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Abstract

Sediment distributions vary across a river system dependinghenhydraulic processes
operating at different river reacheasnd affect flow regimes and influence the formation of
landforms Theresearch was conducted in thestaba Rivewhichis sourced irthe Eastern
Escarpment and flows through Kruger National Park (KE&)th Africalt flows across
bedrock types including granite and granitic gneiss, and volcanic and sedimentary rocks of
the Karoo Supergroup. This underlying geology has played anrtie development of the
river system, geomorphology and sediment patterns. This study aims to understand
sediment sources and dynamics on the KNP section of the LetabaaRiiteftows through

the KNP focusing onthe distribution of grain sizes, heavyinerals and minor trace
elements in thedifferent storage areas within the riveystem and identifying the potential
sediment source @as with the use of a multivariate sediment mixing modékld data
collection involved geomorphic mapping along riveaches within KNRand geomorphic
features such as sandbars, subaqueous dunes, levees, overbank deposits and bedrock
outcrops were identifiedSediment samples were collecté@m the main river channel and
four tributaries. Results of grain size analy$ased on the Folk and Ward method indicate
that the majority of the sediments present on geomorphic featuege coarse grained,
negatively skewed and mesokurtic to leptokurtic. The presence of overbank deposits and
coarse grain sizes indicates that theer geomorphology isnodified by the occurrence of
floods. The distribution of heavy mineral assemblages highlights the role of hydraulic
processes in the distribution of minerals derived from the underlying geoldgwny
fluorescenceanalysisof the sdiment measureda total of 18 trace elements within the
sediment.The trace elemets that were identified areZr, Ba, Cr, Sr, V, Ni, Cu, Zn, Rb, Y, Co,
Pb, Th, Ga, Sc, Nb, Mo, Bhd are listed in order of abundance. Results from the
multivariate sedimet mixing model indicate that the highest relative contribution of
sediment is derived from the channel besb$o), followed bythe channel bank28%) and

the tributaries contributing the lowest proportior{17%) of the sediment.The results of this
study highlight spatial patterns of morphological featurethe influence of floods in the
development of the river systerand the identification of relative percentage contribution

from potential sediment sources. This can be used to determine the role of tributary floods
in sediment erosion and transport along the main river chanmbls research can also be
used to inform catchment management plans aimed at reducing erosion and sediment
influxinto the Letaba River.

Keywords: sediment, grain sizes, geomorphic features, sediment souncekivariate
sediment mixing modeLetaba River.
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Chapter 1: Introduction

1.1. Background

The sediment dynamics of a river system are impor@tandform development and river
flow regimes are directly affected lifiese dynamicsSediment in rivers maintain habitats,

is a medium for transporting nutrientdiroughout the river and sediment can protect a
river from the effects of floodingArnoldet al, 1995) Sediment patterns also determine the
geomorphic featurepresent within a river system and this turn determines the type and
distribution of riparian vegetation and organisms (van Codlerl, 1997). However the
presenceof too much sediment can have a detrimental effect on river systefiese
effects indude the destruction of riverine habitats and ecosystems, alterations in the flow
regime, reduction in water qualifyand siltation in dama (Kingsford, 2000Bum et al., 2002
Batallaet al., 2004 Terrio, 2006. The factors that influence the transport of sediment
between storage areas within a river system include the surrounding vegetation, catchment
area, slope, morphology, tectonics, underlying geology and climate (Hewtagk 1997
Fryirset al., 2007 Baartmanet al,, 2013. Sediment movement is dependent on the flow of
water and the connectivity of landforms within a river systéRryiset al., 2007) The
climatic region of the river system plays a vital role as the climate determines the availability
of water in the river throughout the yeaiKale, 2003 Thompsonet al., 2013) Semiarid
regions are prone to long dry periods and short heavy rainfall eyeamd the magnitude
and frequency of these heavy rainfall and associated fleoehtsare a majordetermining
factor for morphological development in serarid river systems (Heritags al.,, 2015).This
unique characteristic of serairid regions maketheseregionsvulnerable to the effects of
climate change, which will ultimately affect the sedimggdtterns in these catchments
(Heritageet al., 2015) It is thus essential to understand these regions in more detail in order
to better manage and reduce the effects of climate chariges sources of sediment within

a river system can either be from thenderlying geology, the adjacent floodplain, channel
bed or channel bank erosipor from tributaries during flood eventRussellet al., 2001;
Gruszowsket al.,, 2003 Evrardet al., 2011 Coxet al., 2015. Sediment influx into the Letaba
River has incr@sedover recent decadeand has caused the channelddsplay more alluvial
dominated channel types and modifications in the channel flow regime (Herghge.,
1997).

Within the past 15 years, the Lpopo Province in South Africa, where the study area is
located, has experienced flooding events in the years 2000 (Hertiagle 2001), 2004 and
2006 (Maponyeet al., 2012), 2012 (Heritaget al., 2015) and 2013 (Spaliviesd al., 2014)

and these floodig events played a role in the sediment movement within the Letaba River
and surrounding rivers within the Kruger National Park (KNFg. geomorphology of the
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Olifants and Sabie rivers, which are also witkidR were also altered due to these flood
events (Heritageet al, 2015). The Sabie River experienced chanfpdlowing the 2000
flood, when riparian vegetation was removed and large quantities of sedimeptew
deposited into the channel. This resulted in a change in channel types from bedrock
influenced to more alluviakdominated channelsdue to increasedgedimentinflux (Heritage

et al, 2004).After the 2012 extreme flood, both the Olifants and Sabie rivers experienced
stripping of stored sediment and resulted in an increased exposure and erosbmdaick
outcrops and the channel shifted once more to being bedratfuenced (Heritageet al.,
2015). The Olifants and Sabie rivers have been the focussenferal sediment and
geomorphicstudieswithin KNR(Rountreeet al., 2000 Heritageet al., 2015 Ezeet al., 2016,
Gyamfiet al,, 2016) andlittle research exists within the Letaba Rivétus thee is an ugent
need to fill this gap in order to fully understand the functioning of this river.

The Letaba catchment has also been modified by humanmitkes through the construction
of dams (Heritaget al., 2001).Recently, he Department oWater Afairs and Forestryhas
proposed toincreasethe capacity ofTzaneen Dam and the construction of a dam in the
Groot Letaba Rivemwhich is upstream of the Letaba RiM@WAR, 2010 The dams are
being constructed to meet the increasing demand of water for domgstidustrial and
irrigation purposegDWAF, 200). The construction of these dams will pose more strass
the already sarce water resource in this rivexs it will cause increased degradation of the
catchment and increased alluviation, downstream effects such as siliadimhany flood
events may intensify changes toexisting sediment patterns(DWAF, 200). It is also
suggested that the construction of these dams wisult in increased river bed erosion
during floods and the outcome will be increased sediment production (DWAB).2ZBams
have been reported to have destructive effects in other parts of the ward these effects
include changes in the river flow regimes (Batatlal., 2004),changes in sediment delivery
to downstream reaches (Wallingt al, 2003 Phillips, 2004) and changes in riverine
biodiversity (Kingsford, 2008unnet al., 2002)

Sedinent patterns and the positioning of landformgthin the river channehave an impact

on riverine habitats and ecosystem servi¢ean Collert al, 1997, Meissneret al., 2016)
Understanding of sediment patterns is important because it will increase athiéty to
predict the effects of sediment changes on landform dynamics, biodiversity and ecosystem
services brought on by the construction of dams and increased flooding as a result of
climate change.In order to implement effective catchment managemeplans, it is
essential to understand the driving forces of sediment pattéynamics(van Niekerlet al.,
1995).Van Wilgenet al. (2016) stated that it is essential to have embedded and continuous
research in South African National Parks to ensure that scientific research can inform and be
incorporated intoparkmanagement plandn this way management plans will consider and
maintain the integrity and functions afiver landforms and sediment pattern&udies of

river sediment dynamics hee typically included observations and measurements of: river
landforms and geomorphic mapping, surface and subsurface sediments, stratiggaginy,
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size parameters, grain shapeamineralogy, sedimenmovement during floods, floodplain
sedimentation andsediment yield(e.g. Folk and Ward1975 Friedman, 1979McLaren,
1979 McLarenet al, 1985 Bui, 1989 Romanet al., 1999 WacheckaKotkoswskaet al.,
2011). Sediment researclon the Letaba River has been limited to calculating sediment
yieldsand modellingstream flow(Katambaraet al., 2010) However, ths research did not
attempt to identify the sources of sedimentPrevious studies haveused different
techniques to identify sediment sources rivers across the worldThe direct methods
include mapping, surveying, photogrammetry, suspended sediment flux monitoring and
remote sensing (Wallingt al.,, 2001) calculatingerosion vulnerability intes and sediment
fingerprinting (Collingt al., 2002).The use okedimentmixing models is a growing method
for scientific researcton sediment provenance and source areasd has been used in
rivers across the worldo inform on catchment management plan@&ussellet al., 2001;
Gruszwosket al., 2003 Haddadchet al., 2013, 2014a, 2014k.inet al., 2015 Tiecheret al.,
2015) This methodoffers quick and reliable resuli&ouhepeimaet al., 2011) However

only a few researatrs have used sediment mixing modéssidentify sediment sources in
South African rivers (Milleet al., 2013 van der Waakt al., 2015;Manjoro et al., 2017).
Research to identify sediment sources within the Letaba River has never been conducted
and this research will fill the gap in knowledge lacking on the sediment patterns of this river.

In this study, the sediment patternsnd landformsof the Letaba River will be studigdith
particular emphasis on grain size, trace element concentratiand heavy mineral
proportions. The arrangement of geomorphic features will be highlighted in order to
understand sediment patternand sediment dynamic&mphasis will also be placed on the
mixing of sediment from tributary sources and an attempt will bede to identify potential
sediment source contributionto the sediment within the rivemusing a sediment mixing
model. Understanding how the influx of tributary sediment affects river properties is
important in order to identify how tributary floods impaon the alreadyhigh sediment
yields within this river. The scientific knowledge produced in this research can be
incorporated into management schemes of this river and surrounding rivers in thisasimi
region and can also be used in monitoring prograto understandyeomorphicchanges in
this river system

1.2. Aim and Obijectives
1.2.1. Aim
The aim of this researdh:

To understand the sediment sources and dynamics of the Letaba River as it flows
through the Kruger National Pary investigating the distributions of grain sizes, heavy
minerals and trace elements in different landforms within the river system.



1.2.2. Objectives
In view of the above aim, the objectives of this study are:

1. Map geomorphological features within theetaba River, in order to produce
geomorphic map of different river reachesnd identify sedimenstorage areas
andthe relationships between grain sizes and geomorphic features

2. Determine patterns of heavy mineral assemblages, magnetic susceptibility and
trace elements by collecting sediment samples on geomorphic features in order
to identify sediment patterns

3. ldentify potential sediment source contributiongsing the modified Collins
sediment mixing modeln order to identify major sediment sources #te
downstream river reaches and the processes responsible for sediment
generation



Chapter 2: Study area

2.1. Location of gudy area

The Letaba River is situated in the nedhstern part of Soutfrica(Fig 2.1) andcovers an
area of approximately 1800 kn¥ (Moon et al., 2001)but drains an area of 3300 Krwithin
KNP (Kotschyet al., 2000) The Letaba catchment i®cated within the Luvuvhu/Letaba
Water Management area in South & (State of the Rers Report2001).The Letaba River
has two major tributaries which are the Molotsi and Klein Letadad other minor
tributaries include the Tsende and Shipikana, which are situated within KNP (Hettage
2001). The Middle Letaba and the Letsitele rivers also form part of the tributaries that flow
into the Letaba and the river jos the Olifants River at the baer with Mozambique (DWAF
2006) The catchment is characterised by a mountainous region inviest and low lying
area in the east (State of the B¢ Report2001) The main controlling factor of different
climatic conditions is the variable topograpley the region(State of the Rivers Report
2001, Katambareet al., 2010)

The Letaba River iskeedrock influenced channel (Moocet al,, 2001) and withinKNPthe

river is underlain by granite and granite gneiss as well as volcanic and sedimentary rocks of
the Karoo Supergroup which form part of the sediment source within the river (Herttage

al., 2001). The Letaba River withikiNPis characterised bgomevery sandy river reaches

with narrow bedrock channels flang between the dense sand (DWA, 2006; Sir2td,5).

The water within the Letaba catchmerfi§. 22) is used mainly for irrigation, indiry and
domestic water uses (DWAEQ06) and withirKNP the river water creates habitats for fish,
mammals, birds and reptiles (State of the Rivers Report, 2001). The available water of the
Letaba River does not meet the full demand for irrigation, edollg industrial and
domestic uses due to water scarcity (Katambataal., 2010; Sinha, 2015). Sinha (2015)
suggested that the effects of climate change in the Letaba River include intensification of
rainfall seasons, increasing temperatures, amplificatad dry seasons and an increased
frequency of extreme climatic events which will further alter the river system
geomorphology.
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2.2 Geologicalistory, soils and topography

The deposition of the Murchison Greenstone belt occurpetiveen 3009 and 287 million
years ago(Ma) and consists of rocks which were deformed through the intrusion of the
Archean granite suite which occurred between 3000 and 2Vi@qMcCarthyet al., 2005)

The Archaean granite suite waermed by intrusions of slow cooling basaltic magma which
crystdlized to form coarsgrained rocks (McCarthgt al,, 2005)The Timbavati Gabbro was
then deposited duringthe Precambrian(1100 Ma)above the Archean granite suite
Sedimentary rocks of the Karoo Supergroup weteposited between 31Gnd 182 Ma
(McCarthyet al., 2005 Viljoen 2015). The Dwyka Group of the Karoo Supergroup was
initially deposited due to melting of glacial ice, followed by deposition of the Ecca Group,
Beaufort Group and finallthe Stormberg @up, as the climate in South Africa became
more arid (McCarthyet al, 2005). Deposition of sediments of the Karoo Supergroup
terminated during the Permiaifl82 Ma) when basaltic lavas of the Drakensberg Group
flowed and covered the sedimentary rockasnd dolerite dykes and sills intruded the
sedimentay rocks (McCarthgt al., 2005). This period of basalt deposition was followed by
the deposition of rhyolites and granophyres that make up the Lebombo Mountaimsh



was initided by rifting as the continendf Gondwana split (McCarthst al., 2005 Viljoen,
2015). The area suramdingKNPexperienced periods of uplift, planation and fluvial incision
which ultimately developed theresent daytopograplty and landforms ofKNP (Viljoen
2015).Bosion took placean particularin the Neogene (20 Ma), followdaly tectonic uplift
around 5 Ma (McCarthgt al.,2005). During the period of erosion, the rocks of the Eastern
Escarpment and the Lebombo Mountawere eroded and resulted in the development of
the Lowveldprovincethrough which the Letaba River flowsithin KNP(McCarthyet al.,
2005 Viljoen 2015).

Within KNR the Letaba River snderlain by graniteand granitic gneiss as well as volcanic
rocks of the Karoo Supergroup which form part of theliseent source within the river
(Heritageet al.,, 2001) (Fig2.3). The Letaba River flows over Karoo volcancks of the
Lebombo monocline which consists of the Letaba Basalt Formation, Sabie River Basalt
Formation, Jozini Rhyolite Formation and Karoo sediments (Erlank, 1984). The basalt of the
LetabaBasalt Formation is made of olivine and pyroxene and contains oxides and trace
elements of potassium, titanium, rubidium and barium (Erlank, 1984). The olivine present in
the basalt of the Letaba Basalt Formation is very rich in magnesium and is referasd
picrate, due to its high magnesium content and is present aglahenocrysts of olivine
(Brisbw et al., 1989). The basalt rocks of the Sabie River Basalt formation contain very little
olivine and are thus low in magnesiuBristow et al,, 1989).The Jozini Rhyolite Formation
consists of plagioclaseslinopyroxene, magnetite, quartzzircon, olivine and ilmenite
(Erlank, 1984). The Karoo sediments consist of reworked volaatics, sandstones,
siltstones and shales (Erlank, 1984). The volcaniedes and sandstones of the Karoo
Supergroup dip at shallow angles to the east (Viljoen, 2015) and are underlain by basaltic
rocks and Timbavati GabbroBr{stow et al, 1989). Several dykes of basalt, dolerite and
granophyre intrusions are prevalent alotige river and cut through the Karoo sequence
(Bristow et al., 1989).

The dolerite weathers into clayey soils and sedimentary rocks weather into soils with a
sandy texture, the granites weather into gravely soils and the basalts into sandy clays
(Venter,1986). In terms of topography, the Letaba catchment in KNP is divided into three
regions with variable altitudes. The confluence between the Klein Letaba and Groot Letaba
River is characterised by plains and open hills, with an altitude between 200 anmd. 4itbs

area is characterised by clayey soils (State of the Rivers Report, 2001). The area farther
downstream towards the confluence with the Olifants River is characterised by l@f eeli
altitude of 175 to 425 nand shallow black, brown or red claysgils (State of the Rivers
Report, 2001). The landscape at the confluence with the Olifants River contains hills and an
undulating rocky terrain with gorges and ravines along the river and an altitude between
150 and 500 m. This area is characterisedHallew stony soils produced by the weathering

of rhyolite and granophyre (State of the Rivers Report, 2001).
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There is a distinct relationship between the underlying geology, the geomorphology of the

river and the landscapes that have formtuere (Gertenbach 1983 Viljoen 2015. In this
area, pediments were developed dumg the Neogene erosion phase (Viljoen 2015).
Weathering ofgranites has resulted il Yy A 2y a1 Ay Q Y 22NI5)KT Bef etosion
of Timbavati gabbro has resulted in the faation of blocky ridges (Viljoen2015).
Distinctive drainage patterns have developed as a resuth@funderlyirg geology (Viljoen

O0+Af .

2015).River incision irareas with abundant granitic rocks is characterised by a dendritic

drainage patternand areas where rhyolite is dominaate characterised by ¢tlis drainage
pattern (Viljoen 2015).The erosion of rhyolite diges has given rise forges potholes and
linear channelreaches(Viljoen 2015). Steep outcrops or koppies of granites called the
Shamiriri and Shithabure are present at the Olifants and Letalsar confluence
(Gertenbab, 1983. Karoo sedimentgepresent a low lying landscape charactedisey

shallow slopes (Gertenbach983).

The geology of the tributaries of the Letaba River that flow witivPis similar to tkat of
the Letaba RiverThe Ngwenyeni Rivetributary flows over granite, gneiss anslyenite
intrusions (Gertenbach 1983. The Tsende River isderlain by granite, amphibole and
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dolerite intrusions(Gertenbach, 1983)These formpart of the sediment sourcethat flow
into the Letaba River

2.3 Rainfall

The Letaba catchment is characterised by high climatic variafiliy.Eastern Escarpment
headwater area is climatically different to the middle and lower reaches of the river. The
Eastern Escarpment in the western part of the Groot Letaba Ri@eran dltude higher

than 2000 m andeceivesannual rainfall of 654325 mm, which isnore thanis received in

lower reaches locateavithin KNP (State of the Rivers Report, 2D0he Letaba catchment
within KNP isemtarid and receivean average ofi50 mm ofrainfall per year (Mooret al.,

2001) The confluence between the Klein Letaba and Groot Letaba River is at the eastern
KNP boundary, which is a low lying area, and high sediment loads carried by the Klein Letaba
River are deposited at the confluence dte a decrease in gradient and because of the
mixing of waters from the two rivers. The low lying ameaeiveshighly variableannual
rainfall of between 325and 975 mmper year(State of the Rivers Report, 2001). The avka
G§KS [ Sl onfluenggwithS8heDIEantORivenearthe Lebombo Uplandsasrainfall

of 400950 mm per year. Rainfall usually occurs in the summer months between October
and March (DWAF, 2012). Rainfall events have played a major role in influencing the
geomorphology of theriver. Followingthe extreme floods that occurred in 2012, large
guantities of sediment were eroded and deposited into the rivers witkiMP The Olifants

and Sabierivers experiencedhigh sedimentdeposition and this shifted the rivers from
bedrockinfluenced channels to displaying more alluxi@minated channel type@Heritage

et al, 2015)

2.4  River Discharge

The average monthly discharge volumés the Letaba River at the taba Ranch were
analysed forthe years2006 to 2015 at different gaugingstations (Fig2.4). The Letaba
catchment experiences highly varialdiémate characterised by long dry periods and short
periods of rainfall and has experienced flooding in some years followed by years of
droughts (Maponyaet al, 2012). The years wherthere were highrainfall values are
characterised byigh water volumesand the years with low rainfall are characterised by
lower volumes ofwvater within the river and this ultimately affectsiver sediment patterns
and geomorphology (Heritaget al, 2015). The rainfall data indicate that extremely high
flow volumes were experienced in thgears 2006, 2011, 2013 and 20{Hig. 25). The
highest peak dischargemlumeswere experienced in the Engelhardt Dam (station B8H018
in the year 2a3, with discharges reaching63 n¥ s'. Downstream reaches (B8H034 and
B8HO018) experienced Higr discharge volumes (Fig. 2.5he higher water volumes may be
influenced by increased inputs of water from tributari@sd the spatial variability of storm
eventswithin the catchment

10
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Chapter 3: Literature Review

Semiarid rivers consist ofombinations of kdrock andoosesedimens within the channel
and on the surrounding floodplaitHence, bedrocinfluenced channels consist of very little
alluvium and abundant outcrops (Montgomeey al., 1996 Tinkleret al., 1998 Rountreeet

al., 2000 Whipple, 2004 Turowskiet al., 2008). The morphology of theggpes ofchannel
systems is dependent on underyg geology, channel geometry, sediment supply and
climatic conditions of the catchment (Knighton, 19%&le, 2004 Thompsonet al., 2015
Surianet al., 2016). Bedrock incision has a primary role in the dguelent of these channel
systems(Hancocket al.,, 1998). Floods are also an essential tool for transporting sediment
and sediment provenance and grain size distribution studies are essential to understand
sediment patterns and mineral assemblag&be topics discussed in this chapter include
characterstics of semarid catchments, characteristics of bedracdfuenced channels,
mechanisms of bedrock erosidifgods as modifiers of the landscape, sediment provenance
and the description of grain sipgopertieswithin bedrockinfluenced channels.

3.1 Characteristics of semi -arid catchments

Semiarid regions are prone to long dry periods and short heavy rainfall evanis the
resulting flood events have important impacts on therphology and dynamics ofiver
systems (Heritaget al, 2015). Semarid regions also experience very high evaporation
rates which add to the aridity of the region (Betl al, 2002). It is the high variability in
climate which distinguishes them from other river environments (Btlal, 2002). Long
term river changes are influenced by intense flood events (Herigtgal,, 2015). These
events erode the bedrock and increase sediment inplis altering riverbehaviour,and
the catchmentmay become dominatedby alluviatinfluenced channels (Heritaget al,
2015). Alternatively, extreme floodscan strip away the alluvium which has accumulated
during the dry season and thus results in the bedrock being expased switching to
bedrockinfluenced channelgHeritageet al, 2015). This switching behaviouthas keen
noted in several studiege.g. Sklaret al, 2001 Deanet al, 2013 Thompsonet al,, 2013
Omengo et al, 2016), indicating the influence of floods on the geomorphology and
sediment patterns of rivex Lowriver flows have also been noted to bring about changes in
sediment patterns(Schumm and Lichty, 19638urkham, 1972 Wolman, 1978).The
influence of low flows has not bedocused on in recent studiehowever,but it is essential

to consider both high and loflow events in order to understand sediment patterns and the
processes influencing these patterns in semd regions.

Fryirset al. (2007)discussedhe notion that energy within a channel influences the amount

of sediment that moves between differenaridforms. Dearet al. (2013) took this notion
forward by stating that one of the controls on geomorphic responses to a flood is a decrease
in steam power due to high sediment fluand this ultimately affects the amount of
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sediment deposited within the clmmel. After a study conducted in the Rio Grande River
USA Deanet al. (2013) indicated that geomorphic changes that occur after extreme $lood
include increase channel width, floodplain scour, meander migration, vegetation stripping
and bar formation. Aparticular exampldocallyis the Sabie Rivewhich is similar to the
Letaba River in that lasa bedrockinfluenced channeland is situated in a serairid region
(Heritageet al,, 2015. The morphologie®ound on the Sabie Rivare influenced by vaable

flow regimes, irregular sediment influxes and variable riparian vegetation assemblages
(Heritageet al., 2015. These factorsoncur withthose that Dearet al. (2013) put forward

as the main determinants of channel response to flood events.

3.2. Characteristics of bedrock -influenced channels

Bedrockinfluenced channels are characterised by bedrock outcrops which influence flow
characteristics of the river systerand with minimal alluvial cover ovesrigtime intervals
(Montgomery et al, 1996 Tinkler et al., 1998 Rountreeet al, 2000 Whipple, 2004
Turowskiet al., 2008) In bedrock channelsediment transport capacity is higher than that

of the sediment flowing into the channel (Montgomesy al., 1996 Whipple, 2004). Tinkler

and Wohl (1998) defined bedrock channels as channels where more thamepdésents
exposed bedrock and the bedrock influences flow patterns and sedimpathways
Turowskiet al. (2007) refined this definition by stating that inder for a bedrock channel to
widen or shift its bed, erosion of the bedrock boundary has to take pkawe thisproperty
distinguishes it from other channel types as bedrock influences the flow rate and rates of
bedrock erosion.The amount of alluvium whin a river channel at a given time &so
important assediment acts as an erosive tool as it strikes bedrock during channel flow and
cuts down into the riverbed if it is concentrated in areas where the bed shear stress is
highest (Tinkleet al., 2005) Channel reaches with low stream power and low shear stress
are characterised by widespread alluvial cover (Whitbregdl., 2015).Bedrock channels in
semtarid regions usually contain narrow valleys with high rebeid are characterised by
flashy flavs and high peak discharges that bring about a high degree of change in fluvial
landscapes (Knighton, 1998ale, 2003Hooke, 2016).

The morphology of bedroeinfluenced channels has been proposed to be influenced by a
number of factors and it importanto understand what these factors are in order to
understand channel control variables. Pazzagjlial. (1998) proposed thatddrock chanel
reaches are influenced bypcktype, for example resistant sandstone beds are characterised
by narrow valley bottoms and gorgem the Scottish Highlargl Whitbreadet al. (2015)
confirmed that bedrock influenced channels are narrower and deeper than alluvial
channelsA different contusion was drawn by Wohl (2015) and Whitbresidal. (2015) who
suggested thathannelslope and gradient were more importaras these determine the
position of bedrock and alluvial reaches. Howeyehannelslope and gradient wouldbe
most important in areas with steep slopes which influence discharge ratisis clear
therefore, that there are severalunderlying factos which influence the morphology of
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bedrockinfluencedriver systems and that the controlling variables depend on the different
characteistics within each river channahd reach

3.3 Mechanisms of bedrock erosion

The erosion of bedrock has been suggested as a source of sediment within bedrock
influenced river systems (Whitbreaet al., 2015 Surianet al, 2016). Bedock in these
channel typesan beeroded through abrasion, quarrying, cavitation and plucking (Hancock
et al, 1998; Whipple et al., 2000, Sklaret al, 2001, Richardsoret al, 2005) Seidlet al.

(1992) suggestethat vertical wearing, scour and knickpb propagation are responsible for
erosion of bedrock channels and resulting increases in channel depth. Lateral erosion of
bedrock is responsible for bedrock channel widening and the resultant increase in sediment
supply (Whitbreacet al., 2015 Surianet al., 2016).

Sediment entrained in river flow collides with the bedrock surface and the impaictause
grains and rock fragments from the bedrock to be detached in the process of abrasion
(Hancoclet al., 1998).Tinkleret al. (2005)indicated thathigh sediment covein transit can
erode the channel wallsbut Sklaret al. (20Ql) stated that low supply rates of coarse
sediment acts as a tool that abrades bedredhkereastoo much alluvial sediment insulates

the bedrock from erosion. Thus alluvialdgaents have been shown t@act as a tool of
erosion, but once a threshold has been exceeded, the sediments act to protect the bedrock.
However, Hancocét al. (1998) stated that the amount of sediment in a river system cannot
be used to predict the amourdf erosion that will take place in a given timmit rather the
concentration of a specific grain size is an important factor.

Wohl and Merritt (2001) studied bedrock channel reaches and confirmed that the major
factors controling bedrock channel morphoby are hydraulic driving forces and the
characteristics of the bedrock and its resistanioet this study was focused oonly large
scale morphological features. Richardsenal. (2005) studied small scale morphological
features such as flutes and potleg) and found that these mechanisms alspply at these
sales. Schanzet al. (2016) identified strath terrace development andeandering in
channels underlairby sedimentary rocks in the Willapand Nehalem River basjriJSA.
Detached blocks of bedrock weealsopresent in channels of less resistant bedrock in the
West Fork Teanaway RiyeUSA,indicating the importance of rock resistance in river
morphology development (Collingt al, 2016). However, anthropogenic removal of
vegetation was also suggestéa have increased sedimessupplyand the rate of bedrock
incision.

The strength of the bedrock has amfluenceon channel width, channel slope, sinuosity,
shear stress and rate of bedrock erosion (Hanczickl., 2011; Allenet al, 2013 Spotilaet

al., 2015 Schan=zt al, 2016). Channel width plays a fundamental role in bedrock erosion as
narrow channels exert energy on the channel pedt as the channel width increases
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erosion becomes more pronounced at tbhannel margingYaniteset al., 2010l Allen et

al., 2013). In order to fully understand the effect of lithology on bedrock channel
morphology, Allenet al. (2013) studied the Siwaliks River in northwest Himalayas
empirical data collected indicated that channels with resistant bedrogiaiisnarrow and
steep chanel forms,whereaschannels underlairby less resistant bedrock were shallow
and wide. Similar results were found by Whittaketr al. (2007) in the central Italian
Apennines. However the bedroahkfluenced New River iNorth Amerca displayedvider
bedrock reaches when compared to alluvial reaches (Spettigd, 2015). This contrast was
attributed to erosion at discontinuities by plucking which resulted in lateral erosiah a
widening of the channel. This indicattdsat the strergth of bedrock is not the only factor
that determines the behawur of bedrock channeld/ariations in channel form downstream
together with variable steepness have been attributed to differences in substrate strength
(Allen et al, 2013). River reaches atacterised by resistant bedrock will display high
sinuosity due to an increase in lateral erosion following high magnitude $lg&itenet al,,
2013). However Yanitest al. (2010b) notedvariations in morphological response of river
reaches with similabedrocks in central Taiwan and attributed the bedrock incision and
morphology of the river to differences in uplift rates.

Underlying geology has been suggested to control erosaias and channel morphology
(Wohlet al,, 1998 Turowskiet al, 2007 Allenet al.,, 2013 Collinset al,, 2016), while Yanites
et al. (2010b) proposed channel width as the most important factor and Aet@d. (2007),
Yarntes et al. (2010) and Whittakeet al. (2007) attributed erosion to tectonic uplift rate.
Friable rocksre eroded more rapidly by abrasion and resistant rocks are eroded by plucking
and crushingwhich requires greater unit stream power (Collies al, 2016). Resistant
bedrock experiencevertical erosion due to narrow channel formatioand less resistan
bedrock experiencelateral erosion which causes the channel to widen rapidly (Schanz
al., 2016 Collinset al., 2016). Howevernarrow channels also experience lateral erosion at
channel boundaries khere sufficient sediment supplys able b act as hrading tools
(Yaniteset al,, 20104 Allenet al.,, 2013).

3.4 Floods as modifiers of river systems

Considering that the occurrence of floods has been proposed to be the mechanism
responsible for the development of sesaiid river systemgWolman et al, 1978 Kale,
2003 Kaleet al., 2004) this section will discussiorphologicalchangeswithin river systems
caused by floods andhe factors that influence these changeBloods have different
meanings to different authors but magnituds river dischargeand velocity produced by

the flood are conventionally accepted as determining facaf a flood (Wolmanet al.,

1960 Rajaguru, 1995Gupta, 2000 Kaleet al., 2004 Deanet al, 2013 Hooke, 2016).
Understanding what defines a flood is essential to understandisggeomorphological
effects (Baker, 1994 Floods cause modifications of a river system and a measure of these
modifications is known as geomorphic effectivened®imanet al., 1960 Kaleet al., 2004
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Deanet al.,, 2013). Geomorphic effectiveness is the ability of a flood event to alter the form
of the landscape (Wolmaet al, 1960). The competency of a large flood to modify the
geomorphology of a rivecan alsobe used to measure the geonmric effectiveness of a
flood (Wolmanet al., 1978). Furthermore, a certain threshold needs to cr®ssedfor
geomorphic modifications to take place (Yanigtsal, 2010k Allenet al, 2013).However,
these thresholds differ across river systeragd are not well known for semarid
catchments.Magilligan (1992prgued thatin humid, alluvial channels, the minimum unit
stream power needed to produce major geomorphic change is 3083\Rare large flood
events in the Katherine Gorge in Australibich are experienced every 100 years proddce
discharges of 6000 fs* and have transported boulders up ton3 within the river (Bakeet

al., 1987).However, in the Herbert GorgAustralig the flow conditions that are required to
transport boulders betweeri-3 m diameter is a discharge of 156¢ st at rapids which
exhibits maximum shear streasd stream power (Wohl, 1992).

The geomorphic effectiveness of a climatic event differs with the spatial distribution of the
event, the size of the drainage basthe morphological features presenand the timing

and location of erosion within the river (Wolmat al, 1978 Lewin, 1989Cenderelliet al.,
2003).The duration of the flood is just as important (Knighton, 1998). Huckleberry (1994)
reported on two fbods of high magnitude that occurred in 1983 and 1993 in the Gila River,
Arizong USA The 1983 flood produced a large peak discharge but had minimal effects on
river geomorphology when compared to the 1993 flood (Huckleberry, 1994). The reason
why the 1993 flood was more effective in modifying the river system was because it lasted
longer and produced a greater volunoé water, with discharges higher than 230%w* for

17 days (Huckleberry, 1994). The Nogalte River in southeast Spaieexed discharges of

< 2500 n?¥ st during the 201Xlood, but resulting morphological changes were not as great
as expectedpossibly due to the short duration of the flood or thdtet channel might be
adapted tohigh magnitude flood events (Hooke, 2016). Howevdiagillian et al. (2015)
reported different results ofhigh geomorphic effectiveness caused bshart duration flood

in 2011 am the Saxtons Rivesoutheast VermontUSA Geomorphic dfectiveness also varies
spatially within a river system because different features and lithologies have different
thresholds of erosion (Wolmagt al, 1978).A good measure of the effectiveness of a flood

is the boulder shear stress or the atyilof a flood to transport large boulders (Kale, 2003).
However,Wolmanet al. (1960 andKaleet al. (2004)stated that the amount of suspended
sediment carried during a flood of high magnitude is also a measure of effectivaress.
differences in theconclusions drawn bthese studies might beelated tothe location of the
study siteswhere rivers in high relief areas would generate high flows capable of carrying
large boulders whereasflat areas would most likely transport suspended sediment (Kale,
2003).

The time interval betweehigh magnitude floods has been used as a paramateneasue
the effectiveness of a flood (Wolmaet al, 1978). Kalest al. (2004) indicated that when
floods occur consecutively with a loscurrenceinterval (about 5 ears) the geomorphic

17



effectiveness mighbe minimal, but if therecurrence intervals high the floodnay appear
to have greategeomorphic effectiveness

3.5 Flood modifications in rivers across the world

Floods can adjust river morpholieg at different reaches across a river system (Wohl,
2014). High flood magnitudes cauk@ge modifications in fluvial systems because large
volumes of water are flushed into the chanpethich results in erosion at some river
reaches and deposition at other(Wohl, 2014). Spatial variability in geomorphic
modifications in a river system can be expectas the flood magnitude is consiazl to be
low inlarge catchments(Lewin, 1989) anavhere the stream power increases downstream
(Knighton, 1998). Spatial wations in the characteristics of a flood, sediment supply and
erodibility of channel boundarieall influence different modifications in river morphology
(Cenderelliet al., 2003). Magnitude and frequency of a flood event determines the
effectiveness othe flood in modifying channel morphology (Wolmat al., 1978 Gupta,
2000 Kaleet al., 2004).

The magnitude and frequency of floods vary depending on the region (topics or subtropics)
and the meteorological systems supplying the moisture (Hucklebd994). However,
Huckleberry (1994) did not considtéite influence of geology on floatischarge velocity or

rates of erosion. Geology has been suggested as the main controlling factor of geomorphic
changes that occuiluring andfollowing a flood (Lewin,989; Kale, 1990, 199®8akeret al..

1998 Cenderelliet al., 2003 Surianet al., 2016 Hooke, 2016)Hooke (2016) however,
discussedhe interplay between geology and the magnitude of a flood eydrased on
differences betweerthe Nogalte and Torrealvillavers (Spair) after a major flood ir2012.

The flood effects were more severe in the Nogalte River which experienced large magnitude
flows while the Torrealvilla Rivelada moderate flow and less severe modifications (Hooke,
2016). The geomorphic modifications in the Nogalte River were more severe because the
river flows over schist which produces easily erodible loose gravel, and the intensity of
rainfall was higher, as opposed to the Torrealvilla River which flows over resigant

marl (Hooke, 2016). The geomorphic changaténNogalte River wermore closelyelated

to peak discharge and stream poweand the modifications in the Torrealvilla River were
more closelyrelated to velocity, shear stress and unit power (H®oR016). The high
erosion rates in bedrockfluenced reaches of the Lockyer Vallsgutheast Australiavere
attributed to high stream power values characteristic of knickpoint development in confined
reaches (Thompsoet al., 2013). Snilar conclusionsvere drawn bySurainet al. (2016) who
attributed channel widening to flood power and valley confinement. The limiting factor in
these studiesis that the underlying geology and magnitude of the flood were the only
factors consideredand other influences such as anthropogemdéluences prior to the
floods were not included. Kochelet al. (2016) indicated that extreme geomorphic
modifications of the Susquehanna River tributayiesSAwere related to deforestation and
channel modifickon which made the river more vulnerable to the effecof high
magnitude floods.
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Overbank deposits form byhé deposition of coarse grained sediment on the floodplain.
Overbank deposibn occurs during flood events when the rivethannelgets overfilledand
water and sedimenspills on tothe floodplain(Owenset al. 1999, Bridgeet al. 2003) In
overbank deposits, thecoarser sediment is deposited adjacent to the actiieannel
whereas thefinest sediment is depositedistally (Bridgeet al., 1979 Marriot, 1992 Muller

et al, 1999 Owenset al, 1999 Bridgeet al., 2003). Owenst al. (1999) used sediment
cores to measure the rate of overbank sedimentatmm the Tweed River, Scotlandnd
identified that more sediment was storeah the floodplainwhen compared tdhe channel

bed. However, this was based omspended sedimentwhich can be carried during both
high and low flows and might not always represent sediment deposited by a fidadiot
(1992) examinededimentgrain sizealistributions following a floodon the Severn River, UK
and identified that sand was deposited 20 m from the presgr@nneland fing sediment

on the edge of the floodplain. Howeveon other river systemsoverbank deposits do not
display this trend. Following2013 flaod on the Abu River, Japan, Yamadaal.(2016) used

field surveys and aerial photographs to examine flood deposhsyidentified that coarse

and fine sediment was deposited simultaneously adjacent to the active chaameklthere

was no distinctive pigern of deposition with distance from thehannel Omengoet al.
(2016) used sediment cores and fallout radionuclide concentrations to identify overbank
sedimentation rates in the Tana River, Kenya. The results indicate that overbank deposits
were fine grainedbut that sedimentation rates decreased with distance frohetmain
channel depending onfloodplain topography and the presence of vegetation. Thus
modifications caused by floods vary between river systerhe. differences in the sediment
patterns characteristic of overbank deposits in the studies mentioned abindeate that
more research is needed to understand these deposits in order to generate a universal
definition characteristic of overbank deposits.

3.6  Grain sizes and distributions

The mawement of sediment between landscape elemestgh as hillslopesloodplains and
channels influences the geomorphological uniteat develop within river catchmest
(Baartmaret al., 2013). Sediment patterngary indifferent channel reaches mainly because
sediment movement differs according to catchment characterstsuch as surrounding
vegetation, morphology, slope, catchment area, tectonics and anthropogenic effects (Fryirs
et al, 2007). Other variables include geometry of the river channel (&urag, 2013), the
magnitude and frequency of heavy rainfall evefittuang, 2011) and sediment availability
(Favaroet al, 2015). River reaches with an increasing depth and smaller width are
characterised by high river discharge and are able to carry more sedimentetJah@013
Favaroet al, 2015). The type of flovnfluences the type and amount oédiment that is
transported in the river channel (Hudson, 1997Chanson, 1999). The mechanisms
responsible for bedloatransport are rolling, sliding and saltation (Chanson, 1999) from the
surrounding catchment (Mentlingt al,, 2015). The composition and grain sizes of sediment
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depend on sedimentompositionsfrom the total watershed and local hillslopes as well as
the channel bed Mentling et al,, 2015).

Sediment gain size distribution has been widely used to infer sediment provenance,
transport and depositional history (Folk and Wat®57, Friedman 1979 McLaren, 1979
Buiet al,, 1989). McLaren (1979) noted thptopertiesof grain size distributions depend on
the characteristics of the source material and sedimentary processes of erosion, selective
deposition andinal deposition of sediment. As sediment grains move down a river system,
grain size is modified throigabrasion as the grains collide with the bedrock and other
grains present in the flow (Hancoek al,, 1998 Attal et al, 2009). Attalet al. (2009) noted
that lithology, attrition or wear, mass loss and fragmentation that control pebble abrasion
during fluvial transport. Resistant lithologies have lower abrasion rates than softer
lithologies (Muelleret al, 2016). In order to determinesediment source, grain size
parameters such as averagad modalgrain size, sorting, skewness and kurtdsse been
used (Romanet al, 1999 WacheckaKotkowskaet al, 2011). McLarenet al. (1985)
suggested that the transport capacity of grains is dependent on guia and that finer
grains are more likely to be transported, resulting in a negatively skewed distnibut
However, Rubey (1933) suggested that sedimentlisgttand transport is dependent on
sediment density. When energig high, sediment becomes coarser, better sorted and
positively skewegdbut under lower energy conditions, sediment becomes finer andreno
negatively skewed (McLareat al.,, 1985.

Grain sizes aralsoinfluenced byflow velocity (Friedman, 19§7Discharge rates determine
the total amount of sediment transporte@unget al., 2013). Fluctuations in discharge have
been related to temporalariationsin grain size distributions (Wallingt al., 1987). A
decrease in the discharge of the Huange Ri@ing over a50-year period resulted in the
overall decrease in totabediment transported by the river (Wargg al., 2006). Channel
geometry also plays a role in grain size distributions. Rivers with narrow channels will
transport coarser sediment because the unit stream power is higher (Merstiag, 2015).
Steep channel slopes enhance the mixing of sediments as unit stream power is dngher
the composition of the sediment will reflect that of the channel bed lithology more than
that contributed from other sources (Mentlingt al, 2015. Different hydrodynamic
conditions are characteristic of different channel reaches depending on chahoeé,
channel width and depth, climatand river discharge (Mentling et al, 2015. The
morphology of the seams in the Luquillo Mountains, Puerto Risostrongly influenced by

the variable lithologies and hydraulic forces such as discharge, slope and stream power (Pike
et al, 2010). High stream power Baeen attributed to high abrasion rateand thus
impacting on the grain size distribution (Chatareardt et al, 2010 Pike et al, 2010
Mentlinget al,, 2015).

Abrasion is responsible for the production of smaller grain sizes (Chatanaetaaiet2010,
Miller et al, 2014;h Q/ 2 yey &,NJ014 Coxet al, 2015) andhas beenlinked to
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downstream finng (Chatanantaveet al, 2010 Pike et al, 2010 Miller et al., 2014;
Mentling et al,, 2015 observed in many river channefbrasion rates depend on the travel
distance of sediment grains and are shorter for less resistant rocks and longerofer
resistant rocks, which ultimately controtbe grain size distribution (Sklaet al, 2006).
However, abrasioran alsoreduce sediment flux as some grains are completely dissolved
during transport 6 h Q/ 2ef 3f,2013). Contradicbry trends of downstram coarsening
have been observed isomestudies (Muellert al,, 2016), indicating that a combination of
different mechanisms are responsible for grain sizstributions within a channel (Mentling
et al,, 2015. The resistance of bedrock within a rivésaanel determines the production of
sediment (Wohl, 2015). Furtherore, discharge and sediment supply pres erosive tools
as the volumeof grains influence abrasigmwhich isthus governed by stream power (Wohl,
2015). However the entrainment of abundarparse sediment in the watemlumnreduces
flow velocity thus impacting the sorting and distribution of variable grain sizes (Muetler
al., 2016).

Underlying geology playsrale in determining the composition and grain sizes of sediment
and indetermining thebalance betweerbedload and suspended load within a river system
(Muelleret al,, 2016). In channelsnderlain bygranite, eroded grains areoarse becausef
lower abrasion rates (Muelleet al, 2016 Mentling et al, 2015. High abundarce of
ultramafic rocks in the bedloadf rivers inWestland New Zealandwas attributed to the
low abrasion rates of ultramafic rocks which make them more durable during transfort
downstream fining trend was related to the contribution of sediment frothutaries (Cox

et al, 2015).Pikeet al. (2010) showed that volcaclastic rocks had abundant cobbland
boulders, metamorphic rockproducemore sandsized grains, granodioritic rocks had both
sand and large boulderand alluvial streams were characised by cobble Other sources
of sediment came from landslides which contributeoulders into the main river channel
(Pikeet al,, 2010).Variable grain sizes andasion rates are shown in Fig. 3ahd the initial
grain size will determine whethergrain will be present ifine or marse grain size intenal
(Wohl,2015).

> S \& \>‘-‘<b\ e
X
2P T S @ P S & A OB & (F
SY e S er & O .o O N a >
o® ol Q> T Vgt o S S 2
Q@ P 4 & N S &
EROSIONAL RESISTANCE >

Fig.3.1: Variable grain sizes arslibstrate listed in order of resistance to erosion, with the
arrow indicating increase in resistan@ieom Wohl, 2015).
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Mentling et al. (2015 proposed that a combination of factors influesagain sizes andize
distributions, includinghydrodynamic conditions, differeral fining of variable lithologies,
differential abrasion rates due to channel slgmend contributions from hillslopes. Miler

et al. (2016) used the occurrence of different lithologies and variable erosion and abrasion
rates to explain the distribution and grain sizhange of sediments ira downstream
direction. Theresultsindicated that the durability of resistant rockpes determing grain

size and the concentration of sediment different grain size classes changesa function

of variable lithologies and abrasioAbrasion of friable schist produsean abundance of
sandsized grains when compared with greywacke arislamafic rocks in the Westland
rivers in New Zealand (Cex al, 2015).In western Oregon, BA sedimentary rocks were
abraded into fine graml YR GNJ yaLR2 NISR & &z RBYHRER 2 F
underlying geology not only plays a role iretgeneration of sediment but also sediment
adzLJLJ e c&ehal 2AA4).\AZ IBkk resistant sediment is transported downstream, high
abrasion rates decreasedimentconcentrationandthus decreasingatal sediment volume
deposited in downstream reaéhd 0 h Qet &, FOI8.NJ

Mentling et al. (2015 suggested thatselective transport can also influence grain size
distributions Miller et al. (2014) suggested that abrasion occurs in two phaseih
rounding in the first phasand reduction in grairsize in the second phasmce rounded
grains have been formeand thatthe grain size distribution depends on both abrasion and
selective depositionSimilarly Miller et al. (2016) observed a downstream evolution in grain
size and shape and concluded trabrasion controls downstream reduction in grain mass
and selective sorting is responsible @mwnstream reduction igrain size. Chatanantavet

al. (2010) however, suggested that selective sorting would only plasoke in the grain size
distribution where there are mall grain sizes and low channel slopes. The effect of
sedimentinflux fromother sources such dsllslopesand tributarieswas not considered

In the Westlandivers in New Zealand, bedload composition is influenced by sediment flux
from tributaries which mix withmain channelsediment and changes theesulting bulk
composition (Coet al., 2015).Variation in bedrock lithology has an influence on creation of
sediment through abrasion, the presence of discontinuities such as faujasnts, overall
sedimentsupply, andrate of R2 6 Y A G NB 'Y NBRdzOG A 2 yet dl,\ 2018 NI Ay &
The supply of sediment from external sources other than the channel bed plays an
important role in grain size distributions. In areas where there is supply from hillslopes or
tributaries, abrasion can have an insignificant effect on grain size distrilsu{fekiaet al.,

2006). Abrasion can only cause downstream fining if the grain size of the sediment entering
the system reduces in size in the downstream direction. Within a river channel, changes in
grain size distribution occur as sediment moves acdiisrent lithologies or at tributary
junctions or in areas of variable channel geometries (Sldaral., 2006). The impacts of
sediment flux from external sourcespresentan ongoing topic of researchand the
influence of these sediments varies betwedver systems.
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Coxet al. (2015) proposed that downstream transport, sediment supply, tectonics and
Quaternaryglaciationhas impacted on the evolution of bedload within the Westlanars

in New ZealandGlacid sedimentscanbe asediment stoe and cortribute coarsegrainsto

rivers when deglaciation occurs (Ceet al, 2015). However, ths is onlyapplicable to
glaciated areas and storage processes may differ in other river syst®etsment in
bedrock channels is stored for only brief periottowever sediment can be stored for
longer in alluvial channels depending on grain size and valley geometry (Wohl, 2015). The
storage of sediment within different channel typesth different transport and abrasion

rates has implications faesultinggrain size distributions.

3.7 Sediment provenance

The study of sediment provenance involves tracing the origin of sediments and the
processes that oeored until the sediment reachethe present day basiror channel
(Caraccioloet al, 2016). Detrital mmerals are mineral fragments that are transported
through the river system and are incorporated in thedimentary recordGarzanti, 2016).
Detrital minerals in sedimentary rocks undergo mechanical and chemical weathering during
multiple transportepisodes and changes to the mineral grainibat occurred during these
episodes canbe traced back to elucidate sedimegnmtovenanceand history(Garzanti, 2016).
Sediment provenance studies have utilised trace elements (Bahlburg, 1998), petrographic
data of minerds (Garzantet al, 2007) and grain sizes (Weltjet al., 2004) in order to
identify the production of sediment, characteristics of sediment source areas and erosional
and depositional patterns. Quantitative analytical techniques that have been usedlén o

to analyse sediment provenance include petrographic analysis of minerals (Caratablo
2016), grain sizeand size distributions (Rubey, 1933von Eynattenet al, 2012) and
chemical composition of minerals (Gargetral., 2014). The methods that have been used to
analyse minerals includerdy spectrometry, electron microprobe analysis andrpgraphic
modal analysis (T®kraset al, 2011;von Eynaten et al., 2012;Caraccioleet al., 2016).

Magnetic susceptibility (MS$ the measure of magnetic minerals in the soid has been
widely used as a tracer to identify sediment sources in fluvial environn{&haber, 1998
Blakeet al, 2006 Lyonset al, 2010 Mzobe, 2014 Pulleyet al, 2016 Rowntreeet al,
2017).Heavy minerals influenceMS readings of mixed sedimesfrom different sources
(Jadotet al, 2015). Every mineral found in sediment has a degree of magnetism, some
stronger than others (Mullins, 197Tiu et al, 2012). Minerals with very weak magnetism
include quartz and carbonates and are known as diamagnetic, and minerals such as silicates
and clays are known as paramagnetic (giual, 2012). Minerals such as magnetite and
maghemite have a strong magnetic property known as ferrimagnetism (Mullins, 1977).
Another type of magnetism which is characteristic of hematite is known as
antiferromagnetism (Mullins, 1977) and has a weaker magnetic property than ferrimagnetic
minerals (Maher, 1998)A positive correlation between grain sizes aWb has been
identified (Maher, 1998 Hatfield et al,, 2009). However, some authors have reported the
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relationship between grain sizes aniS to benonlinear (Fosteet al, 1998 Blakeet al.,
2006; Oldfield et al., 2009). In order to overcome this challengesearchers have ed a
single grain size interval in order to measure MS (Hatfel@l, 2009 Rowntreeet al.,
2017). Pulleet al. (2016) however indicated that single grain size interval may affect the
accuracy of the results as other grain siz@e overlooked. This indicates that there is
uncertainty associated with the relationship between grain size andavi® more research
is required to overcome these uncertainties.

3.8 Processes affecting heavy mineral assemblages

Heavy minerals are present as accessoimyerals in a variety of rock types and can be used
to identify sedimentsource areas (von Eynait et al,, 2012). Stable heavy minerals which
are commonly found irsediment inlow quantities include zircon, rutile, tourmaline and
kyanite and heavy minerals which are least stable and found in large quantities include
olivine, clinopyroxene, orthopyroxene, garnet and epidossd these minerals originate
from the underlying lithologiegMorton et al., 1999). Heavy minerals are commonly et

in the fine grain size intervabetween 125 to 63 pmwhen compared to other minerals
found in sandstone (Mortoret al, 1999). The distribution of heavy minerals in a river
system depends in part on the energy tbe transporting medium (Mortoret al., 1999).
During sedimentary cycles, heavy minerals are altered and the stability of the minerals is
influenced by environmental and climatic conditions (More&tral., 1999 Andoet al., 2012
Garzantiet al, 2013. The processes that affect heavy mirleassemblages and geochemical
characteristics include physical sorting during transport and deposition, mechanical abrasion
during transport and dissolution during weatheringnd burial (Mortonet al, 1999).
Variability in heavy mineral ratios within aver system is affected by processes of
weathering, abrasion and sorting (von Eynattenal., 2012). According to Rubey (1933),
heavy minerals are concentrated in fine grain size fractions due to sorting. Heavy minerals
can also be altered by weatheringiihg temporary storage in a river systeand mineral
abundances may be influenced by the complete dissolution of unstable minerals (Mgirton
al.,, 1999). Alteration of heavy minerals also o during recycling episodes sabduction
complexes (Garzangt al., 2013).

During burial diagenesisinstable minerals of the parent rock are dissolved depending on
the depth of burial and this alters heavy mineral assemblages in the daughter rock (Garzanti
et al, 2013). Andoet al. (2012) focused on the effectsf weathering and diagenesis on
mineral surface textures and concluded thdifferent heavy minerals display similar
corrosion features during the different stages of weathering. Artl@al. (2012) proposed
that corrosion features on heavy minerals can be useddemtify sedimentprovenance.
During weathering, heavy minerals underfjee successivetages namely; unweathered,
corroded, etched, deeply etche@nd the final skeletal stage wdin completely alters the
shape of the grain (Andet al, 2012). Climate plays a fundamental role in weathering as it
determines the timeperiod over which the grain will be weathered before it is transported
(Andoet al, 2012). The alteration of heavyinerals during the sediment cycle can pose a
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problem of accuracy in sediment provenance studies (Modbml, 1999 Garzantiet al.,
2013). However, Mortonet al. (1999) suggested thathe overprinting characteristics
acquired during the sediment cyclech as changes in colour, habit, internal structure and
geochemical changes, can be used to successfully determingrdvenance of sediments
Garzantiet al. (2007) stated that understanding present day conditions of climate,
topographic setting, sedimmary processes, lithology and tectonic setting will aid in
understanding heavy mineral compositions and abundances.

Grain size is alsonaimportant factor when conducting sediment provenance studies.
Depending on the rock type and rock forming processesjineral may occur as either a
coarse or fine grain in the parent rockon Eynattenet al. (2012) used vartens in the
grain size of the same mineral group to identify whether the grain is of igneous or
metamorphic origin, concluding that grains ohé@pus origin have larger grain sizes. This has
been noted in tourmaline grains, which appear as coarse grains in granitic rocksebut a
smallerin metapelitic rocks (von Eynattest al., 2012). Differences in graisize fractions
within a sample have beeattributed to the settling velocities aflifferent minerals (Rubey,
1933;Garzantiet al,, 20070). Rubey (1933) used Stakkaw to explain the settling velocity

of minerals. The volume and density of minerals and the density and viscosity of the
transportmedium determine the velocity at which a certain mineral grain will be deposited.
During transporthigh densityminerals will settle together with coarse grained lol@nsity
minerals due to equivalent setting velocitjeend the finer grains will be traported and
deposited at a different location (Rubey, 1933). It has been noted that when assessing grain
size distributions, heavy mineral concentrations fall in the fine tail and coarselémaity
minerals that settled with the heavy minerals fall in tbe@arse tail (Rubey, 1933). Analysing

a single grain size is regardedaapotential source obias since heavy minerals are present
in different grain sizesand this has been attributed to initial grain size in parent rocks,
different erosional processemnd sources (bedrock, terraces or sods)well as differential
transport (Garzantiet al., 20070). The challenge with using one graize fraction in heavy
mineral analysis is deciding which size to,usecauseanalysis otheavy minerals can be
undertaken using severdifferent size fractionsRubey (1933) suggestadninimum of two
grain-size intervals should be used. Garzagttial. (2007) stated that various grain size
intervals larger than 2 diameters need to be considered.

Caraccioleet al. (2016) used detrital amphibole and pyroxene to investigate phovenance

of Tertiary volcamlastic sediments in ThracBulgaria The results indicated contributions
from three different volcanic areas. Highly resistant heavy minerals such as zincapde
transported and reworked with sediments and thus can be effectively used for sediment
provenance studies (Thomas, 2011). Thomas (2011) used detrital zircons found in
sandstones and theizircon agesand foundthat the sediment was deposited from ¢h
Rockes and Appalacian Mountains into the Grand Canyol)SA Garzantiet al. (2013),
however, suggested that zircon can be unreliable in provenamalysisasit is very resilient

and the age spectra can remain the same over sequential sedimentagg cicirthermore
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von Eynatteret al. (2012) noted that the use of a single grain may bedda$or example
the use of zircon alone may limit the representation of zirfi@e lithologies thus limiting
the accuracy of the provenance study.

Sediment proveance researchers have used heavy minerals to assess provenance using
different techniques such as bulk sediment (Garzanal., 2007), mult-mineral (Tsikouras

et al, 2011) and singlenineral analysis (von Eynattest al, 2012). Single grain analysis
focuses on variabilities in a mineral group which were created during weathering, transport
or burial and can be used to identify the lithology and age of sourcesrain Eynatteret

al.,, 2012). Heavy mineral concentrations vary depending on sources {Gzrzantiet al.,
200M). Rocks with very few heavy minerals include sedimentary, -doade
metasedimentary and felsic rocksvhile mafic igneous rocks and high temperature
metamorphic rocks contain abundant heavy minerals (Garzral.,, 2007). Deperding on

rock forming processes, minerals from the same mineral group can have variable chemical
compositions anccan be present in diffeent grain size fractions (Teilraset al., 2011).
Tsikouraset al. (2011) suggested that hydraulic sorting would bee thrimary factor
affectingpresentmineral abundances.hiBy used tourmaline, garnet, spinel and zircand

the multi-mineral technique to identify sediment provenance in the Scotian Basin in Canada
and concludedhat the majority of sedimers werereworked from the Appalachian orogen.
Garzanti (2016) reviesd the techniques used in provenance studies and suggested that an
integrated approach including bukediment, multimineral and singlemineral analysis is
essential for accurate provenance studies. Zaati et al. (2007) used bulksediment
analysis to showhat the concentration of heavy minerals in modern sands is a reflection of
mineral compositionin the parent rock. Garzanti (2016), however, suggedhat fragile
minerals dissolve during burialadjenesisand this may have implicatiorier the usefulness

of bulksediment technique in sediment provenance studies.

Within river systers, tributaries canlead to differences in mineral a&mblages recorded
Garzantiet al. (2005) used heavy minerals to identify sediment mixing and to calculate the
sediment contribution from different tributariesGarzant et al. (2006) found that the
majority of sedimenton the River Nilavas contributed by the River Atbara and Blue Nile
based onthe heavy mineral assemblages characteristic of each rideavy mineral
assemblages and abundances in Nile River sedimeats attributed to the underlying
geologies of ributaries the climate in sultatchments and fractionation during sedimén
transport (Garzantet al., 2006).

The area within the river channel where sampling is conducted also has implications for
provenance studies. The chemical variation of minerals can be used to determine the water
depth during sampling (Garcost al, 2014). Suspended sediment and bedload differ in
catchmens with variablelithologies Garconret al. (2014)based onisotopic data concluded

that grainsfrom basalts are usually found in the suspedd®diment andyrainsfrom other
lithologies within the catement were presentas bedload. Resulting differences in grain
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sizes of the weathered rock can have implications for the distribution of different mineral
assemblages.

3.9 Multivariate mixing models

Sediment source fingerprinting studies involve thdscrimination of tracers with
characteristic properties of source sediment@and the use of tracers in multivariate
sediment mixing models to estimate the contribution from each source (Celliak, 1997).
Multivariate sediment mixing models have beendely used to assess the percentage
contribution of different sediment sources within a river system (Co#inal., 1997,2010a,
2010k Motha et al,, 2003 Foxet al, 2008;Evrardet al,, 2011; Miller et al., 2013 Haddalchi

et al, 2014a, 2014bSmithet al, 2014 Pulleyet al,, 2017). These mixing models include the
BayesianCooperet al,, 2015) Slattery, Collins, Motha, Hughes, modified Col{i@sllinset

al.,, 2010a) Landwehyand Modified Kandwehr mode(Haddalchi et al, 2014a). Smittet

al. (2014) used the Collins mixing model to discriminate between surface and subsurface
sediment sources in an agricultural catchmentled Tamar River, England.low degree of
sedimentsource discrimination in this aresuggests the influence d&nd use changes in
cultivated and pasture fields (Smitt al., 2014). Collingt al. (2010b) used the modified
Collins mixing model to study the contribution of suspended sediment from farm track
surfaces, cultivated topsoil and channel banks in the PiddlerRatchment, England. The
results indicated that erosion from farm track surfaces was an important source of
suspended sediment to the river. Haddaddti al. (2014b) used both the Hughes and
modified Collins mixing models to assess sediment contributiorsuspended and bed
material in the Taleghani catchment, Iran. The results indicated that crop fields contributed
the highest sediment percentage during flood evenmitish high sediment concentrations
and channel banks contributed the highest percentageirdy flood events with low
sediment concentrations (Haddadddtial., 2014Db).

The choice of potential sediment sourcesof$en informed by land use and land cover
within the catchment. Hughest al. (2009) identified that sheetwash, gully and rill erosion
resulted in channel banks being the dominant sousceas tothe Fitzberg River, Australia.
Sediment from gully erosion was the major contributor of sediment in various river systems
(Evrardet al, 2013 Wilkinsonet al, 2013). Carteret al. (2003) identified two different
source contributions taupstream and downstream reaches of the Aire and Cailders,
England. The results indicated that channel bank sources contributed the highest
percentageof sediment inupstream reachesand topsoil from cultivated land contributed

the majority of sediment in lower reaches (Cartetr al, 2003). Wilkinsoret al. (2013)
attributed the highest percentage sediment contribution to subsurface soil sourcesein th
Burdekin River Basin, Australitne relative contribution of sediment from tributariesnd
channel banks were very lovPulleyet al. (201%) argued thatsome land uses are less
useful as diagnostisediment sourcesareas than othersThey tested the potential of
magnetic minerals, fallout radionuclidegeochemical signatures and organic matter and
identified that there were lege differences between tracegroup predictionsAn example
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of this is tracers that were measured from agricutlsources and anthropogenic inputs
from urban areas (Deveretet al, 2010), where the dominant tracers in these souareas
differ significantly. Thigs a limiting factor within sediment mixing modelsvhere high
within-group variabilityincrease the uncertainty obtained from mixing models (Pulley
al,2015a).Ly 2NRSNJ (2 GSad GKS | OOdrNl (2085 &sd (KA &
artificial mixtures of sediment and confirmed that withgnoup variabilityneeds to bdow in
order to reduce unceainty. However, the use of artificial mixtures of sediment might not
always be an accurate representation of sediment in the fialdd some researchers have
used mathematical methods to reduce the uncertainty associated with wihoup
variability. These methods include laster analysis and principal component analysis
(Wallinget al., 1993 Walling and Woodward, 199Pulleyet al., 2017).

The type of mixing model used has been proposed to affect the resuttambination of
possible sediment sources (Haddadetial, 2014a; Smith et al., 2014; Manjoro et al,

2017). Another factor that determines the accuracy of mixing models is source group
classification as this will affect theinput data for the model (Pulleyet al, 2017). Some
studieshave used erosional processes suclslasetwash rill and gully erosion(Hugheset

al.,, 2009 Gelliset al,, 2011, Evrardet al, 2013 as a way of classifying sedimentusce

types Other studiediave used spatial sources such as urban afPaserewet al., 2010)or
geologicalpatterns (Lacebyet al,, 2015) Since source group classification depends on land
use and management goals that have been set, the source apportionment may be biased
and reglect other potential sourceg€ollinset al., 2017)

Tracer properties that have been used in mixing models include fallout radionuclides
(Guzmaéret al, 2013 Pulleyet al,, 20153, minor and major trace elemen{®evereuxet al,,

2010 Haddadchet al., 2014a; Lambaet al., 2015 Pulleyet al, 2015), trace element ratios,
organic matter conten{Smithet al, 2014)and mineral magnetisniManjoro et al., 2017)
MartinezCarreraset al. (2008) used a multivariate mixing model in the Wollefsbach
catchment, Luxembourg and identified that uncertainties in mixing modelitputs arise
from the number of tracers used in the model. However, not all trace elements identified
within the sedimentcan be successfully used to discriminate sour@s some trace
elements lack spatial variability. Manjoed al. (2017)arguedthat the number of tracers
used did not change the performance of the mod&hother area of uncertaintyn the
accuracy ofmixing models is the effect of changes in the physical and geochemical
properties of particlegKoiter et al, 2013 Smith et al, 2014 Haddadchiet al., 2016).
Particle sizeand organic matter content tentb change from source to sirdepending on
transport and storage processes (Koitdral., 2013).Koiter et al. (2013) and Lacebst al.
(2015) suggested that it is important to have prior knowledgthefgeochemistry of tracers
and the transformations that might occur during transport and depositThe <63 pm
particle sizefraction has been widely used in sediment mixing studies to reduce the
uncertainties associated with particle size differen@@svereuxet al, 2010 Nosratiet al.,

2014 Lambaet al., 2015 Pulleyet al,, 201%). Haddadchet al. (2016) examinedthe effects
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of grain size on the accuracy of mixing model&mu Creek, Queensland, Australidey
showed that esults obtained from single grain sizmay differ from those obtained from
aggregatecsamples. Pulleyet al. (2015a) demonstrated that organic matter and particle size
did not have an effect on thelifferences that were observed in source prediction for
different tracer groupsHowever Kouhpeimaet al. (2011) emphasised that is essential

that tracer propertes selected should have a conservative behavjonreaning that the
physical and geochemical characteristicstlué tracer should not change from source to
sink Theyalso noted that further research is required in order to fully understand the effect
that conservativeness of tracer properties has the accuracy of mixing model&oiter et

al. (2013) suggested that selecting fingerprints that are less likely to change during transport
might be used as a way to reduce uncertainty. However, the testing pbadlible tracers
may be time consumindMukundan et al. (2012) suggested that a standardised procedure
needs to be developed for selecting tracemiter et al. (2013) further emphasisethat a
framework needs to be developed which will guide researchers on the most appropriate
tracers for different environments and river systemBhus it is essential to study river
systems in order to create a database of the most appropriate tracensdo

This also brings up the issue of sampling locatiterddadchiet al. (2016) emphasized that
sediment samples collectedosle to sourcewill show a high proportion of sedimeritom
that source.Sedimentary rock sources were domman riverbed sitesand metamorphic
rock sources were domimé in the downstream parts of the catchmerfHaddachiet al.
2015) Fryrs (2013) emphasised thatontributing areas ofsediment to a river will vary
depending on the magnitude and frequency of rainfall eveiitsusCollinset al. (2017)
suggested that the sampling period andmber ofsamplesshould be planned accordingly.
This is because some tracers such as organic matter may change during different seasons
andagricultural crop rotations may alter the geochemistry of the sedim&he importance
of sampling period was shown by Deveraixal. (2010) in the Anacostia River, Maryland
USA Different erosional processes were se@m causetemporal variations in ptential
sources of sedient. Similar results were obtained by Foucthetral. (2015)from a lowland
catchment in Francevhere the dominant sediment source waarfacerunoff during flood
events and subsurface sources during low flow periods

A lot of uncetainty has been associated with mixing models; however these models have
been successfully used to estimate sediment contribution from various sourcesand
influencedevelopment ofappropriate catchment management strategies aimed at reducing
sediment influx from potential source areas (Colknsl., 2001; Hillier, 2001; Russelkt al.,

2001; Gruszwosket al.,, 2003 Kouhpeimeaet al., 2011; Wilkinsonet al., 2013 Lacebyet al.,
2015; Tiecheret al, 2015 Manjoro et al, 2017). The modified Collins moddias been
widely used in order to identify sediment sourcedqllinset al., 2010a,2010b;Evrardet al.,
2011 Haddadchiet al, 2013,2014a;Wilkinsonet al, 2013 Lacebyet al, 2015 van der
Waal et al, 2015. The Collins model works on the assumption that the concentration of
tracers in the sampled sediment is the same as the concentration found in the source
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sediment (Kouhpeimeaet al, 2011). The modified Collins model inqmwrates all the
uncertainties that were mentioned above and thus reduces uncertainty associated with
mixing modelsby including weightings whiclare obtained from discriminant function
analysis (Collinet al,, 2010g). Particle size differences are alsacaanted for in the model
(Collinset al., 2010a) However there is a lack in the application of these models in the
South African context.

A South African example is that of the Mkabela Basin, Kwa¥atlal, where sediment
sources varied depending on land use and soil type (Mdterl, 2013). Fine grained
sediment was attributed to vegetable field sources and coarse grained sediment was
attributed to steepsugar cane fields. Another example is thdao unnamed catchment in

the Eastern Capwhere the modified Collins mixing model together with trace elements
and magnetic susceptibility values warsed to identify the sources of suspended sediment
(Manjoro et al, 2017). Results indicated an increadecontribution from rill and gully
erosion.Van der Waalet al. (2015) used magnetic susceptibility values and the modified
Collins model in the Thina catchmerEastern Capeand showed thatthe underlying
sedimentary rocks contributed the highest rel&tigercentage of sedimerno the river.
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Chapter 4: Methodology

This research seeks to identify major sediment sources within the Letaba River and map the
geomorphology of the river within and outsid# KNPas well as investigate factors that
affect river geomorphology and sediment patterns. This chapter explains the methods that
were employed in this research as well as the techniques that were used for analysing the
data that were collected The methods wed in this research include desk based mapping,
collection of data in the field, analysis of sediment in the kid a final analysis of all the
research findings.

4.1. Desk based methods

Landsat 8 images withgxel resolution of 30 nfor 30 September2015were acquired from

the USGS websitd.hese images were used because they can be downloaded for free and
provide coverageof the study area during théield sampling period of this researcfihe
images were prgrocessed using the ENV5H.2 image processingsoftware in order to
prepare them for digitizing. le preprocessing steps includatmospheric correctins in

order to make the images clear Atmospheric caections were done through Gram
Schmidt Bn sharpening which is a function on ENVIlhere a single band image was
merged with a multispectral image in order to improve the resolution of the image.
images were then mosaicked and colour balanced using ENVI, in order to combine the
images and get a complete coverage of the study area. fif&¢ output image after
mosaicking was used to digitize the different channel types within the river using ArcGIS
v10.3 software. Microsoft Excel/2010 software was used to construct cross profiles of the
river at different locations usinDifferential GS GFS data collected in the field.

4.1.1 Digitizing geomorphic features

The Letaba River consists @ive main channeltypes bedrock anastomosingalluvial
braided, mixed poetapid, alluvial single threacand mixed bedroclalluvial anabranching
similar to those reported from the adjacent Sabie Ri{#&able4.1). These channel types are
distinguished byhe presence oflifferent geomorphologicdeaturessuch as braid bar, rock
pool, boulder bed, riffle and terraceArcGISv10.3 software was usedo digitise these
geomorphic unitsand channel typesfrom the Landsat images and field data, by drawing
polygons around these features and labelling them as was #dieving the methods used

by Heritageet al. (1997).Thisprocedurewas done by creatinghapefiles for multiple and
single channels, boulder beds, bedrock pavements, bedrock outcrops, bare sandbars,
vegetated sandbars, sand dunes, floodplain, bedrock core bars, bedrock pools, crevasse
splay deposits and dams. The position of the units whsred from notes that were made

in the field,Landsat imageand dGPS points.

31



Table4.1. The channel types found within the Sabie Rigean Niekerket al., 1995)which
displays similachannel types as the Letaba River. Numbers indicate the occurmdreach

unit at each river reach(l)=Definite occurrence, (2)=Probable occurrence, (3)=Rare

occurrence (based on observationpourceVan Niekerlet al., 1995 p. 74).

Geomorphological Units

Channel Type

Description

Lateral bar (1), River cliff (2)ypical
pool (2), Point bar (2), Rip chanr
(2), Pool(1), Riffle (2),Rock Pool
Rapid (2), Floodplain (2), Terrace

Single Thread

Uniform single channel river. Limite
bedrock outcrops or braed bars
associated with active channel. M;
be bedrock o alluvial.

Braid bar (1), Lateral bar (1), Bre Alluvial Multi-channel system with
channel (1), River cliff (3), Apiq Braided impermanent  distributaries  of
pool (3), Point bar (3), Rip chanr alluvium. Channel convergence a
(1), Cutoff channel (2), Armoure divergence occurs on the scale
area (2), Floodplain (2), Levee ( channel width.

Alluvial distributary (1), Terrace (2

Alluvial backwate(3)

Rock pool (1), Rapid (1), Bedrg Bedrock Multi-channel system of permaner

core bar (1), Waterfall (1), Bould
bed (2), Armoured areé?), Lee ba
(2), Rock distributary (2), Ro
backwater (2)

Anastomosing

Sedimer
topograph

bedrock distributaries.
may accumulate on
highs.

Rock pool (1), Rapid (1), Bedrg Pool/Rapid | System of shallow, faster, steep
core bar (2), Lee bar (2), Braid & bedrock dominated rapids an
(3), Lateral bar (2), Pool (3), Rif associated upseam backwater
(3), Cataract (2), Boulder bed (: pools.

Armoured area (2), Floodplain (2

Alluvial distributary, Terrace (2

Rock backwater (2)

Alluvial islands (1), Floodplain (] Mixed Multi-channel system that converge
Bedrock pavement (1), Levee (] bedrock and diverges around vetpted semi
Lateral bar (2), Boulder bed (3 alluvial permanent ridges or islands. Islan

Rapid (2), Pool (2), Lee bar (2)

Anabranching

are formed of bedrock and/o

alluvium.

4.2.

Geomorphic mapping and landform identification

Heldwork involved mappingf 15 sites representing different river reaches aldhg Letaba
Riverwithin KNPpver a period of 5 day3.he geomorphological features such asirannel

and flood bars, terraces, floodplains, levees, sand dunes and crevasse splay deposits,
characteristic of each channel type, were mapped along the area of interest by making
annotated field notes and taking photographs of the ayead this was incorporated with

what has already been mapped using satellite imagéhe sites were chosen because each
site represented a different channel type and thus the 15 sites represented theattitfer
channel types mentioned abov&ampling was conducted by collecting sediments starting
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from the river terrace towards the main active channel in order to analyse grain size
differences and changes in heavy mingradportions across the river. liotal, 49 sediment
samples wre collected atthe 15 sites from the top (Zm) surface ediment on each
geomorphic feature along the river channel, as mentioned above, in order to obtain
representative samies (Fig.4.1). The top 2 cm was chosen as it represettts sediment

that is prone to be eroded and transported during a rainfall evemd represent the most
recently deposited sedimenKouhpeimaet al, 2013 Miller et al,, 2013).Sediments were
alsocollected fom 4tributaries for further analysis (Fig.1).

31°30E 31*12A°E 31°240°E 21°23420°E 31°450°E 31°5520"E
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Fig.4.1: Map of the Letaba River and the data collection sitekb5 for this research

dGPS readings were takaheach location where samples weecollected in order to locate
these sites on ggeomorphicmap. In total, 10 transets across the river channelene
measuredusingthe dGP3n order to construct cross sectional profiles of the rifiep. 4.2).

A transect was done at different river reach@sdefined by changes in channel typand
were alsothe locations where samples were collected. Each transect waasuredby
collecting coordinates and elevatisaluesat locations along the transegberpendicular to
the river channel axjsand were plotted using Sigmaplotv10.3 software. Sediment
propetties at each channel type and geomorphic features walt@oted. MSmeasurenents
were made i 108 m2 kg?! SI units), which is a measure of the concentration of magnetic
minerals within the ediment, using aSM-30 pocketsize MS meter at each of the sit
where samples were collected, with about31lreadings for each site depending on the
number of samples for each site (Balsamal., 2011).MS valuesindicate the strength of
magnetism in the ediment The sampling sites were chosen to include the different
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underlying geologs. Balsamet al. (2011) suggested that the formation of soil can be
correlated to MS valuesand the formation of soildevelopsas rainfall increases. With
increasing rainfall, magtie grains increasa concentrationas iron oxides are broken down

by the rainfall (Balsanet al., 2011). Thus MSalues weremeasured from the floodplain
towards the active channel in order to identify how the magnetic grains evolve across the
river chamel. The MS readings werllected by placing th#1Smeter on theland surface

and recording the value that appears on the meter. A total of 45 readirag recorded in

the field on sediment irdifferent river reachesHigh MSvaluesmean that there is digh
concentration of magnetic minerglsand low readings mean a deficiency of magnetic
minerals. MS values were correlated witthe concentrations of ironoxide minerals
including magnetite, hematite and ilmenit&€he grain sizes of minerals have alsorbeeen

to impact on MS readings (Hatfiedd al., 2009), thus MS readings weadsocorrelated with
mean grain sizeBedrock geology was mapped by identifying exposed bedrock units along
the river reachesvhereavailable

Fig.4.2: Imageof dGPSunit usedto measurdransectsacrosghe riverchannel.
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Fig.4.3: Imageof top sediment being sampled into a plastic sampling.bag

4.3 Laboratory work

Data collected inthe fieldwere analysed by differedab techniquesBulk sediment samples
collected in the field wereanalysed in order to identifgrain sizes and heavy mineral
proportions Grain sizes were analysed by using sieae®.25 phi intervalsusing the
Gradistat softwargBlott and Pye, 2001p obtainthe moment measures of the graisize
distributions. The heavy mineral assemblage®re assessed using a petrographic
microscopeand trace elementproportions were assessed usingray fluorescence on
samples<63um and >63um respectively.

4.3.1 Grain size analgis

Researchers have used grain size and shape analysis in order to identify sediment
provenance, transport andgediment depositional histories (Friedmari979 Bui et al,
1989). In order tdadentify sediment sources, grain sizes were analysed. Siav65 phi
intervalsfrom 2 mm to 63um were used todentify the grain size distribution of individual
samples(Fig. 4.4). Sieves were stacked and manually shaken Zoto 3 minutes and
sedimentgrainswere separated ecording to their grain sizes (Collies al, 2010). The
sediment on the different sieves was weighed and the values recordedmails on each
sieve was examined iExcel using the Gradistat program which calculates statistical
parameters suig as the mean, mode, sortingkewnessand kurtosisfor each sample using

the Folk and Ward (1957) graphical method and motaemethod (Blottand Pye,2001).

The mean grain size e average grain size for each sam(asselinket al., 2015) The
mode represents the most frequentlyccuring grain size in the samplgewiset al., 1994)

The sediment can either be unimodal (meaning one mode), bimodal (two modes), trimodal
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(three modes) or polymodalr(ore than one modg The characteristic values of grain size
parameters reported in the literaure are indicated in Table 4.2Sedimentsorting is
determined by the standard deviatioaf the distributionand can be used to determine
energy conditions during transport and depositiobeyiset al, 1994 Masselinket al.,
2015). Sorting can range from well sorted to poorly sorted, with high standard deviation
values representing poorly sortededimentsand low values representing well sorted
sediments Skewness indicatelsow symmetricalthe grain size distributions (Lindholm
2012). Negative skewness indicates an abundanteoarse grains and positive skewness
indicates anabundanceof fine grairs (Masselinket al, 2015). Kurtosisdescribes the
sharpness of peak of the grain size distribution (Masseir., 2015).Kurtosiscan also be
used to identify the depositional environment of the sedimefiasselinket al., 2015)

Table 4.2.Summary ofgrain size parameters and the characteristic values (Blott and Pye,
2001).

Sorting SKewness kurtosis

Very well | <0.35 Very fine| 0.3t01.0 Very <0.67
sorted skewed platykurtic

Well sorted | 0.35 t00.50 | Fine skewed| 0.1 t00.3 Patykurtic | 0.67 t00.90
Moderately | 0.50 t00.70 | Symmetrical | 0.1 to-0.1 Mesokurtic | 0.90tol1.11
well sorted

Moderately | 0.70 t01.00 | Coarse -0.1t0 -0.3 | Leptokurtic | 1.11 t01.50
sorted skewed

Poorly 1.00 to2.00 | Very coarse -0.3t0o-1.0 | Very 1.50 t03.00
sorted skewed leptokurtic

Fig.4.4: (A) Image of sieves of different intervals used to sort sediments in their different
grain sizes(B) Image of a balancesed to measure the weight of the sieved sediment.
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4.3.2 Heavy minerals

Heavy minerals can be used to identify the source of sediments and are usually found in
trace amounts (Lynmt al., 2008). Heavy minerals include magnetite, zircon and ilmenite
(Lynnet al., 2008). Once grain sizes were analysed, the proportions of heavy minerals were
investigated using a petrographmicroscope. Grain sizes €@m for each sample were
placed on a glasslide, containing oil for mounting, which is about 46 by 26,rand cover

slips were placed over the glass slide and then heated before further analysis. Waee
between 300and 500 grains on each glass slid@ne thin section was prepared for each
sanple. The thin sections had to be polished &tlow for identification of minerals.The
mineral properties thatwvere observedunder the microscope include colour, pleochroism,
habit, cleavage, twinning, relief, Becke line and birefringence (eyah, 2008). The optical
properties of common éavy minerals are presented iafdle4.3.

Table4.3: The optical properties ofomeheavy mineralgdentified, namely; zircon,
magnetite ilmenite, biotite and olivine(Adapted from Lyneet al., 2008).

Mineralname
Zircon Magnetite | limenite Biotite Qlivine
Crystalline system | Tetragonal | Isometric | Hexagonal Orthorhombic
Golour Colourless | Black with| Bluegrey | Red, Yellowish
to pale metallic to black brown, green,
lustre green reddish
brown
Relief Positive, High Moderate
very high positive
Refractive index 1.9251.993 1.670-1.690
Birefringence 0.0600.062
Extinctive angle Parallel
Interference figure | Uniaxial (+) Biaxial (+)
Habit Octahedral | Tabular Tabular
crystals crystals crystals

A petrographic microscope was used for analysing the modal abundances of heavy minerals.
Pictures of the samples were taken usergOlympus DP2 Twain camera together with the
AnalySIS getlV5.2 software. Minerals such as magnetite, ilmenite and heraatitere
identified under reflected lighat a magnification oiOx and the remaining mineral®livine,
clinopyroxene, orthopyronene, biotite, muscoviteprnblende, rutile, zircon, tourmaline,
zoisite, plagioclase, orthoclaseere identified under transntied light at a magnification of

4x and 1&. The thin section was divided into 9 equal parts and mineral abundances were
counted from these points. In order to obtain the mineral abundances, individual minerals
were counted, resulting in a total number @0 to 300 minerals counted on each thin
section.
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4.3.3 X-ray Fluorescence Spectroscopy

The analysis of heavy mineral proportions was also conducted usiag Kuorescence
(XRF) spectroscopy, which is a fastethnod for obtainingtrace elementproportions The
grainsof 48 samplesvhich were collectedrbm the Letaba River were again sieved with a
sieve interval of <63um in order to enable analysis with the spectrometer (Shaltual.,
2011). The samples were prepared by adding Mowiol, which is ganar binder, to a §
sample, then combinim the mixture until the Mowioldissolved into the sampleThe
mixture was then poured into a steel cup and pressed at a pressure of 10 tons, creating
pallets for further analysis using a spectromeferg.4.5). The XRF works by emitting short
wavelength radiation on the minerals, the minerals then absorb this radiation based on
their chemical composition (La Tour, 19&@ttset al., 2008).

The wavelength dispersive-rdy spectrometer is used for this analysitie Xray beam
source is reflected against the prepared samples at different angles for different minerals
becausethey reflect at different angles¢ KS YA Y SNI f & | NBYSECSYI SROE
mineralsrelease energy and this energyreflected onto acollimator which narrows the
beam. The beam is then reflected onto a crystal which intensifies the wavelength of the
reflected beam. The beam that was reflected onto the crystal will be refleotedo a
detector which measures the angle and intensity bé twavelength and the measured
intensity of this energy indicate the proportion of minerals present and thus identifying the
guantities of heavy minerals (La Tour, 19B#9ttset al,, 2008). Each element will reflect X
rays at a different angle and at afférent intensity and this indicates the type of element
and the concentration of the element. The Rrace software is used to convert wavelength
into concentration of the elements.

Fig.4.5: (a): Image of pressedefiets. (b) Image oMowiol binder, grinder and press used in
the preparation of pllets.

4.3.4 Organic matter content

The organic mattecontent of the dimentsamples was determined usihgss on ignition
analysis. With this method, the percentage of organic mattaheasamples was calculated
by comparing the weight of the sample before and after being burned in a furtlaeenass
loss being related to th@rganic matterpresent in the sampleThe crucibles used in the
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analysis were first weighed before sediment wdaced inthem andweighed. The crucibles

GSNBE LI FOSR Ay | FdzN¥ I OS. Afteyilits tidejehfugnRce W NJ y K
switched off and the samples left to coolhe crucibles werethen removed from the

furnace using tongs. The crucibles weesveighed and their weights recordedhe weight

of the crucibles with sediment before ignition was subtracted from the weight after ignition

from which thepercentage ofcombustibleorganic mattercould be calculatedThe results

of this analysigire gvenin Appendix D and were used in the mixing model.

4.4  Analysis

Principal component analysiwas performed using SPS33y in order to reduce the
dimensionality of the data and identify significant relationships between the trace elements
present in the samplegHaddadchiet al., 2013). Sediment provenance studies involve
identifying potential sediment sources, selecting properties which can distinguish these
sources and comparing these properties tosie of @diment collected throughouthe river
system (Wallinget al, 2008). These distinguishing propertiesan be usedin a sediment
mixing moal in order to identify therelative contribution from potential sediment sources.
The sediment samples were divided into source samples andségdment samplesSource
samples represent the sediment collected from potential sediment souinekiding
tributaries, and the river samples are t¢ise used to assess how the sediment from the
different sources have mixeduring transport The sediment from source and riveamples
were all analysed throughRffor trace element concentrationsThe mean and standard
deviation of trace element concentrations in the source and river sediwgate analysed

in Microsoft Excel 2010, in order tcalculate the variability within thdérace element
concentrations High variability means that the sediment can be distinguishedording to

its different sources.The mixing modelsed in this study is thenodified Collinsmodel
(Haddadchet al., 2013) also known as the Monte Carlo numerical mixing model (Wilkinson
et al,, 2013) The main principle in the application of this model is that the cotregion of

a particulartracer in the sampled sediment is the samelue asthe source sediment
(Kouhepeina et al., 2011).This model was chosen becauséais beensuccessfully used in
identifying potential sediment sources previousstudies (Collingt al,, 2010 Haddadchet

al.,, 2013, 2014), and the choice of the mixing modelas dependent on the availability of
tracers to be useés model input Sediment fingerprinting with mixing models is useful for
sediment source identification because it provides a direct approach for identifying
sediment sources for different river relaes as opposed to other methods such as soil
erosion tracers, photogrammetry and surveying (Haddaettal., 2013). Sediment mixing
Y2RSt& 62N)] o0& adzy YAEAY3IE (GKS aSRAYSyd FyR |
potential sediment sources that ka been identified (Collinst al, 1997, Haddachiet al.,
2013;Smithet al,, 2014).
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Haddadchiet al. (2013) developed a workflow of the processes needed in order to identify
sediment sources(Fig. 4.6). Samples are initially collected, then analysed in the lab for
RAAGAYIdzZA AaKAY I OKI NI O lafe hskdita idledf diferent dednient Wi NI O ¢
sources. tatistical methods are then applied to the results and an appropriate mixing model
is then used (Haddadchet al, 2013). These tracers may include sediment cql@uain

sizes different heavy mineral population®r trace element concentrationfHaddadchiet

al., 2013).The traces used in thispresentstudy are theminor trace elements idetified

from XRETwo statistical tests of the tracers wemnductedin order to determine whiclto

use in the mixing modelThese testswere the Kruskal Was Htest and stepwise
multivariate dscriminant function analysie.g.Collinset al., 1997 Kouhpeimaet al,, 2013

Miller et al., 2013 Haddadchiet al., 2014a; Smithet al., 2014 Manjoro et al., 2017). The
Kruskal Wallisest identifies tracers that will be useful in distinguishing the various sources
(Smithet al, 2014 Manjoro et al, 2017) Discriminant function analysigests the trace
elements that passed the Kruskal Wallis t@std the numberof tracers which are correctly
classified into the potential source category (Manjagb al., 2017). The results of the
discriminant functiyy | yIF f @&aA & | NB ol dSR 2y (KS 2Af{1Qa f
tracers which are correctly classified into the potential source groups (Kouhpetirah,
2013).The statistical tests were dongsingSPSS v24 softwar€he source categories that
were used include sediment from tributariethe channel bedand channel banksThe
source samples consisted atotal of 4 sample$rom tributary sources2 samples from the
channel bankand 2 samples from the channel bég€ig.4.7). Only one sample wasollected

from sites 2, 4, 6 and 9. Two sediment samples were collected from site 1 and site 8, thus
making it 6 sampling locations.

--

ELEWEWSS

statistical analysis of tracers

mixing model

sediment source identification

Fig.4.6: Workflow processes of a sediment mixing modalddpted fromHaddadchet al.,
2013).
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4.5 Modified Collins mixing model

Collinset al. (2010) propsed a modified mixing model (e whichwasused in this project

to identify potential sediment sourcealong the Letaba RiveWithin this model, the source
type contributions must all bgositive and the taal of the source type contributions must
be equal to 1 (Collinst al., 1997).

B o B 0Y®O) YO O o (1)

where: Ci=concentration of fingerprint property (eapncentration of trace elments); (i) is

the floodplain sediment collected from the swatchment outlet; Ps=the optimised
percentage contribution from source category (s); Ssi=mean concentration of fingerprint
property (i) in source category (S); Z= particle size correction fé@ta@ource category (s)
O=organic matter content correction factor for source category (s); SVsi= weighting
representing the withirsource variability of fingerprint property (i) in source category (S);
Wi=tracer discriminatory weighting; n=number of garprint properties comprising the
optimum composite fingerprint; m=number of sediment source categories.

The modified Collins mixing model includes additior@rametersand W has a different
meaning compared to the original Collins modgTollinset al., 2010) The multivariate
mixing model uses the mean and standard deviation of the tracers in each source group and
calculates the relative contributions by minimizing the sum of squares of the relative errors
produced for each tracer (Collirg al., 2010). The additional parameteis SVsiindicating
within-source variability of the different tracer propertigand this weighting influences the
smallest calculated standard deviation of the tracer propertieat have the greatest
influence on the saition of the equation (Collinst al,, 2010).The weighting representing

the within-source variability was obtained by calculating the variance of the fingerprint
concentrations in the different source categoriesMicrosoft Excel 2010’he Wparameter
representsthe tracer discriminatory weightingThs value is obtained by using discriminant
function analysis and is based on the number of tracers which are classified correctly into
the potential source category (Collirt al., 2010). The tracer discriimatory weighting

were obtained when calculating the discriminant function analysiSPSS v24 softwarfEhe
organic matter content correction factor is another parameter used to reduce uncertainty
(Collinset al., 2010). The correction factor was calatdd by obtaining the ratio between

the organic matter of the sediment samples and the mean values from the source type
categories.
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Fig.4.7: The locations of the source sampling site8 along the Letaba River.

4.5.1 Running of the mixing model

Python \2.7.8 wasused in order to run the modeA scriptwith the formula wascreatedfor
the modelin the Bithon software(Appendix . Columns were createith Excel 2010 for the
data obtained for each variable within the formuland a*.csv file wasreated br each of
the trace elements. The model was repeated for elrelbe element at eacBource category
in order to calculate the source contributions order to understand the sources of
sediment in the downstream directiothe model needs to bappliedusing source samples
that lie upstreamof each site, thushe model was only run for the downstream sites 10 to
15, as these aréocated downstream of albf the source sampling siteFhese upstream
sediment source samples provided a suitable nembf samples in order to calculathe
parameters that were needed to run the mod@lhe relativesource apportionmentgrom
each sourcewere estimated from the modelled results by calculating teerall mean
estimated contribution from each source andividing it by the estimated mean obtained
from each source for all the sediment samples collected from the different sites
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4.5.2 Accuracy ofthe mixing model

The accuracy of the mixing model wassessed using the Mean AbsoluEeror (MAE)
(Hugheset al,, 2009 Haddadchet al., 2014a) for individual and group sedimentscaording
to (eq 2)

MAE=—— @)

where Xj is actual percentage of sources in mixture sediments, Yj is calculated contribution
of each source (j) and m is th@mber of sources (m = 3).

The MAEcompares the tracer concentrations within the samples and the modelled results
obtained from the mixing model (Kouhpeine al., 2013). Walling et al. (2000)indicated

that the, in order for the model results to be consiéd as reliable, the errors must be
<15%.
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Chapter 5: Results

Heldwork was done during September 2015 and sampling was performed ovedayse

The fieldwork involved sampling and mapping witKiNPfrom the confluence of the Groot
Letaba and Klein Letalsaversto the confluence of the Groot Letaba with the Olifants River
(Fig.5.1). The results of this research are presented in this chapter. The first section includes
field descriptions and geomohplogical maps of the Letaba River. The second section
presentsthe grain size analysis, grain size distributions, correlation between grain size and
underlying geology anSvalues. The third section deals with the heavy minerals present
within the sedinents and the mineral assemblages at different river reaches. The fourth
section outlines the trace elements present within the sediments sampled in the river.

5.1 Channel forms

The Letaba River is characterised by an-fasting channel meandering betwaebedrock
outcrop and sand bars. The Letaba River witiMPis characterised by variable channel
types such as bedrogkfluenced channels, alluviafluenced channels and mixed bedreck
alluvial channels, depending on the amount of bedrock and alluvium present. Below is a
description of morphological features present within teeudied river reactes. The data
were collected over 15 different sites vitvariable morphological features (Fig. 5.1).
Meandering channels a@hvegetated sandbars characterize alluvial channBlsrite and
basalt outcrops represent channel reachbat are bedrockinfluenced as these rock types
are resistant to erosion. Bedrockore bars, pavements and steep channel banks are
characteristic of these reacheBhe geomorphic mapsroducedprovide the spatial patterns
and configuration of landforms and the key features that make @sdhiver landscaps

5.2 Fleld descriptions
{ A0 M O0ooe gWO@mmDOP

The Klein Letaba and Groot Letatdeers meet at this sandy river reach. The Klein Letaba
River was dry during the time of sampling. The Klein Letaba river bed contains fine grained
subaqueousdunes, mudcracks and granitgneiss outrops 1 m in length (Fig. 5.2The
subaqueous sand dundsend southwest and are20-50 cm in height. The Grod.etaba

River contains multiple channels that flow between vegetated sandbars (Fig. 5.3a). The
channelis 1 to 4 m wide and contains\sal small flat sand bars with grassy vegetation on
top. The floodplain of the Groot taba River is characterised by thrésrge flat topped
sandbarslO to 12 m wide (Fig. 52The majority of the sediment appears to beughtin

from the dry Klein Letba River, thus reducing the size of the Groot Letaba River channel at
the confluence.The transect acrosthis river showsa steep erosional slope, followed by a
low elevation floodplain, with sandbars that slightly iease floodplairelevation (Fig. 513).
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Fig.5.2: (a) View of the Groot Letaba River with a vegetated sandbar formed withi

channel, flow direction is indicated by the red arrow.

45



Active
channel

Fig.5.2 (a) View of the Groot Letaba River with a vegetated sandbar formed within the
channé, flow direction is indicatedby the red arrow (b) View of flat-topped sandbars
formed at the intersection between the two riversvith an abandoned channel cutting
through the sandbargc)Viewof subaqueous sand dunes thebed of thedry Klein Letaba
River The pen indicates the scalelow direction isndicated with the red arrow.
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Fig. 5.3(b) The transect and sample numbers at site 1.

Site 20 H 0 6 n_moPvnec MiMXaGTISITE ZXPOHI0 6 N HODMT EOMITOQHH Yy H Q9 U

These sites represent tributaries of the Letaba River. Site 2 is g@eremnial river which
enters the Letaba River 9.36 km downstream of the confluevicéhe Klein and Groot
Letabarivers.The river is 8 m wide and the river bed was covered with gravble time of
sampling. Site 3 is the Shambali River which enters the Letaba River 18 km downstream of
this confluence. This river is 10 m wide and the river bed is made of medium to coarse
grained sediment and granite and graaigneissbouldersup to 1 mdimensions This river

was dry during the time of sampling but the flow direction is south east, towards the Letaba
River. Both rivers are very narrow with steep terraces on both siddseaiver, indicative of
erosioral incisionduring high flows.

Site4@p Ho e N HOPMrEOMITQHH Y M1 Q9 U

A low water bridge submerged under the water has resulted in a visible lmkeakannel
gradient at this river reach. There are very few bedrock outcrdp@0@m in height which
make up about 2% of the material within the river channel, however the majority of the
channel containsio sandbars or outcrops (Fig. h.&hee are however outcrops of diorite
and boulders of granite of up to Gfm indiameteron the edges of the river. A steep river
bank 20 cm in height characterises this river reathe scarp slope is less steep and
gradually becomes flegr downstream as the river widens.
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Hg. 5.4:Viewof the Letaba Rer at the Shimuwini Dansite 4aThe river is 1412 m wide
and tens of m deep.Thearrow indicates flow direction.

Site4(bp HOe N HODMTETMTOPC Yy y Q9 0

Multiple sandbars are present within the river channel and water hyacinths are present on
the sand bars and these separate the chadnmego 5 narrow channels (Fig. $.5The
presence of sediment and outcrops is representative of a mixed beddhokial channel
type (Fig. 5.6a)Outcrops of dioriteand granite up to In diameteron the edges of the river
mark the cmtact between a gramé intrusion and diorite Fine grained sediment is
deposited between these outcrops and these make up bedomekd bars. The floodplain
consists of a large mass of sand and large boulders upntodiameter are present 40m
from the main channel, indicatg thehighestflood level duringpastflood events(Fig. 5.6a)
The rver has a steep scarp @ in height, which is indicative @rosionalincisionduring
floods (Fig. 56b). The erosional slope is followed by a flat floodplain amadationsin the
height of the floodplain caused by the presence of diorite and granite outcrops (Fig. 5.6b).
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Fig.5.5: View of site 4bndicating vegetated sandbars separatmgltiple channelsRed
arrow indicates flow direction
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Fig. 5.6(b) The transect and sample numberssite 4.

Site 50 H 0 6 N POPWEOHVHQ®H Y M Q9 U

The Mopani/Phalaborwa Bridge separates therywnarrow river channel (Fig. &) This
river reach is characterised byultiple ridgelike sand bars and inactive channels and a
narrow streamat the end of the bridge (Fi¢g.7b). There are thredarge sandbars of th
crosssectional length on the floodplain, separated Ioyactive channed The inactive
channels aredentified by a collection of basalt, granite and quartatibblesup to 10cm
diameterat a lower elevation than the sand bars. The main rolennel is surrounded by
boulders (up to 3@mdiameter) of basalt, which are present on the river bank. Therrhas

a flattopped steep scarp spe up to 5m high (Fig. 54@). The transect indicatea steep
erosional slope and an uneven profile caused by Fidge sandbars and inactive channels
present on the floodplain (Fig. 5.8)

Inactive
chanyel

Ridgelike
sandbar
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Fig.5.7: (a) View ofthe Letaba River anthe PhalaborwaBridge site 5 (b) View of an
inactive channel between ridgéke sandbars. The inactive channel is characterised by a
collection of dark coarse gravel. (c) The narrow Letaba River flowing under the Phalaborwa
Bridge. (d) Cobblgsresent inthe inactive channel (pen for scale). Radows indicate flow
direction.
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Fig. 5.8The transect and sample numberssite 5.

Site 60 H 0 6 N pobveeyHIPc M1 Q9 U

This river reach is characterised by multiple channels separated by large sandbar®)Fig. 5
The first channel just after the steep scarp face is separated into two channels by a sandbar
and has ashallowriver bank. This channel is then followed by a sandlato 30cm high

which is coverd in reeds and shrubs. Next the sandbar is an inaiee channel with gravel

1-5 cmin diameter This inactive channel fills up during periods of heavy rainfall and
deposits gravel on its river bed. Another sandbar up tocB80high separates the inactive
channel from another shallow active channel. The clgns a single sinuous channel
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surrounded by water hyacinth The floodplain consists mostly of grass, bare sand and a few
shrubs. There are no visible bedrock outcrops within this river redichepresents an
anastomosinganddominatedchannel type.

Fig.5.9: Views of site §a,b,c)indicating elevated sandbars arRRhragmites mauritianus
present agiparianvegetation.The red circle oifb) indicates the entrance of the Makoforo
River tributary.
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Site70 Ho e N cobwecac/Pc o T Q9 U

This sandy river reach consists of multiple sandbars and channels thaterearound the
sandbars (Figh.10a). A massive sandstone outcrop and boulders are present at the edge of
the river channel. The river channel starts off asiagle sinuous channel which then
separates into four shallow channels by flaopped sandbarswhich are 1-:2 m wide. The
channels then converge in the downstream directiofhe surrounding floodplain is
characterised by a coarse grained-vegetatedsandba 1 m high and 10m across(Fig.
5.11) Sandstone outcrops present at the edge of the river are up tm éhigh andshow
water level marks indicating water lek during periods of floodingOne d the boulders
contains a3 m-wide rounded pothole which isdicative of high ersion ratesby a bedload
abraderduring floods (Fig5.1Cc). This river reach represents an alluvial braided ckann
type as there are no bedrock outcropeesent within the channel.
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Fig.5.10 (a)View ofthe Letaba River meandering between vegetated sandbasste 7 (b)
Sandstone bedrock pavement present near the river. (c) Large bedrock outcrop with a 3
wide pothole (Person for scalérrow indicates flow direction.
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The Nwanedzi River is a tributasf/the Letaba River and it was daythe time of sampling.
The rivervalleyis up to 12 m wide, representing one of the largest tributaries to the Letaba
River. The river is characterised by a steep scarp facdh and contains a fining upwards
sequence of grain size distributismndicating the deposition of cobbles dugnprevious
flood events (Fig. 5.32 The river bed consstof gravel between 2nm and 30cm in
diameter.

Fig.5.12 Image of the wide and dry Nwanedzi Rj\getributary of the Letaba Riveat site
8. The arrow indicates the flow direction.

SiteO HpPB OPMO HOO N Phdn Q9 UV

This channel reach consists folr flat-topped sand bars aha sinuous main channel (Fig.
5.13). The sandbars are 30n to 1m high, followed by a lower elevation inactive channel
with coarse grained sedimenparallel to the maimactive channel. The main active channel
consists of sandbars covered by vegetatiand the channel iglivided into three channels 2

to 8 m wide, which converge and divide continuously in this river reach. The river bank is 20
cm in height and contains ahdant reeds. This river reach also consists of a shallow
backwaterchannel perpendicular to the active chani{Eig. 5.13 This channel is s wide

and is characterised by shallow ponds and boulders up am5n diameter andikely gets
filled during heavy rainfalls. The riverssrrounded by a steep scarp slopp to 2m high
erodedby floodwaters. Fig 5.13bshowsthe cross section of an eroded sandbar indicating
different periods of sheet flows, with fine grained sediment at thettom and coarse
sediment at the top layers.
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Fig.5.13 (a) View offlat-topped sandbars on the floodplain and position of the present day
active channelsite 9 The red arrow indicates the flow direction. ()ew ofthe different
layers of dlat topped sandbarPen indicating scale.
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Fig.5.14:The geomorphic features at site 9 and data collection sites indicated in red.

Site 106 H 0 6 p ACPWIEHIIOP T 0 ¢ Q9 U

This river reach is fairly straight with no bedrock outcrops or sand bars pres#mn the

river channel (Figh.15). The river bank is flat with water hyacinth present along the edge of
the river channel. Vegetation is prominent and reduces in quaatitgly from the river bank

until there is only grass present. Tall trees are present just after the shallow scarp slope of
the river. This river reach is made up only aieglewide river channe(Fig. 5.16a)The
transect of this river has a concave prefilstarting off as steep, followed by a shallow
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profile and ends off with a slight increase in heigissociated with the active chann@ig.
5.16b).

Fig.5.15 Image(a,b)of the Letaba River upstreaof the Engelharddam. The riverconsists
of a straight deep channel, with no outcrophe red arrowsvater flow direction.
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Fig.5.16 (b) The transect and sample numbersste 10.

Site 116 H o 6 p AoDMETARP MY H Q9 U

This river reach represents the area downstream of the Engeffidadhwithin the Letaba
River (Fig5.17). A total of three shallow channelgere observed with both sandbaend
bedrock present between the channels. The sand bars are pariadjgtated with grass,
water hyacinth andPhagmites mauritianugFig. 5.1@). A nortreast dipping bedrock
pavement composed of granite and basalt is present where the dam structure is built. The
river bank is flat, however the scarp slope is up ta Righ

Fig.5.17. Image of the river just downstream the EngelhdBém, characterised by bedrock
outcrops and sandbarfed arrow indicates water flow direction.
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Site 120 H 0 6 p QobweEnavdBH My H Q9 0

A basaltbedrock pavemst dominates this river reach with about 20% vegetatamd 5%

fine grained sedimet between the outcrops (Fig5.19a). A total of 5 deep channels
meander between the bedrock outcrops. The river bank is fairly flat with a steep scarp slope
3 m high surranding the river channel. Fig. 5..8hows a mix opoorly sortedquartz,
granite, diorite and basalt cobbles, indicatingdimentswashed inand depositedoby high

water discharge The floodplain consists of sand bars @@ in height just before the river
bank.Theriver transect indicates a steep erosional slope and uneven river profile due to the
diorite outcrops present within the channel (Fig. 5.19b).

Flg 5.18 (a)Slte 12character|sed by bedrock outcrops (b) A 20/20 cm square |nd|cat|ng the
cobbles present in this reach.
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Fig. 5.19(b) The river profileand sample numbers at sit1
Site 130 H 0 6 p RoPwermMXPc 0 0 Q9 0

This river reach is characterised d&lyundantdiorite outcrops40 cm to 2 m highwith coarse
sand and very little vegetatn between the outcrops (Fidg.20). The river begins with a
breakin slope of the river bank and consists of multiple channetis 20 m wide flowing
between diorite outcropsBedrock cord bars are dominant featureat this site(Fig. 5.21a)
The floodplain consistof fine sandto gravel (up to 2 cm in diameterith little to no
vegetation present. The sediment on the floodplagarsers away fronthe main channel. A
diorite boulder bed is present 58 from the main river channelhe floodplain also consists
of elongate clusters of gravel, indicating that the rivieawfed on the floodplain at some
point. The transect of the river shows an unevealley profile due to the presence of
bedrockoutcrops on the floodplain and within the river (Fig. 5.21b).

o e

20(

Flg.-
flowing betweendiorite outcrops The red arrowindicate flow direction
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taken
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Fig. 5.21(b) The river profileand sample numbers along site 13.
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A low water bridge divides the channel and ultimately influences the channel typesnpres
in this river reach (Fidp.22). The upstream side of the bridgecovered in coarseediment
forming sandbars, with thre¢2 m wide) bedrock outcrops visible between the sediment
(Fig.5.223 b). The bedrock outcrapare covered with circulgpotholeswhich areindicative

of abrasion during high water leve{Big.5.22c) The low water bridge actss a barrier to
hinder sediment movement, however water moves through the bridge which separates the
channel into multiple channeléFig.5.22a) separated by patches of water hyacinth and
bedrock outcrops. Approximately 5%over of fine sediment is presdnbetween the
outcrops. A bedrock pavemer@t m long is present on the floodplain with sandbars and
vegetation dominéng the floodplain on the downstrearside of the river(Fig. 5.23a)The
transect of the river shows a flat river valley, with a steep el lateral slope (Fig. 5.23b).
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Fig. 5.22 (ab) View oflow-water bridgeat site 14which acts as a barrier to trap sediment
and only allows very little wateand sedimento pass through. (dgedrockoutcrop covered
in roundpotholes.Thearrows indicate flow directionthe marker indicates scale
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Fig. 5.23: (bJhe transect and sample numbers at site 14.
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Bedrock outcrops and sedimemtre present between the multiple channels in this river
reach representing a mixed bedroeMluvial channe(Fig.5.24a) Basalt bedrock outcrops,
about 30cm to 50 cm high, dividéive shallow channels with around 50% coarse sediment
forming sandbars between the channels. The floodplain is characterised by boulders of up
to 1.5 m diameter, which make up 60% of the floodplgig 5.24b) These boulders consist

of sandstone, basalt, diorite and granif€Ehese boulders represent perisdf flooding as
only water moving at a high velocity can depdsulders of thissize Scour and abrasion
marks are present on the boulders indicating contact between the boulders during transport
(Fig 5.24c) About 80% of the water in this river reachcovered by water hyacinth, with
backwater ponds formed adjacent to the main river chanridle transect of the river
indicates an uneven floodplain due to the large boulders present (Fig. 5.25).
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Fig. 5.24: (a) View ahixed bedrock and alluvial river at site 15, (b) boulders up to 1.5 m
diameter deposited on the floodplain, (c) abrasion marks present on a boulder on the
floodplain (blue arrow). Red arrows indicate flow direction.
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Fig. 5.25The transect and sample numbers at site The location of site 15 is shown in Fig.
15.23a.

5.3 Grain size analysis

5.3.1 Grain size distributions

The Letaba River consists of variable grain sizes ranging from large boulders, gravel, sand
sized particlesand fine to very fine particles. When considering the river from upstream to
downstream, overall ediments are moderately sorted to moderately well sorted,
representing 45% and 33%f all samplesrespectively Mean grain size increas in a
downstream diretion with a range in partie size from 0.016 um to 2.5 mdiameter (Fig

5.26). The kurtosis values range from 0.664 to 1.6@8licating mesokurtic to very
leptokurtic distributiors (Fig.5.27). The majority (49%) of samplase mesokurtic, with the

rest of the samples displaying leptokurtic (41%), very leptokurtic (6%), platykurtic (2%) and
very platykurtic (2%) distributions (Fig. 52 Sediments characterised by high kurtosis
values are moderately well sorted to poorly sorté&@kewness values range fro@®529 to

0.266 indicating fine skewed to very fine skewed symmetry (Fig).5The grain sizes
display a distribution which is coarse skewed, symmetrical, fine skewed and very fine
skewed, with fine skewed symmetry being dowat (Fig5.28). Owerall, 88% of the samples

are negatively skewed indicating depositioriow energy environments.
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The majority of the sediment collected is moderatagrted (45%) omoderately well
sorted (33%])Fig.5.29. Only 7 (14%) of the samples are poorly sorted and 4 (8%) samples
are well sorted. There is no visible trend in the sorting valuesnfupstream to
downstream which could be because the samples wercollected from different
geomorphic features, which are governed by variable hydraulic proceSseples from
tributaries range from moderately well sorted to poorly sorted. The sediment collected from
the nonperennial tributary and the Shambali Rivemoderately sortedSediment from the
Makoforo River is moderately well sorted; while sediment from the Nwanedzi River is
moderately sorted to poorly sorted.
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5.3.2 Grain sizes ordifferent geomorphological features

Sedimentsamples were grouped according to where they had been collected, in order to
see how the sediment is stored in differel@ndformsof the river. Thee groups include
sediment collected on bedrock and sandbars separating the channels, on the floodplain, on
active channels, on the channel banksid from tributaries. The downstream increase
sediment grain size is more visibterh floodplain depositsTable5.1). The sediment on the
floodplain is stored as sandbars, between vegetatimnd as unconsolidatedand sheets.
Sediment is medium to coarseand with gain size ranging from 18tb 1155 um. The
sediment is moderately to well sorted with kurtosislues between 0.94 and 1.45
(mesokurtic to leptokurtiz Sediment is also stored as bedraxmked bars in which
sediment is stored in hollows between outcrops within an active river channel. This
sediment is either deposited during high water levels onfed by bedrockweathering.This
sediment is medium to coarse sand with grain sizes ranging from 105 to & hd with
standard deviation of 1.33 to 2.18, indicating moderately to well sorted. Sediment stored as
sandbars within the active channel, tha¢parate the channel into multiple channels, is
negatively skewedndicating deposibnin a low energy environment (Matenand Bowles,
1985. The tributary beds consist of slightly very fine grawsiydto coarse andwith mean

grain sizeof 292 to 7% um, and contribute medium to coarseamd when entering the
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Letaba River. However, sediment from the tributaries display the lowest mean grain sizes,
possibly because there were only a few samples collected.

Table 5.1Mean grain size valu¢gm) of sampledrom different geomorphic features

Sandbar | Bedrock Active channel Tributary Hoodplain
Mean grain| 753.80 980.50 834.60 516.10 471.90
size (um) | 419.60 302.60 175.60 735.80 925.10
460.30 396.70 171.10 295.40 709.70
1011.20 |418.30 1121.10 670.00 224.90
538.30 634.00 564.30 292.70 504.50
858.20 811.10 876.80 278.00
960.70 173.40 634.20
514.70 1075.30 383.40
485.00
307.00
1032.40
181.30
803.50
922.90
1155.50
Total no. of| 8 8 6 5 15
samples

5.3.3 Impact of tributaries

In order to fully understand the impact of tributaries on sediment characteristics, the grain
sizesof sampleson the main river upstream and downstream tife tributaries were
compared(Table5.2). The mean grain sizdsefore the tributary are lowr compared to
mean grain sizesifter the tributary entry Ths increase is possiblgaused by coarser
sediment contributed to the main channel by the tributarid$e sediment before and after
tributaries are negatively skewedhdicating fine skewed sediment distributiofiom the
tributary into the main river Kurtosis values in the upstream reach (sitedBcrease after
the sediment has mixeflalues changing from 1.097 to 1.Q5&spectively. Kurtosis values
at sites 12 and 13 increase from 0.929 to 1.44&arting values from site 10 and 11 change
from moderately well sorted before the tributary to moderately sorted after the tributary.
The sedimensamplesvere collectedfrom different parts of the channelvhere geamorphic
featuresmay havecontrolled flow conditionsHence, this could be the reason why the grain
sizes are distributed this way.
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Table 5.2Mean grain sizes, sorting, skewness anddsis values before and after incoming
tributaries

Grain size Site 10 and site | Site 12 and 13 Site 6 Site 1
characeristics | 11
Before | After Before After Before After Before After

Mean grain 434 980.5 | 387.86 | 767.166 | 292.7 1121.1 | 709.7 834.6
size (um)

Sorting 1.59 1.667 | 1.484 1.719 1.576 1.594 1.647 1.396
Skewness -0.229 | -0.154 | -0.058 | 0.157 -0.298 | -0.342 |-0.041 |-0.103
kurtosis 1.08 0.899 | 0.929 1.446 0.959 1.056 1.097 1.057
n 2 1 5 6 1 3 1 6

5.4 Grain size and underlying geology

The percentges of the different grain size intervals all the samples are indicated in Fig.
5.30. It can be seen that the grain sizes of the sampled sediment differ considerably
throughout the variable river reaches. Very coarse sand and coarse sand dominate the
sedimens within this river, with only 6f the samples being dominated by fine sand (Fig.
5.30). The percentages of thdifferent grain size intervals are also indicated in Appendix B.
Grain sizesre discussedvith respectto the underlying geology in order to determiray
relationship betweerthese(Table 5.3 The confluence between the Klein and Groot Letaba
riversis underlain by granit gneiss is characterised by a high percentage of coarse and very
coarse sediment. The Shambali River, which is a tributary of the Letaba River, is urnerlain
gabbro and is characterised by very coarse to medium s8tel.4, downstream of this
tributary, is underlain by granodioritand consists of fine to very fine sedimerfurther
downstreamon the same bedrock type, there is an increase in medium sanidhamhen
becomes very coarse to medium samdth increased distanceSite 7 is underlain by
sandstone and sediment is coarse to medium sand, with fine sand making up a very small
percentage. The Nwanedzi River (sitea)othertributary of the Letaba Rer, is underlain

by basalt and characterised by coarse to medium sand. The rest of the Letaba River is
underlain by basaltic rock and follows the same trend of medium to coarse 8asde 13,

there is a sudden shift in the characteristics of the sedim&he percentage of very coarse
sand increases, making up the majority of the sediment.
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Table 5.3:The underlying geology and the generalized grain size parameters of sediment
collected along the Letaba River.

Lithology Grain size parameters
Sand Mean | Sorting| Skewness | Kurtosis Mode
size

Site

1 Leucaratic strongly | Medium | 471.9 | 1.396 | Symmetrical Mesokurtic | Unimodal
migmatised biotite | to 925.1 | 1.677 | to fine to to bimodal
gneiss coarse skewed leptokurtic

sand negative (0.95to
(-0.25 to- 1.23
0.09

2 Medium grained Coarse |516.1 | 1.741 | Symmetrical Mesokutic | Trimodal
granodiorite/ sand (-0.05 (1.06
tonalitic biotite
gneiss

3 Gabbro, olivine Coarse | 735.8 | 1.676 | Symmetricall Mesokurtic | Unimodal
gabbro sand (0.06 (0.93

4 Medium grained Fine 2249 | 1.845 | Coarse Leptokurtic | Trimodal
grandiorite/ sand 175.6 | 2.002 | skewed to very to
tonalitic biotite (0.16 to leptokurtic | polymodal
gneiss 0.19 (1.45to

1.57)

5 Medium grained Medium | 402.7 | 1.494 | Symmetrical Mesokurtic | Unimodal
granodiorite to fine | 753.8 | 1.736 | to fine to to bimodal
/tonalitic biotite sand skewed leptokurtic
gneiss (-0.04 to (1.04 to

0.02 1.18
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6 Medium grained Medium | 292.7 | 1.576 | Symmetricall Mesokurtic | Unimodal
granodorite/ tovery | 1121.1|2.319 |toveryfine | to to
tonalitic biotite coarse skewed leptokurtic | polymodal
gneiss sand (-0.34t0 (0.92 to

-0.09 1.28

7 Finegrained Medium | 278 1.673 | Veryfine Mesokurtic | Unimodal
sandstone, siltstone| to 564 1.983 | skewedto |to to

coarse coarse leptokurtic | trimodal
sand skewed (0.94 to

(-0.40to 1.17)

0.27)

8 Basic volcanic rocks| Medium | 295.4 | 1.868 | Very fine Very Bimodal to
(tholeiitic, picrite to 670 2.274 | skewed to | leptokurtic | trimodal
basalts) coarse fine skewed| to

sand (-0.44t0 mesokurtic
-0.1)) (0.94 to
1.52

9 Basic volcanic rocks| Fineto | 171.1 | 1.33 | Symmetrical Leptokurtic | Unimodal
(tholeiitic, picrite coarse | 960.7 |2.128 |tofine to very to
basalts) sand skewed platykurtic | trimodal

(-0.25to0 (0.66 to
-0.02 1.18

10 | Basic volcanic rocks| Medium | 383.4 | 1.479 | Fine skewed Mesokurtic | Bimodalto
(tholeiitic, picrite sand 485 1.702 | (-0.23 to polymodal
basalts) leptokurtic

(1.01to
1.1H

11 | Basic volcanic rocks| Coarse | 980.5 | 1.677 | Fine skewed Platykurtic | Unimodal
(tholeiitic, picrite sand (-0.15) (0.90)
basalts)

12 | Basic volcanic rocks| Medium | 302.6 | 1.332 | Very fine Mesokurtic | Unimodal
(tholeiitic, picrite to 514.7 | 1.771 | skewedto |to to
basalts) coarse fine skewed | leptokurtic | trimodal

sand (-0.40 to (0.92 to
-0.19) 1.21)

13 | Basic volcanic rocks| Fineto | 634 1.417 | Very fine Mesokurtic | Unimodal
(tholeiitic, picrite very 1075.3 | 2.183 | skewedto |to to
basalts) coarse fine skewed | leptokurtic | polymodal

sand (-0.39to (0.91to
-0.19) 1.25)

14 | Basic volcanic rocks| Fineto | 181.3 | 1.43 Fine to very | Mesolurtic | Unimodal
(tholeiitic, picrite coarse | 968.6 | 2.245 | fine skewed| to to
basalts) sand (-0.22 to leptokurtic | trimodal

-0.53) (1.06 to
1.33)

15 | Basic volcanic rocks| Coarse | 691.8 | 1.461 | Symmetricall Mesokurtic | Unimodal
(tholeiitic, picrite tovery | 1155.5 | 2.052 | to very fine | to very to bimodal
basalts) coarse skewed leptokurtic

sand (-0.32 to- (2.01to
0.09) 1.67)
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5.5 Mineral analysis

5.5.1 Heavy mineral assemblages

The modal abundance dlifferent minerals was analysed using a petrographic microscope.
The heavy minerals that were identifisfdom sediment samplesinclude clinopyroxene,
olivine, hornblende, biotite, zircon, orthopyrome, muscovite, garnet, epidote, rutile,
tourmaline and zoisitewith quartz, plagioclase and orthoclase making up the light minerals
(Table 5.4

The most abundant mineral is quartz, followed by biotite and musco@aque minerals
make up between 11.6% to less than,Mith magnetite being the most dominant opaque
mineral The grain sizes of the minerals also vary from fine to coarse at different river
reaches An exampleof the different sizes of olivine grains aite (9) ad (14) can be seen in
Fig.5.31 (1) and (n). Minerals such as zircalsoexist as inclusions in quartz grains as can be
seen in Fig5.31 (a-d). Ste 1 at the confluence of the Groot and Klein Letatiers is
underlain by migmatised biotite @mss. There is abundancef orthopyroxene and
muscovite in samples from this siteith orthopyroxene making up 33.2% of the heavy
minerals present.Site 4 is underlain by granodiorite and contains high values of
clinopyroxene, magnetitér.4%) biotite (17.8%)and muscovitg12%) Site 7 is underlain by

fine grained sandstone and siltstongediment in this site is abundant in clinopyroxene,
micas and zoisite. The sediment at site 9, which is underlain by basalt, is abundant in olivine,
biotite, epidote andrutile. Table 5.4shows the mineral assemblages present at each site.
Sites 1, 8 and 14 seem to be enriched by a similar source because of the presence of
abundant orthopyroxene. The highest proportions of magnetite, limenite and hematite are
found in sie 4, 5 and 13.
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Table 5.4:Minerals of individual grains recorded at different river reaches (gtz=quartz,
plag=plagioclase, ortho=orthoclase, cpx=clinopyroxene, olv=olivine, hbld=hornblend,
bt=biotite, mg=magnetitejl=ilmenite, hm=hematite, opx=orthopyroxene msc=muscovite,
epd=epidote, zirc=zircon,rt=rutile, tour=tourmaline, gt=garnet). Therows highlighted in
pink indicatesamples fromtributaries.

Site | qtz | plag opx | cpx | olv | hbid | bt mg | il hm | opx | msc | epd | zirc | rt tour | zoi | gt | n

1 150 | 10 13 4 7 22 | 23 8 |10 138 | 13 5 4 9 416
2 201 24 28 7 7 12 3 |3 10 30 3 10 30 3 1 1 | 373
3 171 | 15 6 20 2 20 8 2 4 10 15 10 283
4 311 | 5 17 3 111 | 46 14 | 33 75 7 13 8 623
5 263 13 68 70 251 35 40 20 11 51 6 602
6-4 | 282 9 5 5 18 | 8 4 |3 2 8 7 4 15 370
6 388 4 23 5 7 70 9 3 4 11 32 8 4 39 2 2 611
7 273 | 2 31 2 9 102 | 27 13 | 15 9 95 22 1 20 7 4 1 632
8 174 | 9 21 12 40 | 18 16 | 16 15 29 9 13 27 2 401
9 342 | 10 11 15 8 35 19 7 10 6 36 25 8 16 6 4 1 559
10 221 5 12 5 3 18 17 8 11 11 29 10 6 9 2 367
11 239 | 6 28 15 9 122 | 9 5 |10 10 96 43 73 19 1 4 | 689
12 235 24 5 10 58 20 10 | 10 7 36 14 12 34 10 485
13 266 | 15 5 28 14 5 12 42 11| 19 19 28 7 6 13 2 3 495
14 212 3 5 9 8 18 9 4 5 38 15 10 15 14 2 367
15 219 | 6 35 13 177 | 21 7 9 33 4 517

5.5.2 Heavy minerals in tributaries

The tributariespassthrough similar bedrock geologs as themain Letaba River. Site 2 is a
non-perennial tributary. The sediment in this river is abundant in olivine (7.5%),
clinopyroxene (6.4%) and muscovite (8.4%) (Table 5.4). Site 3 is the Shambali Rives which
underlain by coarsgrained gbbro. The sediment in this tributary is abundant in large
subhedral clinpyroxene (7.06%) grains of aboutn in size and abundant columnar
zircon grains (3.5%) that are present as inclusions in quartz grains. Subhedral zoisite grains
around2 pum in sizemake up less than 1% of the minerals presgtig 5.31f). Site 8 is the
Nwanedzi River which is one of the large tributaries entering the Letaba River and is
underlain by basalt. This river sedimdmre is abundant in olivine (5.2%), biotite (9.9%),
muscovite (7.2%) and rutile (6.7%) (Table 5.4). The olivine grains elsj@grains with a

fine grained groundmass of euhedral plagioclase (Fign$.3he Makoforo River enters the
Letaba River at site 6 and is underlain by tonalitic biotite gneiss. Sediment from this
tributary is abundant in rutilg4.1%)and biotite (4.8%). At this point zircon is present as
inclusions which lie at a parallel orientation in quartz. The-perennial Shambali and
Makoforo rivers contain very low percentages of magnetite, ilmenite and hematite making
up only between 0.8 to 3.2%. The NwaneRarer contains high percentages of magnetite
(4.4%), ilmenite (3.9%) and hematite (3.9%), when compared to other tributaries.
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