
microscope are from sedimentary rocks that and metamorphic rock. Quartzite and siltstone
lithic were observed under the microscope. Siltstone lithic appear dark coloured with small
to slightly large quartz grains (Figure 5.9). Lithic are believed to be unstable in sedimentary
environments, and they are the best provenance indicators for sediments (Johnson and
Bassu, 1993). Quartzite lithic appear light in colour (Figure 5.9). Shale is a fine-grained
sedimentary rock and is composed of mud with a mix of clay mineral and tiny fragments
of any other mineral. Shales consist of layers of sandstone or limestone. They favour the
environment where silts, mud, and other sediments were deposited by slow transport of

sediments. Shales are composed of quartz and feldspars and the major mineral in shales is
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kaolinite. Under the microscope, shale fragments show 50 micrometres thick reddish-

brown organic-rich layers that are parallel (Figure 5.8).

5.2.5 Glauconite
Glauconite is a potassium aluminium, silicate that contains ferrous and ferric iron as well

as magnesium. It is a sedimentary mineral that forms as a result of authigenic alteration in
a shallow sea environment. It usually comes in the form of green sand —sized pellets that
are microcrystalline and have low birefringence (Figure 5.9). The presence of glauconite
mineral indicates a decreasing environment, in which decomposing organic matter absorbs
all available oxygen. One of the most distinguishing characteristics of the mineral is its
green colour as shown in figure 5.9. Because glauconite is easily weathered, it is unlikely
to withstand heavy erosion or long distance transit. As a result, glauconite is most
commonly found in places close to its original environment, making it a suitable palaeo-

environmental indicator.

5.2.6 Organic pellets

Organic pellets are small round, ovoid shape; or.rod like shape grains (Fig 5.7). They occur
in low energy environments and are.common- in.sedimentary rocks. They form due to a
process of organic and chemical deposition where they combine. Organic pellets are rich
in organic carbon, and they are also made up of carbonate mud. Organic pellets found in
sand sediments of the Swartkops channel are light brown to dark colours. Organic pellets

lack distinct internal structure, carbonate mud and calcium can be present or their mixture.
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Fig. 5.7: Photomicrographs of various sand grains showing organic pellets (OP), quartz

(Qtz) and calcite (Cal), sample 31 from Swartkops estuary.

5.2.7 Sponge

Sponges are an immobile organism representing the aquatic component ecosystem with
significant filter particles and a small size range filtering potential than other benthic
invertebrates (Andus et.al, 2016). Figure 5.8 shows a sponge structure, the first sponge
appeared in the Late Precambrian, 600 million years ago until the present. Sponges are
important for water purification. They are few centimetres in size others are urn-shaped or
shapeless or less than a centimetre. They differ in external appearance with bushy or

fringelike projections.
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Fig. 5.8: Photomicrographs of shale fragments (Sh) and sponge (Sp) and various other

grains, sample 57 from Swartkops estuary.

5.2.8 Foraminifera
Most foraminifera are of marine origin, living-on or within the sediment of the seafloor,

while a lesser number float in the water at various depths. The shells of foraminifera are
generally formed of calcium carbonate and can have one or more chambers (Kennett and
Srinivasan, 1983). Foraminifera shells are common in all marine environments. These

shells are commonly made up of calcium carbonate sediment particles (Figure 5.9).
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Fig. 5.9: Photomicrographs of various sand grains showing quartzite lithic (orange
arrows), siltstone lithic (green arrow), glauconite (yellow arrow), plagioclase (grey arrow,
partially replaced), foraminifera (blue arrow) and various other grains, sample 32 from
Swartkops estuary.

5.3 Mineral abundance

We selected 10 samples from Swartkops estuary and 8 samples from Bluewater beach, and
calculated the average abundance (percentages) for different minerals. The results are
shown in the Table 5.1. The analysis was performed using a petrographic microscope for
mineral identification in the Geology lab at the University of Fort Hare by visual
estimation. The sediments have a high content of quartz, followed by detrital mineral K-
and Ca-feldspar, lithics and clay minerals. It is obvious that quartz and lithics are more
abundant in the Bluewater beach sediments compared to the Swartkops estuary sediments,
whereas clay minerals and organic pellets are richer in the Swartkops estuary sediments.
Other minerals have no major difference between the sediments in the two different

environments of the study area. These differences are probably due to the higher
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hydrodynamic environment in the beach, compared to the lower energy of an estuary

environment.

Table 5.1: Mineral types and their abundance (percentages).

Samples | S18 S19 S20 S21 S22 S31 S41 S57
Quartz | K- Ca- Lithics | Clay Calcite Calcite Organic
feldspar | feldspar minerals | (chemical) | (organic, | pellets
ie shells)
Swartkops | 60.57 | 3.38 2.69 4.43 14.35 4.46 5.82 4.30
estuary
(10
samples
average)
Samples | S1 S2 S8 S9 S10 S11 S12 S13
Quartz | K- Ca- Lithics | Clay Calcite Calcite Organic
feldspar | feldspar minerals | (chemical) | (organic, | pellets
i.e.shells)
Bluewater | 74.93 | 3.45 2.71 5.87 1.55 3.38 5.66 2.45
beach (8
samples
average)

5.4 X-Ray diffraction (XRD) results

The XRD analysis was carried out on eight sand samples that cover the study area. The
XRD was conducted at XRD Analytical and Consulting in Pretoria. Analysis of minerals
by X-ray diffraction indicates qualitative results of minerals by showing the percentages
of each mineral in samples. The eight samples were prepared for XRD analysis using the
backloading preparation method. Diffractograms were obtained using a Malvern
Panalytical Aeris diffractometer with PIXcel detector, and fixed slits with Fe filtered Co-
Ko radiation. The phases were identified using X'Pert Highscore plus software. XRD
indicates the presents of quartz, Calcite, Aragonite, Plagioclase, and Muscovite. Quartz
has the highest percentage followed by calcite. The X-ray beam is represented by the peak

positions which are diffracted by the crystal lattice. Table 5.2 presents percentages of

minerals present in sample P3 to Sample S8.
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Quantitative results of the X-Ray diffraction (XRD) analysis (%0).

Table 5.2: Percentages of minerals present in sample P3 to sample S8.

P3 P24 P43 P46
wt% wt% wt% wt%
Quartz 87.8 | Quartz 85.5 | Quartz 85.1 | Quartz 82.9
Calcite 3.8 Calcite 35 Calcite 55 Calcite 7.8
Aragonite | 1.7 Aragonite 5.6 Aragonite 3.4 Aragonite | 7.4
Plagioclas | 5.6 Plagioclase | 4.1 Plagioclase | 4.3 Plagioclas | 1.8
e e
Muscovite | 5.1 Muscovite 1.3 Muscovite 1.7 Muscovite | 0.1
P55 P62 S20 S8
wt% wt% wt% wt%
Quartz 89.3 | Quartz 81.5 | Quartz 83.1 | Quartz 81.4
Calcite 6.6 Calcite 5.0 Calcite 6.8 Calcite 8.6
Aragonite | 3.4 Aragonite 5.8 Aragonite 5.3 Aragonite | 8.1
Plagioclas | 0.6 Plagioclase | 5.6 Plagioclase | 3.7 Plagioclas | 1.8
e e
Muscovite | 0.1 Muscovite 2.1 Muscovite 11 Muscovite | 0.0
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Fig. 5.10: XRD patterns for all the samples, P3, P24, P43, P46, P55, P62, S20 and S8.

Showing the abundance of Quartz, Calcite, Aragonite, Albite and Muscovite respectively.

X-ray Diffraction reveals the evidence of high quartz percentage and other mineral
abundance in the area of study. Quartz is the most abundant mineral and is dominant in all
sediments (Fig 5.10). The plagioclase which is in the type of feldspar is present in the
analysis of the X-ray diffraction. Aragonite was found in the samples, the presence of the
aragonite reveals that it was a biogenic carbonate since aragonite is an unstable mineral,
and is easy to transfer to calcite during diagenesis. Muscovite normally shows up in

sandstone or shale deposited by fluvial streams or tide currents which results from inland

78



weathering. Calcite is a dominant carbonate mineral and mostly come from dead

organisms such as shells and foraminifera of marine origin.

5.5 Summary
As noted under thin sections, quartz is the dominant mineral in almost all the sediment of

the Swartkops estuary and the Bluewater beach. The samples of the study area comprise
mainly of the grains such as quartz, calcite, feldspar and lithic fragments. Glauconite
appears green in colour, it occurs in a minor amount. Plagioclase shows cleavage and
twinning under the microscope. Lithic fragments appeared mainly as metamorphic
quartzite and minor as mudstone clasts and both came from metamorphic rock source of
Table Mountain Group of Paleozoic sequence. The sediments belong to the marine
environments which have been revealed by the presence of marine organism such as shells,
gastropods and algae, as well as organic pellets observed under microscope. The grains of
the minerals under microscope show different shapes, some are rounded or subrounded
which reflect a long distance of transportation. Whereas other grains are angular or

subangular which reflect a short distance of transportation history.
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CHAPTER 6: GRAIN SURFACE TEXTURES

6.1 Introduction

Surface textures of sand grains have been studied by many geologists and have been used
to reflect hydrodynamic, chemical or organic depositional environments (Greenwood,
1982; Madhavaraju et al., 2009; Itamiya et al., 2019) since formation of surface texture is
closely linked to transportation medium and current velocity, chemical conditions and
organic activities. Thus, the study of grain surface textures is a useful tool to reflecting
grain transportation process and its hydrodynamic environment, as well as the climate

change in the geological history (Itamiya et al., 2019).

Grain surface textures can be classified as three groups based on the formation
mechanisms, i.e. 1. Textures formed by physical and hydrodynamic processes; 2. Textures

formed by chemical processes and variations; and 3. Textures formed by organic activities.

Group 1: Textures formed by physical or hydrodynamic process: In a high hydrodynamic
water environment, grains crash or collide each other that will produce diagnostic of
unique surface texture on the grain. 'Based on the notion that the transport agent creates
distinctive surface features, we can therefore restore the original hydrodynamic
environment where the texture 'was \produced.” Through the use of reflective light
microscope and scanning electron microscope, we can clearly find and study the grain

surface textures, such as V-shape pits and Surface cracks.

Group 2: These textures were formed due to chemical environment changes. In different
chemical environment, different pH and Eh environment will affect the stability of
different types of minerals, thus some minerals will become unstable and then causing
dissolution, while other minerals become stable and causing precipitation and
crystallization. These include the precipitation of new crystals on the grain surface or

holes, and generation of dissolution pits/holes.

Group 3: These textures were created by organism or organism activities, such as micro-
organism warms and algae. It could also be created by macro-organism, such as shells and

fishes. Faecal pellets, burrow and boring holes are the common textures of this group.
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6.2 V-shape pits

Almost all the grains show that they have V-shape pits, which were the results of grain
collision during the transportation process of sediments. These V-shape pits are commonly
observed on detrital sand grains such as quartz and lithics and are characteristics of beach
actions. The effect of wave and tide action at coastline results in mechanical collision or
abrasion for producing V-shape pits (Figure 6.1). The small cut or hollow on the quartz
grain surface are good indicator for high hydrodynamic environment (Iltamiya, Sugitay and
Sugai, 2019), implying that the Swartkops estuary had been affected by seasonal swelling
and surging waves and tide currents, which caused not only grain VV-shaped pits, but also
the erosion of river bank and coastline (Kinsley and Margolis, 1974; Madhavaraju et al.,
2009).

15kV X330 SO0um UFH-SEM

Fig. 6.1: SEM photomicrograph showing V-shaped pits (orange and blue arrows).

6.3 Upturned plates

Upturned plates are cause by mechanical crushing and chemical corrosion and secondary
precipitation during transportation and early deposition (Figure 6.2). Some of the grains
have upturned plates on the grain surface, and these upturned plates have an alignment

roughly parallel each other. The formation process could be complicated, and passed
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different stages in different environments. It is usually formed by mechanical collision at
the first stage, then by chemical corrosion in a varied chemical environment in the second
stage, then by chemical precipitation of crystals in the hollow at the last stage. Therefore,
upturn plates are commonly found in a complicated environment, such as coastline,
shallow beach and estuary, where aeolian, fluvial and marine processes reactive and
overlap each other (Liu, 1997; Whalley and Krinsley, 2006). Upturned plates form in a
distinctive water and energy regimes, sand particles exhibit surface collision features along
fractures and cracks in an aeolian or coastline environment. Upturned pits are good
indicator of high energy water or high velocity wind environment. The grains could be
transported by aeolian and marine water and then deposited at near the coastline

environment.

18kV ~ X1,100 UFH-SEM

Fig. 6.2: SEM photomicrograph showing Upturned Plates on a grain surface due to
collision, corrosion and precipitation and magnified secondary precipitated crystals
within an upturned hollow.
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6.4 Secondary minerals precipitation

The varied secondary minerals are found precipitated on the grain surface, their chemical
compositions, as well as their percentages were detected using energy dispersive X-ray
(EDX) detection. Secondary mineral precipitation on the grain surface are mostly made up
of silica (quartz, SiO,), calcium carbonate (calcite, CaCO3), sodium chloride (salt, NaCl),
and organic carbon, according to the XRD results. The most abundant minerals in all the
samples are quartz and calcite. The calcite and salt precipitation comes from marine water,
whereas silica (quartz) comes from meteoric water. The mineral composition of silica (Fig
6.3), calcium carbonate (Fig 6.4), sodium chloride (Fig 6.5) and silicate (clay) mineral (Fig
6.6) are shown in the EDX graphs below.
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Fig. 6.3: Secondary mineral contains high silica (SiO2) content (NB: the Au peak was due

to gold coating for sample and should not be taken into account).
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Fig. 6.4: Secondary mineral contains high calcium carbonate (CaCOs) content (NB:

Au peak was due to gold coating for sample).
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Figure 6.5: Secondary minerals contain high sodium chloride (NacCl).
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Figure 6.6: Secondary minerals contains high calcium carbonate (CaCOz) and (NB: the

Au peak was due to gold coating for sample).

6.5 Dissolution pits/holes

The formation of dissolution. pits/holes on the grain;surface are very common in the

samples (Fig 6.7). When the environment changed, some gains become unstable, then they

are easily dissolved and thus created irregular pits or holes on the grain surface. After the

pits/holes created, new crystals can be precipitated in the pits/holes due to the new crystals

that are stable in the new environment (Figs 6.7 and 6.8). Secondary mineral precipitation

might also occur because of the weathering and leaching (Whalley and Krinsley, 2006;

Kashif et.al., 2019).
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15kvV. X430  SO0um

15kV X1,700 UFH-SEM

Fig. 6.8: SEM photomicrograph showing secondary mineral precipitation on the grain
surface (black arrows).

Dissolution acts as an important process for replacement and recrystallization in sands
and sandstones. The dissolution process can supply quartz cement and quartz overgrowths.
Different minerals are stable in different pH and Eh environments, when the pH and Eh
changed, some minerals become unstable and will be dissolved, while other minerals are

stable and will be precipitated.
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6.6 Burrow and boring holes

Burrow and boring holes have been found on the grain surface (Figs 6.9 and 6.10). These
holes are similar to dissolution holes, but they are much rounded and usually deeper.
Micro-organism, such as warms and algae can bore into grain surface, thus created
rounded holes, which are different with the dissolution holes which are more shallow and

irregular shaped.

——

Fig. 6.9: SEM photomicrograph showing grain surface corrosion and dissolution pits/holes
(left 3 holes and the middle hole), also secondary calcite crystals precipitated on the grain
surface (middle). Please note the boring holes on the right, which are rounded and deeper
comparing to the dissolution holes. Boring holes are created by micro-organism, such as

warms and algae (the right, 2 rounded holes).
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15kV X750 20um UFH-SEM

Fig. 6.10: Photomicrograph showing dissolution holes (shallow, irregular holes on the
middle) and boring holes created by micro-organism (deeper and rounded holes on the

grain surface (orange arrows).

6.7 Summary

Mechanical and chemical effects on the grains, including V-shaped pits, upturned plates,
dissolution pits/holes, burrow and boring holes, secondary mineral precipitations and
recrystallizations. These V-shaped pits are frequently found on the surface of sand grains
like quartz and are caused by shallow water movement. The upturned plates were observed
and they reveal a multiple marine and aeolian processes. The burrow and boring holes
reflect activities of micro-organism in the estuary and beach environment. Dissolution
pits/holes reflect climate change and alternation of environments, which lead unstable
minerals become dissolved while stable mineral can be precipitated. Crystalline mineral
precipitation of calcite, quartz, salts and clay minerals were detected using the Energy
dispersive X-ray (EDX) to detect the mineral composition. Quartz has been revealed as
one of the common silica in all samples followed by calcite from the dead shells of marine
organisms. SEM and EDX are useful tools to character mineral types and shapes, and as

well as abundance (percentages).
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CHAPTER 7 SEDIMENTARY STRUCTURES

7.1 Introduction

Sedimentary structures are the most valuable features for interpreting the depositional
environment. The dunes essential characteristics are their internal structure, shape,
migration and movement direction. This chapter will address the detailed description of
the sedimentary structures observed in Swartkops estuary and Bluewater Bay beach.
Sedimentary structures can be divided into primary and secondary structures depending
on the formation process. Primary structures are formed at their original deposition while
secondary structures are formed after the sediments are set down mostly by the process of
diagenesis. Dunes can take a remarkable range of sizes and shapes, depending on the

amount of sand available, the sand size and water/wind strength and movement directions.

Well-developed sedimentary structures have been found in the Swartkops estuary and
beach area. The formation of the sedimentary structures are closely linked to the
wind/hydrodynamic energy and depaositional environment, therefore they are very useful
tools for revealing the formation processes and the paleo-hydrodynamic environments.

7.2 Sediment stratification

The regional geology and climate determine the characteristics of estuary sediments with
hydrological and climatic conditions (Fiket et.al., 2017). Stratification is one of the
universal features for sediments and sedimentary rocks, such as layers or beddings and
their thickness. Sedimentary structures are relatively discretic features that do not grade
from one form to another (Picard et.al., 1973; Pichard and High, 1973). Therefore, they
are good indicator for special hydrodynamic mechanism and formation process.
Sediments are deposited as different bedforms, and as a result, they form horizontal,
continuous or discontinuous stratifications (Pichard and High, 1973). Stratification in
estuaries is mostly driven by or controlled by fluvial or marine currents (Li et.al., 2018).
Marine beaches are formed by the action of waves and the tides, but the fluvial channels
are deposited sediments by uni-direction river flow, and thus resulting formation of
different bedforms (McKee, 1953). In most estuaries, significant changes in sediment

stratification happen at several geographical and temperature scales. The stratification
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changes can have a substantial impact on the hydrodynamic processes controlling
sediment transportation and deposition (Scully and Friedrichs, 2003), therefore
stratification is essential in interpreting geologic events and can reveal practical results for
deposits of different sized sediments in different layers.

7.3 Sedimentary structures formed by aeolian process

7.3.1 Sand dune

Dune is a large landform piled up by large amount of mass windblown sands. Dunes are
common in the inland desert environment, but also in the coast area. They are built by the
flow of aeolian processes, aided by high tide and wave if in the coast. Coastline dune
textures depend on the sand grain types and sizes. In modern tropical and subtropical area,
sands are composed of mainly detrital (quartz) grains, with skeletal and non-skeletal grains
such as ooids, pellets and organic shell fragments (Ahr, 2011). Dunes are composed of
moderately to well-sorted sands (63-1000 micrometres) with a mean grain size ranges from
160-300 micrometres (Lancaster, 2005). Dune sands are composed mostly of quartz,
lithics and various quantities of shell fragments in the Blue Lagoon beach. Dunes have
three primary modes of deposition: the migrating of winds ripples, the fallout from the
suspensive grains, and the avalanched grains deposited by the grain fall (Lancaster, 2005).
Sediment supply for dune formation originates from inland, and also from continental
shelves in the coast dunes (Maun, 2009). Because of the extensive range in grain size, the
sand samples are skewed more finer than the coarser particles (Maun, 2009). The dune
sand texture is vital for identifying its mobility by wind, water percolation rate, the
movement through the soil, and the dune's morphology (Gradus, 2012). Grain size
distribution determines the morphology of the dune (Gradus, 2012). Two types of dunes
are identified in the Swartkops estuary area, a stabilized vegetated sand dune and a mobile
un-vegetated sand dune (Fig. 7.1); the former was formed in Pliocene-Pleistocene in age,

and the later is Holocene in age and is still in the formation/change process.
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Fig. 7.1: Photograph showing stabilized, partially vegetated sand dune with ripple marks

on the dune stoss side in the Bluewater beach along the Swartkops estuary.

7.3.2 Sand ridge ‘

Sand ridge are elongated G bodleé that arle Iahﬁef ant geographically more stable in
comparison to the modern dunes belng orlentated at an oblique to the strongest wind
direction (Desjardins et. al., 2012). Sand ridge is made up of dunes and compound dunes
of different forms and sizes which migrate both on the stoss and lee side of the ridge
(Fig.7.2). Four conditions are required for the formation of a sand ridge, and these are
initial irregularities, sufficient sand supply, a wind/current capable of moving, and enough

time for the sand to be moulded into a ridge (Desjardins et al., 2012).
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Fig.7.2: Photograph showing a mega sand-ridge produced by wind and high wave at the

south coast of Port Elizabeth.

7.3.3 High angle cross bedding

Cross bedding form as a[re t\s %11 rh}%}né)vj{/a el ntd lh & Water flows creates the bedforms

( eth

such as ripples. The steep faces tilt down-current which indicates flow direction and
roughly parallel to the direction of sediment transport (Fig.7.3). The direction and dip
angle of a cross-beddings are usually consistent. Cross bedding can help us to interpret the
wind/water flow direction, and the depositional environment. From the sediment
composition and the dip angle of cross bedding, we can ascertain whether it is formed by
wind or water process. High angle cross bedding (dip >30°) is usually deposited by wind,
whereas low angle cross beddings (dip <25°) are formed by both, wind and water current.
Fig 7.3 shows a high angle cross bedding which was typical for aeolian formation, and the

wind blow direction is from right to left.
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Fig.7.3: Photograph showing high angle cross bedding with beds tilted towards the left
side, which reflects the wind blow direction. High angle cross bedding (>300) is typical
indicator of aeolian dune, while low angle cross bedding (<250) was formed by water

currents, as well as lower velocity of wind.

7.3.4 Antidune
Antidune cross-bedding occurs in-an upper flow regime, the flow Froude number (Fr) is

greater than 1, that means that the water/wind velocity is high and the hydrodynamic
energy is strong. Since the strong water/wind movement, it cuts the wave crest height down
and extends the wavelength longer. Thus, antidune always shows low amplitude in height,
and a long wave cycle in length. Actually, antidune can reach up to 5 m in wavelength in
the field with a very low (<15°) dip angle (Fig 7.4).

Therefore, antidune is a good indicator for fast flow water/wind environment. It always

formed in a high energy, upper flow regime of hydrodynamic environment.
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Fig. 7.4: Photograph showing a large scaled antidune structure with low dip angle (<15°),

low amplitude and long wavelength (=5m). Hammer is 32 cm for scale.

7.3.5 Ripple marks

Ripples, on the other hand, are created by more subtle forces, such as sand grains that hop
around rather than blowing in the wind—hop length determines ripple spacing. The grain
size under erosive conditions has the greatest influence on the development of well-
developed ripples. Grain sorting happens in locations where the wind or water movement
IS moderate but consistent, leaving coarser grains behind due to their weight. Those grains
can accumulate and form mega-ripples. But only for a short time, as weather conditions
change. The well-developed rippled (figure 7.5) was taken along the Bluewater beach,

showing a wave dominated environment.
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Fig. 7.5: Well developed ripples on the dune surface, the left side (lee side) of the dune is
very steep.

W2
7.3.5.1 Straight line ripples ‘
The asymmetric ripples are formed "@%I t (tide or fluvial current) flows in a single

direction, whereas symmetry ripples fo - by wave in a marine environment. In the case
of asymmetric ripple, thgvater ﬁ%q(& ?,gq?qﬂ 1§(}[9mqoss side to lee side; whereas in the
case of symmetric ripple, we can’t determine the flow direction, but we can determine its
flow orientation, which is vertical to the ripple crest line from both side, i.e. it could from
any side vertical to the crest line. Thus it is an orientation, not a direction. Straight ripples
show a straight line arrangement of the ripple crests, indicating a stable wave/current
movement and stable hydrodynamic environment. Baas (1994) highlighted that straight
ripples are non-equilibrium bedform at all velocity flows. Straight ripples could be forked
by current flowing in a shallow marine environment (Fig. 7.6).
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Fig. 7.6: A photograph showing straight ripples with ripple crest lines parallel each other

at Swartkops estuary.

7.3.5.2 Sinuous line ripples

Curvy cross-laminae are created by sin | ipples. As illustrated in figure 7.7, they have

a pattern of curving upjand down-of crest lines.; Trough, cross lamination is created by
sinuous ripples. Under this type of ripple. all lamiiaé generated at an angle to the flow as
well as downstream. The wind direction and velocity were not stable, and could have a
small variation during the formation. These ripples show a ripple crest that is short and
changed lightly in direction. Sinuous ripples produce curvy cross-laminae and dips

generally in an angle to the flow.
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Fig. 7.7: Photograph shows sinuous ripples with crest lines slightly vary in different
directions as at Swartkops estuary. Varying in flow direction and as well as interference

by late stage of wind movement cau

7.3.5.3 Aeolian nail marks

Wind blow not only produces ripples, but also remains aeolian nail marks on the dune
surface. Aeolian nail structures are formed when sands blow by wind meets obstacles, such
as pebbles, shell fragments or coarse sands. Then the sands movement will be stacked at
the obstacle, and remains a shadow tail below the obstacle and formed a nail shaped
mark/structure parallel to wind direction. The obstacle is the nail head, and the tail is the
nail small side. Which gradually dies out from the head. Therefore, the direction from nail
head to the tail, reflected the wind below direction (Figure 7.8).
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Fig. 7.8: Photograph showing nail m k s) which are parallel to wind blow

direction from nail head to nail tail, i.e. p to bottom in this picture.
University of Fort Hare

Together in Excellence

7.4 Sedimentary structures formed by water flow

7.4.1 Gravel pavement
Pebble bed can be found along the Bluewater beach (Fig 7.9). The sizes of pebbles vary from

2-3 cm to 7-8 cm in diameter, most commonly 4-6 cm in size. The shape of pebbles are
also variable from rounded to subangular, with mostly subrounded in shapes. These
characteristics reflect the transported distance and time of the pebbles; the pebbles
transported longer time or distance, they become more round. The size of pebbles are
linked to water energy, the more big pebble size, the stronger the water energy
(Paszkowski and Shone, 1994). Pebble compositions are mostly quartzite, with small
amount of sandstone, chert and shell fragments (Paszkowski and Shone, 1994), which
reflect the sources were come from Cape Supergroup (quartzite) and Karoo Supergroup

(sandstone), as well as from sea side (shells and chert) (Blair and McPherson, 1999).
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Fig. 7.9: A photograph showing pebble pavement along a part of Bluewater beach,
reflecting the water (tide) energy was higher at this section of beach. Whereas other section

of the beach is covered by sands, refl fctie_d "air(_éd'uced water energy environment comparing

to the gravel/pebble beach at the Sw Ekops,gs’ ' ary area.
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Two sets of ripples meet at high angles to generate interference ripples (Figure 7.10). The
dominant current direction is represented by the more continuous ripples, while the
subordinate current is represented by the smaller connecting ridges. If the two sets of
current are equal in energy, then it remains only separate troughs and ridges on the floor,
It is usually the first reached current produced a set of ripples, then at later time, second
current from different direction swiped the area and altered the first set ripples, resulting
in interfering ripples. In any habitat with two competing currents, such as ephemeral

streams or shallow marine environments, interference ripples can form (Gough, 2021).
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Fig. 7.10: Photograph showing interfering ripples in the Algoa Bay, at the mouth of

Swartkops estuary, which were formed by two set of ripples interfered together.

7.4.3 Flat topped ripple mark

The flat topped ripple mark indicat shallow water environment, such as the

intertidal environment. ‘[ﬁqﬂaﬁtqnpieﬂ;rippjélﬁmqlﬁn@i observed had been exposed to the
beach and the estuary. Various kinds of flat-topped ripple marks can be observed such as
simple, parallel, linear forms, At shallow water environment, after the first set of ripple
was produced, the later stage current shaved the top (the crest) of the first set of ripples,
thus all the first set ripples become flat in the ripple crest (top). Flat top ripples are formed
only in a very shallow water environment, i.e. not deeper than the crest, thus water can cut

the crest becoming flat (Fig 7.11).
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Fig. 7.11: Photograph showing flat topped ripples caused by later shallow water shaved

the ripple crest becoming flat.

7.4.4 Linguoid marks

Linguoid marks have curved lee slope s ike catenary and sinuous ripples, resulting

in irregular shape and sized laminae. d marks create a downstream angle as well

as an angle to the flow. Uqgti@iéﬁgft}ha@ﬂiié@getcﬁgi@ each linguoid mark has own
crest, and the crest is isolated and parallel to water rrovement direction, not vertical to the
water movement direction like ordinary ripple marks. Lunate ripples, also known as
crescent ripples, are similar to linguoid ripples but with curved stoss sides instead of the
lee slope. The rest of the features are the same. As languid ripple form, curve cross laminae
are formed mainly in trough shaped low areas between adjacent ripple forms. These ripples
have curved slopes surface that generate the dip at an angle to the flow as well as
downstream.
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Fig. 7.12: Photograph showing linguoid marks in different shapes and sizes along a bank
of Swartkops estuary, which were produced by strong water current on relative fine

sediments.

7.4.5 Asymmetric sinuous ripples

The presence of asymmetric ripples i at there is only one main current direction.

The current erodes and iﬁpogits sand/silt'grains anni_Iv;ater channel. It can be formed in
al

rersity
fluvial environment, an %‘me]}n%}lt é%\f/lgﬁ)r;[n (|1nI;:g the ripple is not symmetric,
ogetner mn Lxcellence
the stoss side is always longer than the lee side. Thus the water flow direction is also from

toss to lee side direction (Fig 7.13).
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Fig. 7.13: Asymmetric sinuous ripples showing current flow is on one direction
(unidirectional) and the current direction is from stoss side (right) to lee side (left) on the

bank of Swartkops estuary.

7.4.6 Rill marks

Rill marks are erosional sculptures; they commonly occur in the intertidal zones due to
running tiny rivulets along the low beach surface. As the tide rises, water enters the beach
sands; when the tide was retreating, numerous tiny rivulets run down along the low beach
from sands and producing shallow flow-lines (Fig 7.14). Rill marks is a good indicator for

very shallow water environment, at a range of water depth of few centimetres.

| Rill marks

Fig. 7.14: Photograph showing rill marks on the lower beach, formed by the escape of
water from saturated sands when the tide falls back to sea at Bluewater beach, Port
Elizabeth.

7.4.7 Rhomboid marks

Rhomboid marks are useful environmental indicators. These marks are roughly
rhombohedra-shaped and are elongated in the direction of water flow as shown (Figure
7.15). The current flow direction over the beach surface can be examined from the shape
of the rhomboid marks and, these rhomboids are bowed in the direction of current flow

and are pointed down-current. In most cases, the rhomboid marks are formed by the back
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wash of tidal flow along the gentle beach (Hoyt and Henry 1963). The cause for the
formation of rhomboid rill patterns is the deflecting and channelling effect of tiny
uniformly distributed irregularities on a smooth, even sand surface swept by the rear part
of the backwash (Otvos, 1964).

Fig. 7.15: Photograph shows the uniform network of rhomboid marks at the Bluewater
beach, Port Elizabeth. L.Tni\*orsity of F

T A sthor 111
L OJ¢ ther in 1’,,@

rt Hare
llence

€ nce

7.4.8 Swash line

The Swash line is the highest line of wave or tide running up along the beach (Fig 7.16).
Swash zone is the intertidal zone from low limit of wave/tide to high limit of wave/tide.
Swash line is characterized by the turbulent layer of water that washes up on the beach
after an incoming wave/tide has broken. Swash movement on the beach provides the
principal mechanism for exchange between subaqueous and subaerial zones of the beach
and the change in the shoreline (Masselink and Hughes, 1998). The sediment transport
mechanism in the swash zone (from low tide to high tide) has less attention than those of
the surface zone. That is because of the difficulty in giving out the high-quality field
measurements of sediment transport and partly due to the processes complexity (Elfrink
and Baldock, 2002). The swash zone is characterized by flows that are so strong and

unsteady, high turbulence levels, high sediment transport rates, and rapid morphological
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changes, and these represent the most dynamic region of the near shore zone (Puleo and
Masselink, 2006).

Fig.7.16: Photograph showing a high- ide swash line in damp sands with shell fragments.
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7.4.9 Dendritic wash mark 1 versity of Fort Hare

Dendritic wash marks are erosional structures formed along fluvial or tidal channels
(Figure 7.17) at Swartkops estuary. They are formed by water erosion during strong flood
stage and they could be exposed and destroyed by next flooding. The ultimate origin of all
erosional structures is stream scouring. Mega ripples (Figure 7.17)), on other hand, occur
in tidal or fluvial channel by higher energy water deposition (Haldar, 2020). Mega ripples

can indicate transport direction by gradual lower their height and flatting (Figure 7.17).
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Dendritic wash mark

Mega ripple

Fig. 7.17: Picture showing dendritic wash marks and mega ripples.

7.4.10 Drainage patterns on sandy beach

Drainage patterns can be termed as b erosion marks. These marks can result

from tidal channel to the beach surfa Beach drainage patterns are an example

of shoreline erosion. Micro tributaries re e main rivulets at right angles to the

drainage pattern in the dHi \é%ﬂé%(é:lofg; E@&aﬁ)ﬂgo@ drainage patterns was

0ge xcellence

discovered in the Bluewater beach (Figure 7.18).

106



Fig. 7.18: Drainage patterns along the Bluewater beach, which form from tidal washing
and scouring.

7.5 Biogenetic sedimentary structures

7.5.1 Boring and bioturbation

Bioturbation is an alteration and disturbance of a site along the estuary or the beach by
living organism, the turning and mixing of sediments by the organism. Bioturbation
structures are produced by living organism’s interaction and the soft sediments that
manifest into a wide range of forms like footprints, burrow, trails, mound, or organic

pellets as shown (Figure 7.19).

Fig. 7.19: A photograph showing boring holes by organisms along the Swartkops
estuary.

7.5.2 Burrows
Burrows are very common in shallow marine environment, and created by diversity of

invertebrate and vertebrate species, ranging from insects and worms, fish, amphibians,
reptiles, and mammals. The burrows and bioturbation activities have a profound impact
on physical and biogeochemical properties and processes. Burrowing crustaceans alter the
physical environment of all sedimentary habitats, including sand flats, salt marshes,
mangrove swamp, and coastal lagoons. When burrowing animals have a high sediment
turnover rate, they are susceptible to erosion and contribute significant volumes of
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sediment particles to bedload transport and resuspension. Burrow hole is more large in size
than a boring hole, and it could be myltiple layers if cuting in a vertical section (Fig. 7.20).

Fig. 7.20: Photograph showing burrows (arrow) caused by invertebrate organisms along
the beach. Burrows are irregular in shape; could be multiple layers in the vertical

section.

7.6 Miscellaneous struqfgbyersity of Fort Hare

Together in Excellence

7.6.1 Desiccation cracks (mud cracks)

Mud cracks formed as muddy sediments that dries and contracts (Fig. 7.21). They form
largely because of solar radiation. When wet muddy sediments dry out, the removal of
water and result in a loss of volume and shrink of sediments. At last, mud cracks will be
gradually formed. Formation of mud cracks reveals a very shallow water environment,

where wet environment that is drying up.
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Fig. 7.21: Mudcracks showing shallow water wet environment became dry up.

7.6.2 Rain drops v
Raindrop imprints are a less puzzling structure that can be found on beaches. The surface

of fine sediments (silts and mud) is marked by the effects of rain drops after heavy rain
event. When the rain soaks into mud, it leaves behind a rounded imprint (pit). Rain
imprints are always rounded in shape, and the pits are very shallow (1-3 mm in depth) and
near the same size in a group. It can be distinguished with organic borings which are deeper

holes and more variable in sizes (Fig. 7.22).
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Fig. 7.22: Rain drops causing very shallow pits on the fine mud-silty beach surface
resulting from a heavy rain event. They are rounded, very shallow pits (1-3 mm in depth)

and distinguishable from biogenic boring holes.

7.7 Summary

Different types of sedimentary structures have been found in the Swartkops estuary and
Bluewater beach. The structures generated by aeolian processes include Sand dune, Sand
ridge, and High angle cross bedding, Antidune, Straight line ripples, Sinuous line ripples
and Aeolian nail marks. The structures produced by wave and tide include Gravel
pavement, Interfering ripples, Flat topped ripples, Linguoid marks, Asymmetric sinuous
ripples, Rill marks, Swash line, Rill marks, Rhomboid marks, Dendritic wash marks. The
structures produced by organisms are Boring, Burrow and Bioturbation; and the
Miscellaneous structures include Desiccation cracks and Rain drop prints.

Sedimentary structures are useful tools and good indicators for hydrodynamic energy and
sedimentary environment. The ripple marks in the Swartkops estuary and the Bluewater
beach are common types of aeolian dunes and shallow marine environment. The beach
and estuarine sediments show an agitation water by wave and tide currents, while dune
environments show high dune ridges, high dip angle cross-beddings and special antidune
structures, representing formation in a strong wind system environment. For wave and tide
sediments, most of sedimentary structures are different types of ripple marks and
biogenetic structures such as boring, burrow and bioturbation structures formed in shallow
marine or estuary environments. In different section of the coastline, the wave/tide energy
was different, therefore, gravel pavement, sand beach and muddy flat can be co-existed in

an integrated system.
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CHAPTER 8: HYDRODYNAMIC ENERGY AND DEPOSITIONAL
ENVIRONMENTS

8.1 Introduction

The chemical, physical, and biological processes that occur during the deposition of a
specific kind of sediments and the lithification of the resulting rock types are referred to
as the depositional environment (Shanmugam, 2006). Environmental analysis is based on
environmental-relevant rock and sediment characteristics. Each depositional environment
has specific properties that provide essential information about a particular area's geologic
features and formation history. Sediments on the earth’s surface convey information about
the past environment (Balasubramananian and Kalasaiah, 2013). Estuaries are important
in linking continent and sea, and are closely related to human activity and living
environment, therefore study of estuary is of important significance for economic
development and for human living environment. The Swartkops estuarine sediments are
very variable in size and shapes, which are linked to variable sub-environments in the coast

of the estuary.

8.2 Shallow marine system

Swartkops and Bluewater beach’are part of'‘a shallow marine system that shows variable
energy condition and variable sized sediments. The sedimentary features in the area
provide evidence of variable low to high-energy environments, such as mega ripples
caused by an excessive storm. The shallow marine deposits in the Swartkops estuary and
Bluewater beach areas are dominated by trough and tabular crossbedding, erosional
surface, ripple marks, and gravel pavements (Figure 7.3-7.22). These characteristics
suggest that the area of study experienced significant marine transgression, and that these
structures represent a general transition from fluvial to marine shoreline deposits (Figure
8.1). Estuarine environments face a lot of change in sediment grain sizes and cumulate
rates, including the change in freshwater runoff and the raise in sea level. The effects of
tides are the ones that dominate the patterns of sedimentation in the Swartkops estuary.
The tide shapes the estuary's interior into a series of tidal flats and channels (Clifton, 1982).
The centre of the Swartkops estuary, where sediments consist of mud material, whereas in
the tidal channels, sediments are coarser, and ripples and mega-ripples can be found. The

runoff channels depend on the grain size of the sediments. There is a complex dynamic
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interaction between the four groups of sand shoals, channels, mudflat, and marshlands
since they are controlled by the motion of freshwater and saline water (de Vriend, 2019).
The constructive waves alter beach morphology by causing the movement of sediments
up the beach and resulting in steeping the beach profile. Beach morphology is important
because the more significant the morphological variability, the more likely the wind

velocity retards, and flow variation occurs across the backshore.
8.3 Estuarine environments
8.3.1 Intertidal flats

Intertidal flats are areas where tides or rivers have deposited sediments. Mudflats are
wetlands that form in intertidal zones as shown in Figure 8.2. The intertidal flats are found
in areas such as estuaries, bays, and lagoon. Swartkops estuary has extensive intertidal
flats covering 1.6 km?, and the estuary is predominantly sandy and wide intertidal and
supratidal areas in the lower estuary. In contrast, it is muddier in the upper estuary and has
steep banks (Baird et al., 1988). The mudflats that form in the intertidal area are in the
form of mud, resulting from the deposition of estuarine silts and clays. Intertidal flats are
flat in shape and contain no features, sandy and muddy areas exposed between tidal levels.
They are frequently cut by creeks meandering and.partly vegetated on their inner margins
to coastal marshes or swamps (Evans, 1982). The'intertidal areas with low and high tide
marks contain vegetation that lacks mud banks' root to coarse sand flats (Schutte et al.,
2019). Evans further discussed that the intertidal flats maybe 10-20 km wide, extended for
hundreds of kilometres along the shoreline, and vertical ranges from approximately 17
meters (Evans, 1982).

Evans further suggested that the term "intertidal flats" should be restricted to areas exposed
between high and low watermarks of astronomically induced tides and not include those
that are flooded by marine waters during abnormal meteorological conditions, for which
the suitable applicable be supratidal flat (Evans, 1982). The intertidal flats physical
structure ranges from coarse sand beaches on wave-exposed coasts to suitable fine
sediments mudflat in estuaries and another inlet marine. Tidal flats in intertidal areas are
formed more favorably in a sufficient supply of fine-grained sediments. When the
sediment supply of the sediment is cut off, the tidal flats become subjected to shoreline

erosion that can damage the zonation set by tides action. Intertidal areas are very dynamic
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systems. They are influenced by local energy levels, especially in high-energy sand flat
areas that reveal a microstructure controlled by repeated erosion and deposition during the
reworking of sediments (Elliot et al., 1998). Estuaries and coastal systems have
experienced very significant losses of intertidal flats and marine environments due to
diking, irrigation withdrawals, dam construction, and so these effects disrupted the natural
flow of water, blocked sediment transport to the river deltas, and that resulted in the loss
of intertidal flats (Yang and Wang, 2015). Intertidal flats are important in estuarine
circulation, sediment dynamics, water quality, salinity stratification, and intrusion (Yang
and Wang, 2015).

Fig. 8.1: The photograph shows the tidal flat of Swartkops Estuary.
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8.3.2 Saltmarshes

Saltmarshes are tidal marsh or coastal marsh and coastal ecosystems in the upper coastal
intertidal areas between lands and open saltwater flooded by tides. The Swartkops estuary
has the third-largest salt marshes along the South African coastline and exhibits various
estuarine flora (Colloty et al., 2000). They form mudflats that are raised to the level of an
average of high tide. In an estuary, the presence of saltmarshes reduces the tidal amplitudes
by creating a frictional drag on surface water and permits water storage on marsh surfaces
(Reed et al., 1999). Saltmarshes are depositional areas, and they are likely to store
pollutants. Saltmarshes maintain elevation with rising sea levels by trapping the mud and
the sand (FitzGerald et al., 2020). Sediments enter the marshes in two ways: through the
creek systems and across the marsh front at high stages of the tide (Adnitt et al., 2007).
Swartkops estuarine saltmarshes and the Bluewater bay rely on the energy provided by
tides and waves that can transport coastal sediments and changing the shape of the
landform. The processes of sediment erosion and deposition are managed by the
relationship between particle size and the current strength (Adnitt et al., 2007). Vegetation
in saltmarshes is one of the transported components for trapping sediments and for wave
attenuation. Saltmarshes develop well in favourable conditions where waves and currents
are not too strong, and that is essential for mud to settle and seedling to establish (De Groot
and Van Duin, 2013). When time passes, the sediments in saltmarshes go through auto
compaction, and that is where sediment density increases and increases in flexibility
against edge erosion (De Groot and Van Duin, 2013). Sediment destabilization by animals
can result in the erosion of saltmarshes. Saltmarshes provide coastal protection because of
the stability they present, and they minimize the duration of storm surges. Saltmarshes are

very important in flood defence.
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Fig. 8.2: The photograph shows the saltmarshes along the Swartkops estuary.

8.3.3 Tidal channel

Tidal channels are the portion of theWected by the ebb and flow of ocean tides.
The Swartkops have tldfaL crﬁa‘npejls? lﬁﬁt Ear? \[e!rtilicﬁl IaTd having shallow water, rhombic
shapes (Figure 8.3). Along the Bluewater bay beach, the tldaI channels have soft sediments
with special ripple marks with a flat top, and the channel is deposited with modern
conglomerate with quartzite rocks (Fig. 8.4). Different sedimentary facies in tidal channels
depend on the depth of a channel and whether or not the flow of tidal waters enters through
the channel is free or restricted (Gastaldo and Huc, 1992). Tidal channels of less than 10
m widths in the inside area may be at least 5 m in depth, and ordinary tidal channels may
range from up to 7.5 m (Gastaldo and Huc, 1992). Tidal channels have geomorphic
features that can be classified into two ways: erosive features that are scours and pools,
and depositional features consist of dunes, point bars, and bars (Madricardo et.al., 2020).
According to the deposits, tidal environments have channels, and therefore tidal channels
are like meandering fluvial systems with a predominance of channel margins and overbank

areas (Dalrymple and Choi, 2007).

Many modern tidal environments indicate observations of channel bar systems

geomorphology (Dalrymple and Choi, 2007). They have high energy in tidal movement,
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and sediments such as coarser-grained to gravel deposits are frequent on the channel floor.
Sediments subjected to tidal hydrodynamics are assigned and grouped or classified into
specific sedimentary facies, and that is important for recording strong tidal constituents
that affect a coastal area (Longhitano et al., 2012). Tidal currents are essential in
controlling sediment transport. Sand is found in channels in tide-dominated estuaries;
however, silt and clay indicate the tidal flats and deposits of saltmarshes (Lanzoni and
Seminara, 2002). Tidal channels are typically meandering, and those results of non-linear
interactions between morphology and flow dynamics (Dronkers, 2020). Flood and ebb
flow usually follow different estuaries paths that lead to multi-channel systems of flood
and ebb dominated channels (Dronkers, 2020).

"~
o]

Fig. 8.3: Tidal channel system showing flooding having shallow water in Swartkops
estuary.
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Fig. 8.4: Tidal channel system showing runnels and ridges with some ripples marks in
Bluewater beach.

8.3.4 Floodplain

Floodplain is an area of land close to the stream or an estuary that stretches from the banks
to its channels to the base of the enclosing valley walls, which shows flooding during the
period of discharge. The Swartkops floodplain is finer with different sediments which
depend on water energy. The Swartkops estuary has an extensive floodplain and is partially
stratified and with a relatively tidal prism (Allanson, 2001). The Swartkops estuary
floodplain in the lower and middle riches is covered by vegetation, the upper ridges of the
Swartkops estuary, the flood supports vegetation that is different from those found in other
places in the floodplain (Baird et al., 1986). The Swartkops estuary is identified by flood
tide dominant currents for marine and sand deposition (Baird et al., 1986). The

development of floodplain constitutes two processes that are erosion and aggradation.
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Floodplain erosion describes the process in which the earth disappears gradually by flood

movement.

The floodplain deposits can be represented as sediment types that range from clay to gravel
size particles, including terrigenous and organic deposits (Aslan, 1978). Fluvial processes
and their development form floodplain and nature is necessary to stream power and
character of sediments (Nanson and Croke, 1992). Flood plain most important deposits are
developed by a process that functions in and near the river channel. These deposits are
referred to as accretion deposits that develop in the channel and the vertical accretion
deposits. Depositional processes are differentiated according to the energy environment
and supply of sediments. The floodplain can represent the eroded and sorted sediments
accumulation in sediment sinks which can undergo biogenic for timespan (Lewin, 1978).
Floodplain is important; two folds characterize their importance; the floodplain deposits
are economically important reservoirs of oil and natural gases; second, the floodplain gives
clear, detailed records of past and present processes and continental environments (Aslan,
1978).

Fig. 8.5: Picture shows vegetated floodplain along the Swartkops Estuary.
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8.4 Summary

Although certain lagoonal and estuarine habitats are dominated by quiet-water conditions,
marginal marine is defined by high-energy waves and currents. The Swartkops estuary has
a shallow marine environment and that has been proven for having significant amount of
mature clastic sediments along with marine algae as well as skeletal material from animals
like shells and corals. Delta, beach, and barrier island, estuarine, lagoonal and tidal flat are
the depositional settings in marginal marine environments. The four types of sand shoals,
channels, mudflats, and wetlands have a complicated dynamic relationship. Intertidal flats,
saltmarshes, tidal channel, floodplain, ebb tidal delta and estuarine silt have been regarded
as estuarine depositional sub-environments. The change of deposition rate in estuarine
environments is usually higher due to changes in freshwater and sea water fluctuation. The
energy level of the estuarine environments can vary significantly, from relatively shallow

areas affected by waves and tides to deeper areas only influenced by severe storms.
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CHAPTER 9: COASTAL EROSION AND MITIGATION

9.1 Introduction

This chapter presents practical applications on coastal and estuarine models in planning
for erosion protection against hazardous hydrological forces such as high tides, river
floods, and storm surges. Coastal and estuarine floods during dangerous storms can result
in coastal and estuarine erosion. Morphodynamic and hydrodynamic modeling processes
are important for planners and decision-makers to evaluate the environmental impacts of
hazardous hydrological forces controlled by sediment transport, tide, waves, and river
floods (Ding et al., 2013). Nordstrom (1989) highlighted that shore protection structures
are an essential solution for developed bay beaches than ocean beaches. Strategies can be
developed to intensify values that complement and supplement those given out by beaches;
therefore, those strategies ought to be designed precisely for bayside location (Nordstrom,
1989).

9.2 Erosion causes

Estuarine erosion is usually caused by moving water, such as waves or currents. In addition
to this information taller waves have the power to move sand and other sediments, both
offshore, into deeper water along-the shoreline (Skrabal'and Rogers, 2001). When deposits
are in motion, they are redistributed according to weight and grain size (Skrabal and
Rogers, 2001). Erosion, even if it is by wind or water, involves three actions: movement,
soil detachment, and deposition (Ritter, 2012). Erosion can be a slow process than can
happen unnoticed and later occur at an alarming rate. Beaches can experience erosion
when there is a reduction in sediment supply from eroding cliffs, reduction of sand supply
from inland dunes, increased wave attack, and reduction of fluvial sediments supply to the
coast (Baird and Lewis, 2015). Coastal erosion, especially on the sandy coast, can result
from many factors such as man-induced activities and interference with coastal structures
such as littoral transport that is the most common cause of coastal erosion (Karsten, 2020).
Loss of sand at coastal protrusions that is the loss of material from protruding area to one
or two sides is a natural cause of coastal erosion, and it normally occurs in sandstone
foreland or headland where the currents wash away the fine eroded material and the coarse
material is transported alongshore (Karsten, 2020).
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9.3 Sediment erosion

In the estuarine environment, erosion occurs by eroding shoreline and bottom sediments
and beaches (Fig. 9.1). Sediment erosion occurs by the action of waves, tidal currents,
deflation, and littoral currents (Elgama, 2016). Comparing the induced tidal currents and
the grain size is quite useful in the determination of erosion, erosion direction, and the risk
of erosion (Heise et al., 2010). Small changes in fine sediments content, particularly in
sands, can have a strong effect on the erosion and sorting of the sediments in the seabed
(Garwood et al., 2013). The erosion rate is controlled by the sheer bed strength and the
variation depth; therefore, under steady flows, soft, partially consolidated beds; they erode
differently than dense, settled beds (Van Leussen and Dronkers, 1988). The general
agreement that bottom shear stresses exerted by waves and currents are the dominant
forces causing the erosion and that sites specific sediment characteristics that include
particle size distribution, density particle, water content, and biological disturbance control

resistance of erosion (Sanford and Maa, 2001).

Fig. 9.1 Photograph shows erosion along the Durban coast, South Africa in the 23 April
20109.

9.4 Bank erosion
The Swartkops estuary constitutes a wave-dominated semi-diurnal tide with a vertical

range of 1.8 m, with dunes-topped sandy barriers. Significant tides in Swartkops estuary
to Bluewater Bay beach are causing erosion, and high tides are causing bank erosion (Fig.
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9.2). Factors such as ocean waves, sea level, vegetative state of the dunes, and flood
duration are essential. Bank erosion usually takes place in the upper ridges of the estuaries
and in rivers. Bank erosion is usually associated with meanders' evolution, as one bank is
silting and the opposite bank is eroding. There is no reliable/ distinct formula to estimate
the banks' stability (Wolanski and Elliot, 2016). The eroded sediment moves along the
topographic gradient towards the channel or in a downstream direction, and banks are
characterised by bare sediments, live vegetation, or snags (Roy et al., 2003). Bank erosion
supplies coarse sediments to channels; coarse sediments supplied from upstream and
stored as a channel makes a substrate important for macro-invertebrates (Florsheim et al.,
2008).

Fig. 9.2: The photograph shows a bank erosion along the north part of Swartkops
estuary.

9.5 Possible mitigation methods
9.5.1 Shoreline hardening

Shoreline hardening involves the insertion of artificial structures such as large stones or
boulders, concrete or steel walls. The Swartkops estuary has a lot of engineering projects
for the protection of riverbanks (Figure 9.3). The main function of the shoreline hardening
is to protect the landward of the structure. In the case of the environment, structures such
as steel walls can result in the interruption of the longshore sand movement. Therefore, the
hardening of the shoreline of the eroding beach can result in the beach's loss or

disappearance. The best way to minimize the impact and maximize the beach's long period
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is to locate the structures as far landward as possible (Skrabal and Rogers, 2001).
Protection and safety have been dominant historically and refer to rigid armouring
structures such as revetments to protect the existing upland estuarine boundary and
preserve dry land (Peterson et al., 2019). The primary environmental concern with
engineered hardened shorelines is preventing natural up-slope transgression of saltmarsh

and other productive shoreline habitats as sea level rises.

Fig. 9.3: Photograph showing cement hardening for protection of the bank in the
Swartkops estuary.

9.5.2 Groins

Groins usually are built perpendicular to the shore (Figure 9.4), and it's a strong structure
built from the bank or ocean shore that limits the movement of sediments and cut on water
flow. Groins are built from different materials such as stone rubble, wood, sand, and other
various materials. Groins are shorter structures built on straight stretches of the beach away
from inlets sand intend to trap moving sand in longshore currents (Bush et al., 2001). It
should be noticed that when the groin is working correctly, additional or more stones or
wood should be piled up on one side of the groin than the other, but the problem with the
groin that also needs to be addressed is that they trap sand that is flowing to the adjacent
beach (Bush et al., 2001). Therefore, after a groin is built, the increased rate of erosion
results on the adjacent beaches, which should be considered (Bush et al., 2001). The groin's
length is quite vital for the protection of the beach and can be based on beach width. The
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general length is 100 m and the distance between the two groins adjacent usually is two to
four times the groin's length, and the flat sandy coast is preferable for three to four times
the groin length (Ye, 2017).

Fig.9.4: Photograph showing down drift of wood groin in the coast of Bluewater beach.

9.5.3 Revetments

Revetments are stones or concrete structures built adjacent to the shoreline and planned to
protect the underlying soil from erosion (Ciarmiello and Di Natale, 2016). The more
extensive stone layers are placed on the front-water with smaller layers placed below it,
and the latter prevents basal soil washing. Therefore, the main erosion protection is
undertaken by the upper stone layers (Ciarmiello and Di Natale, 2016). Revetments can
be built to similar heights as sea walls, but revetments have gentle slopes and much larger
structural footprints (Figure 9.5). Beach widths are reduced seaward of shore parallel
structures such as revetments because of the placement loss that is followed by the
occurring effects of coastal processes such as erosion (Dugan et al., 2011). Revetments
can be permeable and impermeable; the permeable revetments are built from rock or
concrete and timber; the reason is that they reduce the erosive power of waves by making

their energy disappear as they are intact with the shore. The impermeable revetments are

124



sloping defences made of stone or concrete, acting as a fixed-line defence and barrier for

high tides and storm surges. Revetments are relatively low maintenance, but the erosion at

the structure's base can cause structural failure and disrupt the natural dune process.

Fig. 9.5: Photograph showing revetment with rock boulders (left) and cement blocks

(right) along the coast of Bluewater beach.

9.5.4 Vegetation v o1
Planting vegetation is important for coastal erosion because it promotes shoreline

stabilization, trapping incoherent- sediments; and can reduce wave current energy
(Ciarmiello and Di Natale, 2016). Generally, vegetation planting allows reasonable
erosion control to be accomplished in low energy environments such as estuarine tidal
zone. Shoreline vegetation can be from open and sheltered habitats as bulkheads change a
habit and preventing shoreline movement in response to changing sea levels (Dugan et al.,
2011). Coastal dunes act as a safeguard against coastal hazards such as wind, wave
overtopping, and tidal inundation. For that reason, the costal vegetation is important for
the protection of the beach (Figure 9.6). Storm tides and waves change the shore profile,
and these can cause periodic erosion that can be followed by natural recovery. Wetland
vegetation, especially along the estuaries, plays an important role in protecting water
quality by trapping sediments and taking nutrients and prevents erosion by stabilizing the
shoreline by absorbing wave energy, trapping sediments, slowing stormwater runoff, and
moderating storm the effects of storm floods.
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Fig. 9.6: Photograph showing vegetation controling for coastal erosion.

9.5.5 Vertical walls

The vertical walls are there to retain the soil behind it during storm waves. Vertical walls
can be called by various names, such as sea walls, bulkheads, or retaining walls. The
vertical walls are designated not by the presence of waves but for maintaining the soil's
weight and additional groundwater trapped landward of the structure (Skrabal and Rogers,
2001). These structures are generally massive concrete structures placed along the stretch
of the shoreline at the beaches. The walls must be implanted or inserted deep enough to
stop the structure's toe from being pushed waterward when eroded by waves as shown in
figure 9.7. Since the vertical walls are made to hold up the soil's weight rather than to resist
the waves, then even small losses of backfill can lead to collapse (Skrabal and Rogers,
2001). The vertical wall can cause unpleasant environmental impacts. Structures must be
strong on account of the high wave loading and, for that reason, are needed to be strong
massive structures or better suited to low- to medium wave environments where the wave
loading is moderate (Shand and Blacka, 2017).
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Fig. 9.7: Photograph showing vertical wall for protection of wave erosion in the coast.

9.5.6 Bulkheads

Bulkheads are vertical, shore-anchored obstacles built along the shoreline to prevent
erosion. Bulkheads can be made of ‘wood, concrete, vinyl, or steel, and they can be
freestanding or supported by a series of tiebacks (Fig:9.8). Bulkheads, when properly
designed and built, can significantly limit or even eliminate shoreline retreat at a site
(Benoit and Roberts, 2007). The scour caused by reflected waves will raise the water level
at the bulkhead's base. As a result, riprap such as stone or other riprap is frequently used
at the toe to absorb some of the wave force. When a bulkhead is built along the shoreline,
the region landward of the bulkhead is usually filled in, and the marsh or beach is converted

to uplands (Benoit and Roberts, 2007).
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Fig. 9.8: Photograph showing bulkhead to protect bank erosion and slope failure.

9.5.7 Breakwater
Breakwaters consist of a single structure or a series of units placed offshore of the project

site to reduce wave action on the shareline. When correctly built and constructed, rock is
commonly utilized in construction and has shown to be quite durable. Some breakwaters
run parallel to the shoreline and are built of rock, stone or concrete. They limit long-shore
drift, which prevents sediment movement and erosion along the shoreline. Breakwaters

are simple to maintain. Shore and bank are well-protected with the structure (Fig. 9.9).

—

Fig 9.9: Photograph showing breakwaters built by rocks (left) or mud-rock mixture
(right).
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9.6 Summery
Globally, rising sea levels have had a significant impact on the coastal erosion. Abrasion

is very prevalent in the regions where there are strong winds, fast currents and high waves.
Loose sands, soft rocks and weak beds are all factors affecting erosion. Since wave, tide
and river current are all interactative in the coastal zone in beach and estuary, morphology

change and erosion are the routine phonomena in the coast environment.

In the case of Swartkops estuary, flooding and erosion could cause serious influence on
the landscape stability, property safety and industrial development. Therefore, mitigating
the coastal erosion is a major task for economic development in South Africa. In this study,
we proposed some mitigation methods to local gorvenment, such as Shoreline hardening,
Groin, Revetment, Vegetation, Vertical well, Bulkhead, Sills and Breakwater are the
potential way to prevent erosion. Local government encourages this research and had used

some of methods in the environment protection.
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CHAPTER 10 DISCUSSION AND CONCLUSION

The study has provided new insights and detailed information for the Swartkops estuary
and coastal erosion protection. Through this study, the following discussion and

conclusion were drawn:-

Through literature review, field trips and the study on the collected samples, we have
improved the knowledge and understanding of the Swartkops estuary. According to the
Wentworth scale, the sediment sample collected in the estuary indicates a fairly consistent
grain size, fine to medium of arenaceous sands. Grain size analyses were very useful for
determining the depositional environment and hydrodynamic conditions as well as the
transporting mechanism and current energy conditions. The grain size distribution is
ranged from -1 to 5 phi, with predominant size at 3 Phi (0.125 mm) that are regarded as
well sorted. The Bluewater beach sediments in the estuary shows that the sediments are
fine grained with an average size of 2.57 phi, the sorting that has an average of 0.41
indicating well sorted, the skewness of an average of 0.13 showing the strongly coarse
skewed for these samples, and the kurtosis of an average 0.87 indicating the platykurtic
nature. The Swartkops channel grain size-parameters shows that most sediment are
dominated by fine-grained sediments-with an average value of 2.25, moderately well
sorted (0.77), leptokurtic to very leptokurtic (1.60), and the skewness of an average of -
0.2 that shows a strongly coarse skewed. The fine grained sediments reveal that the energy
of transporting medium was low and constant (Nelson, 2015; Folk, 1974). Grain size
parameters for channel sediments shows an average mean of 2.32 suggesting that the tidal
channel is dominated by fine grained sands, the sorting coefficient with an average of 0.73
showing that the area is dominated by moderately sorted sediments. The kurtosis has an
average of 1.49 indicating leptokurtic in nature, and the skewness average of -0.43

indicating that the tidal channel of grain size distribution is near symmetrical.

The bivariate scatter plots of grain size parameters have been widely used to interpret the
deposition mechanism, energy conditions and transportation medium. The histograms and
cumulative frequency reveal a unimodal grain size distribution for most of the beach and

estuarine sediments, but there are few bimodal grain size distributions in the estuarine

130



sediments. The cumulative frequency diagrams show well sorted beach sediments,
compared the estuarine sediments with some poorly sorted samples. The bivariate plots
show that the mean versus sorting have a negative relationship indicating that the fine-
grained sediments are well sorted compared to coarse-grained sediments. The bivariate
plot between mean versus skewness shows a slightly positive relationship which implies a
fluvial environment in affection. The skewness versus kurtosis shows that sediments in the
Swartkops channel and the Bluewater beach lie within negatively skewed, which shows
that most sediments are from the beach environment. The relationship between kurtosis
and the mean shows a slightly positive relationship results from less sorting in coarse
sediments. The relationship between sorting and skewness shows a negative relationship
which can help to distinguish between the beach and river sands (Okeyode and Jibiri,
2012). The bivariate plot of sorting versus kurtosis shows a positive relationship which
means that the sorting increases, the kurtosis gets wider. Thus bivariate plots can be used

to distinguish fluvial and marine originated sediments in the study area.

The Swartkops estuary and the Bluewater beach constitute of similar mineral
compositions. Quartz, calcite, feldspar and lithic fragments are the most abundant minerals
in the study area. Quartz is the most dominant mineral in all the samples observed under
microscope thin sections. The:lithic. fragments are classified-as quarzitic, shale, sandstone
and siltstone, with carbonate minerals'coming from marine organisms, such as shells and
corals. Glauconite, foraminifera, sponge and organic pellets are present in a small amount,

they were obtained from marine source.

The scanning electron microscope reveals the sediments' properties and their textures,
showing different types of micro-textures that include V-shaped pits resulting from
mechanical crushing during transportation; upturn plates due to collision and corrosion;
dissolution pits resulting from chemical solution; secondary mineral precipitation of silica,
calcite, salt and clay due to precipitation and recrystallization; boring and burrow resulting
from organism activities. These micro-textures are good indicators of water energy and

sedimentary environment.

Numerous well-developed sedimentary structures have been found in the Swartkops
estuary and the Bluewater beach. The structures generated by aeolian processes include
Sand dune, Sand ridge, High angle cross bedding, Antidune, Straight line ripples, Sinuous
line ripples and Aeolian nail marks. The structures produced by wave and tide include
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Gravel pavement, Interfering ripples, Flat topped ripples, Linguoid marks, Asymmetric
sinuous ripples, Rill marks, Swash line, Rill marks, Rhomboid marks, Dendritic wash
marks. The structures produced by organisms are Boring, Burrow and Bioturbation; and
the Miscellaneous structures include Desiccation cracks and Rain drop prints. Most of the
structures were formed in the lower flow regime, such as different types of ripples and
cross-beddings. Some of structures were formed in the upper flow regime, such as antidune
cross bedding and gravel pavement. Some of structures are the first time reported by the
author, such as high angle cross-bedding, antidune, aeolian nail marks, rill marks and
rhomboid marks. These sedimentary structures are essential for interpreting hydrodynamic
energy and depositional environments. The results of biological, physical and chemical

processes during deposition prove the stratigraphic record.

Hydrodynamics and the depositional environment of the estuaries and beaches describe
the chemical, physical, and biological processes associated with the deposition of certain
sediments. Estuarine environments constitute intertidal flats, salt marshes, tidal channels,
floodplains, and ebb-tidal delta. The Bluewater beach consists of pebbles that are well
rounded, and these pebbles indicates a shallow marine environment in an upper-flow

regime of hydrodynamic condition.

Estuarine erosion is primarily caused by the movement of water, such as wave and tide
currents. Erosion can start slow unnoticed and later occur at an alarming rate. The
migration of a conspicuous sandbank in the main river channel near Swartkops village is
controlled by ebb river flood currents (Esterhysen and Rust, 1987). Fluvial floods and
estuarine currents have steadily eroded the southern channel bank (cut-bank) of the
meander stream situated downstream of the Swartkops village (Esterhysen and Rust,
1987). Erosion of the cut bank and deposition on the point bars in gradual lateral and
downstream shift of the channel. Coastlines are affected by storms, floods, and other
natural events that cause erosion which can be the storm surge at high tide with strong
waves that can create the most damaging conditions. The sea-level rise is the severity of
the problems that cause erosion and damage of properties. Beach nourishment is an
important strategy to deal with coastal erosion, such as placing the buffer against the
erosion. The engineering projects play a vital role in stabilising the river bank and
coastline. Mitigation projects to protect erosion include shoreline hardening, groins,

revetments, vegetation planting, vertical wells, bulkheads and breakwaters.
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Recommendations

To develop additional ways to rehabilitate coastal erosion and find other causes of coastal
erosion, more research on the environmental geology and sedimentology of the Swartkops
estuary is needed.
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APPENDICES

A.1 Sample 2 (Beach sand)
Table A.1 Retained and cumulative percentage of grain size for sample 2. Aliquot mass

APPENDIX A: GRAIN SIZE ANALYS

=416.34 g.
Sieve size (¢) Mass retained (g) | % retained Cumulative %
2 1.40 0.33 0.33
3 396.13 95.25 95.58
4 16.06 3.86 99.44
5 2.38 0.57 100.01
Retained total mass 415.97g
Error =0.8 %
Histogram Cummulative curve
120 120
100 100 -
80 o 80 -
E 60 - g 0
£ £
= =]
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Fig. A.1l: Histogram (left) and cumulative frequency curve (right)of sample

sample 2, showing the grain size distribution varied from 3.5-4.5 phiwhich is
dominant at 3 Phi (0.125 mm).
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A.2 Sample 3 (Beach sand)

Table A.2 Retained and cumulative percentage of grain size for sample 3. Aliquot mass

=623.92 g.
Sieve size (¢) Mass retained % retained Cumulative %
(@)
1 0.47 0.07 0.07
2 3.16 0.5 0.57
3 603.15 96.80 97.37
4 13.53 2.17 99.54
5 2.76 0.44 99.98
Retained total 623.07g
mass
Error =0.1%
Histogram cummulative curve
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Fig. A.2: Histogram (left) and cumulative frequency curve (right) of the sample 3,

showing the grain size distribution varied from 3.5- 4.5 phi wich is dominant at 3 Phi

(0,125 mm) with minor size at 4 phi(0.0625).
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A.3 Sample 4 (Beach sand)

Table A.3 Retained and cumulative percentage of grain size for sample 4. Aliquot mass

=493.04 g.
Sieve size () Mass retained (g) | % retained Cumulative %
1 0.04 0.008 0.008
2 7.25 1.47 1.47
3 475.64 96.65 98.12
4 8.50 1.72 99.84
5 0.69 0.14 99.98
Retained total 492.129
mass
Error=0.1%
Histogram Cumulative curve
120 120
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£ 60 g 60 -
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Fig. A.3: Histogram (left) and cumulative frequency curve (right) of sample 4, showing
grain size distribution size varied from 1.5 to 4.5 phi, and well sorted nature, with

dominant size at 3 Phi (0.125 mm) and minor sizes at 2 Phi (0.25 mm) and 4 Phi (0.0625

mm).
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A.4 Sample 5 (Beach sand)

Table A.4 Retained and cumulative percentage of grain size for sample 5. Aliquot mass

=31551¢
Sieve size () Mass retained (g) | % retained Cumulative %
-1 1.41 0.36 0.36
0 0.58 0.18 0.54
1 0.73 0.23 0.77
2 5.18 1.64 241
3 302.59 96.14 98.55
4 3.68 1.16 99.71
5 0.81 0.25 99.96
Retained total mass 314.71g
Error=0.2 %
Histogram Cumulative curve
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Fig. A.4: Grain size-frequency histogram (left) showing well sorting in sample 5 and

cumulative frequency (right) showing the distribution of sediments, the sediment grain

size is dominant at 3 Phi (0.125 mm).
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A.5 Sample 6 (Beach sand)

Table A.5 Retained and cumulative percentage of grain size for sample 6. Aliquot mass

=264.55¢g
Sieve size () Mass retained (g) | % retained Cumulative %
1 0.07 0.02 0.02
2 2.09 0.80 0.82
3 250.46 96.21 97.03
4 7.53 2.89 99.92
5 0.17 0.06 99.98
Retained total mass 260.32g
Error=1.5%
Histogram Cumulative curve
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Fig. A.5: Histogram (left) and cumulative frequency curve (right) of sample 6,
showing grain size distribution size varied from 1.5 to 4.5 phi, and well sorted nature,

with dominant size at 3 Phi (0.125 mm) and minor sizes at 2 Phi (0.25 mm) and 4 Phi

(0.0625 mm).
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A.6 Sample 7 (Beach

Table A.6 Retained and cumulative percent of grain size for sample 7. Aliquot mass =

sand)

255.94 ¢.
Sieve size () Mass retained (g) | % retained Cumulative %
0 0.70 0.27 0.27
1 1.07 0.41 0.68
2 4.78 1.87 2.55
3 240.36 94.19 96.74
4 7.13 2.79 99.53
5 1.12 0.43 99.96
Retained total mass 255.169
Error=0.3%
Histogram Cummulative
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20 120
80
70 100
g 60 2 s0 r—
g so E
:; 40 E 60 /
30 é 40
20 ° l
10 20
-1 0 1 2 3 4 5 -1 0 1 2 3 4 5
Sieve size (Phi) Sieve size (Phi)

Fig. A.5: Histogram (left) and cumulative frequency curve (right) of sample 7,
showing grain size distribution size varied from 1.5 to 4.5 phi, and well sorted nature,
with dominant size at 3 Phi (0.125 mm) and minor sizes at 2 Phi (0.25 mm) and 4 Phi

(0.0625 mm).
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A.7 Sample 8 (Beach sand)
Table A.7 Retained and cumulative percentage of grain size for sample 8. Aliquot mass

=492.42 g.
Sieve size () Mass retained (g) | % retained Cumulative %
1 0.07 0.01 0.01
2 2.09 0.42 0.43
3 482.3 98.10 98.53
4 6.36 1.29 99.82
5 0.81 0.16 99.98
Retained total 491.639
mass
Error=0.1%
Histogram Cummulative curve
120 120
100 100
80 @ 80
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Fig. A.7: Histogram (left) and cumulative frequency curve (right) of the sample 8, showing
the grain size distribution varied from 3.5- 4.5 phi wich is dominant at 3 Phi (0,125 mm)

with minor size at 4 phi (0.0625).
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A.8 Sample 9 (Beach sand)

Table A.8 Retained and cumulative percentage of grain size for sample 9. Aliquot mass

=514.57 g.
Sieve size () Mass retained (g) | % retained Cumulative %
1 0.10 0.01 0.01
2 2.31 0.44 0.45
3 503.26 97.86 98.31
4 7.72 1.50 99.81
5 0.87 0.16 99.97
Retained total mass 514.269
Error = 0.06 %
Histogram Cumulative curve
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Fig. A.8: Histogram (left) and cumulative frequency curve (right) of the sample 9, showing
the grain size distribution varied from 3.5- 4.5 phi wich is dominant at 3 Phi (0,125 mm)

with minor size at 4 phi (0.0625).
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A.9 Sample 10 (Beach sand)

Table A.10 Retained and cumulative percentage of grain size for sample 10. Aliquot

mass =322.32 g.

Sieve size () Mass retained (g) | % retained Cumulative %
1 0.16 0.04 0.04
2 5.38 1.64 1.71
3 305.64 95.00 96.71
4 9.11 2.83 99.54
5 1.41 0.43 99.97
Retained total 321.79
mass
Error = 0.1%
Histogram Cumulative curve
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Fig. A.9: Histogram (left) and cumulative frequency curve (right) of sample 10,
showing grain size distribution size varied from 1.5 to 4.5 phi, and well sorted nature,

with dominant size at 3 Phi (0.125 mm) and minor sizes at 2 Phi (0.25 mm) and 4 Phi

(0.0625 mm).
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A.10 Sample 11 (Beach sand)

Table A.10 Retained and cumulative percentage of grain size for sample 11. Aliquot

mass = 431.46 g.

Sieve size Mass retained () % retained Cumulative %
2 1.02 0.23 0.23
3 408.88 94.98 95.21
4 14.99 3.48 98.69
5 5.60 1.30 99.99
Retained total mass 430.499
Error = 0.2%
Histogram Cumulative curve
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Fig. A.10: Histogram (left) and cumulative frequency curve (right) of sample 11,
showing grain size distribution size varied from 3.5 to 4.5 phi, with dominant size at

3 Phi (0.125 mm) and minor sizes at 4 Phi (0.0625 mm).
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A.11 Sample 12 (Beach sand)

Table A.11 Retained and cumulative percentage of grain size for sample 12. Aliquot

mass = 312.64 g.

Sieve size (¢) Mass retained (g) | % retained Cumulative %

-1 1.14 0.36 0.36
0 0.18 0.05 0.41
1 0.11 0.03 0.44
2 1.11 0.35 0.79
3 296.97 95.36 96.15
4 11.98 3.84 99.99
5 1.01 0.32 100.31

Retained total 311.399

mass
Error =0.3 %
Histogram Cumulative curve
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Fig. A.11: Histogram (left) and cumulative frequency curve (right) of sample 12,
showing grain size distribution size varied from 3.5 to 4.5 phi, with dominant size at

3 Phi (0.125 mm) and minor sizes at 4 Phi (0.0625 mm).
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A.12 Sample 13 (Beach sand)

Table A.12 Retained and cumulative percentage of grain size for sample 13. Aliquot

mass = 159.50 g.

Sieve size () Mass retained (g) | % retained Cumulative %
1 0.63 0.39 0.39
2 6.05 3.83 4.22
3 144.33 91.40 95.62
4 6.80 4.30 99.92
5 0.09 0.05 99.97
Retained total 157.9¢
mass
Error = 1.0%
Histogram Cumulative curve
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Fig. A.12: Histogram (left) and cumulative frequency curve (right) of sample 13, showing

grain size distribution size varied from 3.5 to 4.5 phi, with dominant size at 3 Phi (0.125

mm) and minor sizes at 4 Phi (0.0625 mm).
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A.13 Sample 16 (Estuarine sands)

Table A.13 Retained and cumulative percentage of grain size for sample 16. Aliquot

mass = 515.32 g.

Sieve size () Mass retained (g) | % retained Cumulative %
1 2.05 0.39 0.39
2 29.58 5.75 6.14
3 473.50 92.10 98.24
4 8.56 1.66 99.9
5 0.39 0.07 99.97
Retained total 514.08g
mass

Error =0.2%

Histogram Cumulative curve
100
oo 120
s0 100
(]
o 2 /
- s 80
2 60 = I
'g 50 E 60
;; 40 § 40 /
30 o\o 20 I
20
10 0 T |)|| T T 1
o | 1 0 1 2 3 4 5

-1 0O 1 2 3 4 5

Sieve size (Phi) Sieve size (Phi)

Fig. A.13: Histogram (left) and cumulative frequency curve (right) of Sample 16,
showing grain size varied from 1.5 phi to 4.5 phi, and well sorted nature, with dominant
size at 3 Phi (0.125 mm) and minor at 2 Phi (0.25 mm) and 4 phi (0.0625 mm).
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A.14 Sample 17 (Estuarine sands)

Table A.14 Retained and cumulative percentage of grain size for sample 17. Aliquot

mass = 330.03 g.

Sieve size Sample mass % retained Cumulative %
0 0.20 0.06 0.06
1 1.00 0.30 0.36
2 14.49 4.39 4.75
3 303.72 92.13 96.88
4 9.83 2.98 99.86
5 0.41 0.12 99.98
Retained total 329.65¢
mass
Error =0.1%
Histogram Cumulative
100 curve
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Fig. A.14: Histogram (left) and cumulative frequency curve (right) of sample 17,
showing grain size varied from 1.5 phi to 4.5 phi, and well sorted nature, with

dominant size at 3 Phi (0.125 mm) and minor at 2 Phi (0.25 mm) and 4 phi (0.0625

mm).
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A.15 Sample 18 (Estuarine sand)

Table A.15 Retained and cumulative percentage of grain size for sample 18. Aliquot

mass = 187.35 g.

Sieve size (¢) Mass retained % retained Cumulative %
(9)

-1 1.40 0.75 0.75
0 1.32 0.70 1.45
1 2.45 1.31 2.76
2 12.65 6.78 9.54
3 161.96 86.82 96.36
4 6.54 3.50 99.86
5 0.22 0.11 99.97

Retained total 186.54¢

mass

Error=0.4%
Histogram Cumulative curve
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Fig. A.15: Histogram (left) and cumulative frequency curve (right) of sample 18,
showing grain size varied from 1.5 phi to 4.5 phi, and well sorted nature, with
dominant size at 3 Phi (0.125 mm) and minor at 2 Phi (0.25 mm) and 4 phi (0.0625

mm).

169



A.16 Sample 19

Table A.16 Retained and cumulative percentage of grain size for sample 19.

Aliguot mass = 383.05 g.

Sieve size () Mass retained (g) | % retained Cumulative
%
-1 0.13 0.03 0.03
0 1.60 0.41 0.44
1 1.90 0.49 0.93
2 8.30 2.16 3.09
3 366.91 95.81 98.9
4 3.28 0.85 99.75
5 0.80 0.20 99.95
Retained total mass 382.929
Error = 0.03 %

Histogram Cumulative
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Fig. A.16: Histogram (left) and cumulative frequency curve (right) showing grain
size distribution of the Sample 19. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of 2 Phi (0.25 mm).
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A.17 Sample 20 (Estuarine sand)

Table A.17 Retained and cumulative percentage of grain size for sample 20.

Aliquot mass = 286.07 g.

Sieve size () Mass retained % retained Cumulative %
(@)
-1 2.20 0.76 0.76
0 1.80 0.62 1.38
1 1.85 0.64 2.02
2 5.28 1.84 3.86
3 269.80 94.41 08.27
4 3.62 1.26 99.53
5 1.22 0.42 99.95
Retained total 285.77g
mass
Error =0.1%
Histogram Cumulative
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Fig. A.17: Histogram (left) and cumulative frequency curve (right) of sample 20,
showing grain size distribution size varied from 1.5 to 4.5 phi, and well sorted

nature, with dominant size at 3 Phi (0.125 mm) and minor sizes at 2 Phi (0.25 mm)

and 4 Phi (0.0625 mm).
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A.18 Sample 21 (Estuarine sand)

Table A.18 Retained and cumulative percentage of grain size for sample 21.

Aliquot mass = 288.64 g.

Sieve size () Mass retained % retained Cumulative %
(9)

-1 0.48 0.15 0.15
0 0.28 0.09 0.24
1 0.49 0.17 0.41
2 1.52 0.52 0.93
3 281.81 97.95 98.88
4 2.69 0.93 99.86
5 0.44 0.14 99.95

Retained total 287.69g

mass

Error = 0.3%

Histogram Cumulative
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Fig. A.18: Histogram (left) and cumulative frequency curve (right) showing grain
size distribution of sample 21. The grain size distribution is dominant at 3 Phi

(0.125 mm) and it is well sorted in nature.
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A.19 Sample 22 (Estuarine sand)

Table A.19 Retained and cumulative percentage of grain size for sample 22.

Aliguot mass = 279.26 g.

Sieve size () Mass retained % retained Cumulative %
(9)
-1 0.60 0.21 0.21
0 1.23 0.44 0.65
1 1.87 0.67 1.32
2 3.99 1.42 2.74
3 267.82 95.96 98.7
4 2.88 1.03 99.73
5 0.69 0.24 99.97
Retained total 279.08g
mass
Error = 0.06 %
Histogram Cumulative
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Fig. A.19: Histogram (left) and cumulative frequency curve (right) showing grai

size distribution of sample 22. The grain size distribution is dominant at 3 Phi

(0.125 mm) and it is well sorted in nature.
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A.20 Sample 23 (Estuarine sand)

Table A.20 Retained and cumulative percentage of grain size for sample 23. Aliquot

mass = 304.46 g.

Sieve size (¢) Mass retained % retained Cumulative %
(¢))
-1 0.10 0.03 0.03
0 1.48 0.48 0.51
1 1.74 0.57 1.08
2 5.51 1.81 2.89
3 291.00 95.64 98.53
4 3.63 1.19 99.72
5 0.80 0.26 99.98
Retained total 304.269
mass
Error = 0.06%
Histogram Cumulative
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Fig. A.20: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of sample 23. The grain size distribution is dominant at 3 Phi (0.125 mm)

and it is well sorted in nature.
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A.21 Sample 24 (Estuarine sand)

Table A.21 Retained and cumulative percentage of grain size for sample 24. Aliquot

mass = 307.88g.

Sieve size (¢) Mass retained % retained Cumulative %
(9)
-1 0.30 0.09 0.09
0 1.43 0.46 0.55
1 2.61 0.84 1.39
2 10.15 3.29 4.68
3 289.13 93.94 98.62
4 3.40 1.10 99.72
5 0.76 0.24 99.96
Retained total 307.78g
mass
Error =0.03 %
Histogram Cumulative
120
100
80 100 [—
= g 80
2 60 i |
..E E 60
o 40 3 I
R x 40
20 I
20
o I 0] #j T T T

-1012 345
Sieve size (Phi)

-1 01 2 3 4 5

Sieve size (Phi)

Fig. A.21: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 24. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of 2 Phi (0.25 mm).
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A.22 Sample 25 (Estuarine sand)

Table A.22 Retained and cumulative percentage of grain size for sample 25. Aliquot

mass = 354.36 g.

Sieve size () Mass retained (g) | % retained Cumulative %
-1 0.34 0.09 0.09
0 2.72 0.76 0.85
1 3.49 0.98 1.83
2 8.59 2.42 4.25
3 336.07 94.96 99.21
4 2.21 0.62 99.83
5 0.47 0.13 99.96
Retained total 353.899
mass
Error=0.1%
Histogram Cumulative
100
50 120
S0 100
_ 70 2 |
g 60 k] /
£ so g2 60 I
= o 2 40 ]
20 20
10 O L IAIJI T T 1
0_-1012345 10 1 2 3 4 5
Sieve size (Phi) Sieve size (Phi)

Fig. A.22: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 25. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of 2 Phi (0.25 mm).
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A.23 Sample 27 (Estuarine sand)

Table A.23 Retained and cumulative percentage of grain size for sample 27. Aliquot

mass = 351.01 g.

Sieve size (¢) Mass retained (g) | % retained Cumulative %
-1 9.29 2.64 2.64
0 7.69 2.19 4.83
1 6.75 1.92 6.75
2 15.35 4.37 11.12
3 305.37 87.04 98.16
4 2.64 0.75 98.91
5 3.74 1.06 99.97
Retained total 350.83¢g
mass
Error =0.05 %
Histogram Cumulative
100 120
Q90
20 100
= 70 2 80 F
2 60 £ I
£ so g 60
=2 2 /
20 20 l
10 ”/’
0 - 0 T T T T T 1
-1 0O 1 2 3 4 5 -1 0 1 2 3 4 5
Sieve size (Phi) Sieve size (Phi)

Fig. A.23: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 27. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of 2 Phi (0.25 mm) and other smaller

percentages of grain size.
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A.24 Sample 29 (Estuarine sand)

Table A.24 Retained and cumulative percentage of grain size for sample 29. Aliquot

mass = 365.56 g.

Sieve size (¢) Mass retained % retained Cumulative %
(9)
-1 11.90 3.25 3.25
0 11.67 3.19 6.44
1 7.22 1.97 8.41
2 16.46 4.50 12.91
3 307.50 84.22 97.91
4 414 1.13 98.26
5 6.20 1.69 99.95
Retained total 365.09g
mass
Error=0.12 %
Histogram Cumulative
a0 120
80 100
70 ’
E 60 ‘g 80
£ s0 = I
- = 60
2 40 = I
=® 30 ;é 40
20 20 l
10
0 0 'I’% T T T
-1 0 1 2 3 4 5 -1 0 1 2 3 4 5
Sieve size (Phi) Sieve size (Phi)

Fig. A.24: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 29. The grain size is dominant at 3 Phi (0.125 mm) followed

by small percentage of grain size of 2 Phi (0.25 mm) and other smaller grain size

percentages.
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A.25 Sample 31 (Estuarine sand)

Table A.25 Retained and cumulative percentage of grain size for sample 31. Aliquot
mass = 316.05 g.

Sieve size (¢) Mass retained % retained Cumulative %
(@)
-1 1.49 0.47 0.47
0 0.85 0.26 0.73
1 0.84 0.27 1.00
2 458 1.45 2.45
3 301.20 95.60 98.05
4 3.96 1.25 99.30
5 2.12 0.67 99.97
Retained total 315.04g
mass
Error = 0.3%
Histogram Cumulative
120 120
100 100
80 .§ 80 r
o0 L Il
40 ;é‘ 40 I
20 20 J
0 T T T I 1 0 B 1 T T T T 1
-1 0O 1 2 3 4q 5 -1 0 1 2 3 4 5
Sieve size (Phi) Sieve size

Fig. A.25: Histogram (left) and cumulative frequency curve (right) showing grain size

distribution of sample 31. The grain size distribution is dominant at 3 Phi ( 0.125 mm)

and it is well sorted in nature.
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A.26 Sample 32 (Estuarine sand)

Table A.26 Retained and cumulative percentage of grain size for sample 32. Aliquot

mass = 332.99 g.

Sieve size (¢) Mass retained % retained Cumulative %
@)
-1 5.98 1.79 1.79
0 4,98 1.49 3.28
1 6.00 1.80 5.08
2 8.01 2.40 7.48
3 289.89 87.13 94.61
4 6.24 1.87 96.48
5 11.59 3.48 99.96
Retained total 332.699
mass
Error = 0.09%
Histogram Cumulative
100 120
80 100
= = g0 [/
2 oo 2 |
= 2 60
& 40 < l
R 2 40
20 20 I
0 — 0 ’._.’.’. P
1012 32 45 1012 345
Sieve size (Phi) Sieve size (Phi)

Fig. A.26: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 32. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of 5 Phi (0.031 mm) and other smaller

grain size percentages.
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A.27 Sample 34 (Estuarine sand)

Table A.27 Retained and cumulative percentage of grain size for sample 34. Aliquot

mass = 270.01 g.

Sieve size (¢) Mass retained % retained Cumulative %
(9)
-1 8.08 2.99 2.99
0 4.55 1.68 4.67
1 4.64 1.72 6.39
2 17.98 6.66 13.05
3 229.12 84.98 98.03
4 3.14 1.16 99.19
5 2.09 0.77 99.96
Retained total 269.69
mass
Error=0.1 %
Histogram Cumulative
100 120
100
= °° 2 [
-7 = 220
£ 60 = ]
=2 E 60
= 40 3 a0 |
= 5= ’
20 >0
0 1 0 I’# T T T 1

-10 1 2 345
Sieve size (Phi)

-10 1 2345
Sieve size (Phi)

Fig. A.27: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 34. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of 2 Phi (0.25 mm).
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A.28 Sample 35 (Estuarine sand)

Table A.28 Retained and cumulative percentage of grain size for sample 35. Aliquot

mass = 346.26 g.

Sieve size (¢) Mass retained % retained Cumulative %
()
-1 2.53 0.73 0.73
0 1.64 0.47 1.20
1 2.69 0.77 1.97
2 11.09 3.20 5.17
3 323.41 93.43 98.6
4 3.79 1.09 99.69
5 0.99 0.28 99.97
Retained total 346.14q
mass
Error =0.03 %
Histogram Cumulative
120
100
100
80
B 2 so0 r
E 60 £ I
= 2 60
= 40 3 I
= = 40
20 I
20
0 4 J
1 1 3 5 © T T
-1 0 1 2 2 4 5
Sieve size (Phi) sieve size (Phi)

Fig. A.28: Histogram (left) and cumulative frequency curve (right) showing grain size

distribution of the Sample 35. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of 2 Phi (0.25 mm).
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A.29 Sample 38 (Estuarine sand)

Table 4.38 Retained and cumulative percentage of grain size for sample 38. Aliquot

mass = 324.03 g.

Sieve size (¢) Mass retained | % retained Cumulative %
(9)
-1 13.14 4.06 4.06
0 5.32 1.64 5.70
1 3.62 1.11 6.81
2 8.37 2.58 9.39
3 286.80 88.63 98.02
4 3.63 1.12 99.14
5 2.71 0.83 99.97
Retained total 323.59g
mass
Error =0.1%
Histogram Cumulative
100 120
80 100
- 2 s [
2 60 E I
..E E 60
e 40 S I
o 0 .’._’.J e
-10 1 2 3 45 -1 01 2 32 4 5
Sieve size (Phi) Sieve size (Phi)

Fig. A.29: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 38. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of -1 Phi (2.00 mm) and 2 Phi (0.25 mm),

and other smaller percentages of grain size.
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A.30 Sample 40 (Estuarine sand)

Table A.30 Retained and cumulative percentage of grain size for sample 40. Aliquot

mass = 265.19¢.

Sieve size (¢) Mass retained % retained Cumulative %
(9)
-1 7.34 2.77 2.77
0 1.40 0.52 3.29
1 1.94 0.73 4.02
2 6.09 2.30 6.32
3 241.08 91.09 97.41
4 4.70 1.77 99.18
5 2.09 0.78 99.96
Retained total 264.649
mass
Error =0.2%
Histogram Cumulative
100 120
30 100
E 6o é 80 Ir
= E 60
& 40 3 I
= S 40 ’
20 20
0 - 0 ——'J —

-10 1 2 3 45
Sieve size (Phi)

-10 1 2 3 45
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Fig. A.30: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 40. The grain size is dominant at 3 Phi (0.125 mm)

followed by small percentage of grain size of -1 Phi (2.00 mm) and 2 Phi (0.25 mm),

and other smaller percentages of grain size.
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A.31 Sample 41 (Estuarine sand)

Table A.31 Retained and cumulative percentage of grain size for sample 41. Aliquot

mass = 307.26 g.

Sieve size (¢) Mass retained %0 retained Cumulative %
@)
-1 1.83 0.59 0.59
0 0.77 0.25 0.84
1 0.75 0.24 1.08
2 1.78 0.57 1.65
3 296.19 96.47 98.12
4 4.69 1.52 99.64
5 1.00 0.32 99.96
Retained total 307.01g
mass
Error = 0.08 %
Histogram Cumulative
120 curve
100 120
- 20 100
£ T 80 r
§ oo £ /
= - 60
= 40 2 /
20 20 l
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Fig. A.31: Histogram (left) and cumulative frequency curve (right) of sample 41,
showing grain size distribution size varied from 3.5 to 4.5 phi, with dominant size at

3 Phi (0.125 mm) and minor sizes at 4 Phi (0.0625 mm).
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A.32 Sample 42 (Estuarine sand)

Table 4.42 Retained and cumulative percentage of grain size for sample 42. Aliquot

mass = 306.31g.

Sieve size (¢) Mass retained % retained Cumulative %
9)
-1 0.51 0.16 0.16
0 0.46 0.15 0.31
1 0.42 0.13 0.44
2 1.31 0.42 0.86
3 296.33 96.85 97.71
4 5.73 1.87 99.58
5 1.18 0.38 99.96
Retained total 305.94g
mass
Error=0.1 %
Histogram Cumulative
120 120
100 100
E 80 ?_:’ 80 lr
E 60 E 60 l
e 40 S 40
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20 20 ]
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Fig. A.32: Histogram (left) and cumulative frequency curve (right) of sample 42,

showing grain size distribution size varied from 3.5 to 4.5 phi, with dominant size at

3 Phi (0.125 mm) and minor sizes at 4 Phi (0.0625 mm).
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A.33 Sample 43

Table A.33 Retained and cumulative percentage of grain size for sample 43. Aliquot

mass = 286.66 g.

Sieve size (¢) Mass retained % retained Cumulative %
)]
-1 18.91 6.60 6.60
0 15.69 5.47 12.07
1 10.10 3.52 15.59
2 16.68 5.82 21.41
3 215.16 75.10 96.51
4 2.68 0.93 97.44
5 7.27 2.53 99.97
Retained total 286.49¢g
mass
Error = 0.05%
Histogram Cumulative
80 120
70 100
5 2 w0 [
£ =0 £ /
£ 40 2 60
£ 50 3 .o [
20 e J
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o 0 ——
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Fig. A. 33: Histogram (left) and cumulative frequency curve (right) showing grain
size distribution of the Sample 43. The grain size is dominant at 3 Phi (0.125 mm)
followed by small percentage of grain size of -1 Phi (2.00 mm) and 2 Phi (0.25 mm),

and other smaller percentages of grain size.
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A.34 Sample 48 (Estuarine sand)

Table A.34 Retained and cumulative percentage of grain size for sample 48. Aliquot

mass 230 g.
Sieve size (¢) Mass retained % retained Cumulative %
(9)
-1 52.14 22.71 22.71
0 11.74 5.11 27.82
1 10.74 4.67 32.49
2 20.0 8.71 41.20
3 117.73 51.27 92.47
4 10.36 451 96.98
5 6.85 2.98 99.96
Retained total 229.59g
mass
Error=0.2 %
Histogram Cumulative
60 curve
50 120
= 40 100
2 R I
£ 30 = /
= 2 60
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Fig. A.34: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 48. The grain size is dominant at 3 Phi (0.125 mm)
followed by percentage of grain size of -1 Phi (2.00 mm) and 2 Phi (0.25 mm), and

other smaller percentages of grain size.
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A.35 Sample 49 (Estuarine sand)

Table A. Retained and cumulative percentage of grain size for sample 49. Aliquot

mass = 307.92 g.

Sieve size (¢) Mass retained % retained Cumulative %
(@)
-1 41.27 13.44 13.44
0 20.30 6.61 20.05
1 11.38 3.70 23.75
2 13.12 4.27 28.02
3 161.72 52.69 80.71
4 31.02 10.10 90.81
5 28.07 9.14 99.95
Total mass 306.88g
Error = 0.3%
Histogram Cumulative
60 120
50 100
5 40 g 20 /
E m
g 30 g 60 /
k. E /
= 20 = 40 /,
10 20 -
0 0 T T T T T T
1 0 1 2 3 4 10 12 3 45
Sieve size (Phi) Sieve size (Phi)

Fig. A.35: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 49. The grain size is dominant at 3 Phi (0.125 mm)
followed by percentage of grain size of 4 Phi (0.0625 mm) and 0 Phi (1.00 mm), and

other smaller percentages of grain size.
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A.36 Sample 51 (Estuarine sand)
Table A.36 Retained and cumulative percentage of grain size for sample 51. Aliquot

mass = 180.75g.

Sieve size (¢) Mass retained | % retained Cumulative %
(9)

-1 17.84 9.88 9.88
0 4.75 2.63 12.51°
1 6.97 3.86 16.37
2 13.57 7.51 23.88
3 110.87 61.41 85.29
4 19.07 10.56 95.85
5 7.46 4.13 99.98

Retained total 180.53¢

mass

Error =0.1%

Histogram Cumulative
70 curve
60 120
50 100
E 40 2 =0 //
2 30 t_é 60
R = /
20 = 40 J
10 20
/
D 0 T T T T T T
1 0 1 2 3 4 5 1012 3 45
Sieve size (Phi) Sieve size (Phi)

Fig. A.36: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 51. The grain size is dominant at 3 Phi (0.125 mm)
followed by percentage of grain size of 4 Phi (0.0625 mm) and 1 Phi (0.50 mm)

respectively, and other smaller percentages of grain size.
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A.37 Sample 52 (Estuarine sand)

Table 4.52 Retained and cumulative percentage of grain size for sample 52. Aliquot

mass = 310.72 g.

Sieve size () Mass retained | % retained Cumulative %
(9)
-1 54.37 17.52 17.52
0 12.52 4.03 21.55
1 8.57 2.76 24.31
2 22.76 7.33 31.64
3 197.49 63.64 95.28
4 12.22 3.93 99.21
5 2.36 0.76 99.97
Retained total 310.29¢
mass
Error=0.1%
Histogram Cummulative
70 curve
60 120
50 100 l/
2 40 £ =0
= E /
20 = 40
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Fig. 4.52: Histogram (left) and cumulative frequency curve (right) showing grain size
distribution of the Sample 52. The grain size is dominant at 3 Phi (0.125 mm)

followed by percentage of grain size of -1 Phi (2.00 mm) and 2 Phi (0.25 mm), and

other smaller percentages of grain size.

191



A.38 Sample 56 (Estuarine sand)

Table A.38 Retained and cumulative percentage of grain size for sample 56. Aliquot

mass =374.53 g.

Sieve size () Mass retained | % retained Cumulative %
(9)
-1 3.06 0.81 0.81
0 3.12 0.83 1.64
1 10.34 2.76 4.4
2 118.66 31.75 36.15
3 236.56 63.31 99.46
4 1.76 0.47 99.93
5 0.12 0.03 99.96
Retained total 373.62g
mass
Error=0.2 %
Histogram Cumulative
70 curve
60 120
50 100
E 40 2 80 /f
;; 20 E 60 /
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Fig. A.38: Histogram (left) and cumulative frequency curve (right) of the Sample 56,

showing the grain size distribution varied from 1.5 t03.5 phi which is dominant at 3

Phi (0.125 mm) and a part of at 2 phi (0.25 mm).
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A.39 Sample 57 (Estuarine sand)

Table 4.57 Retained and cumulative percentage of grain size for sample 57. Aliquot

mass = 285.71g.

Sieve size () Mass retained | % retained Cumulative %
(9)
-1 1.82 0.63 0.63
0 2.24 0.78 1.41
1 5.95 2.09 3.5
2 61.55 21.62 25.12
3 211.83 74.42 99.54
4 1.21 0.42 99.96
5 0.04 0.01 99.97
Retained total 284.649g
mass
Error=0.1%
Histogram Cumulative
30 curve
70 120
60 100
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Fig. A.38: Histogram (left) and cumulative frequency curve (right) of the Sample 57,
showing the grain size distribution varied from 1.5 t03.5 phi which is dominant at 3
Phi (0.125 mm) and a part of at 2 phi (0.25 mm).
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APPENDIX B: SEM and EDX
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