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ABSTRACT

Southern Africa has a high vulnerability to future climate change, therefore realiable and
comprehensive information on local hydrological, vegetation and sediment processes are
crucial for future mitigation and management practices. Marine sediments can provide
valuable, continuous and long-term data about climatic, vegetation and sediment dynamics of
the adjacent continent. To accurately interpret these records, the question of terrestrial organic
and inorganic material provenance and their contribution to marine archives is essential.
Provenance studies however, have mostly been conducted along the western shoreline, very
few studies exist along the eastern shoreline. This study presents an investigation of inorganic
and organic signals transported within the Mzimvubu Catchment, Eastern Cape. To investigate
proxy provenance, plant leaf-wax derived long-chain n-alkanes, pollen grains and element
compositions of 32 River Bed Sediment (RBS) and Suspended Particulate Matter (SPM)
samples of the five major tributaries were compared over three different seasons. The §3C
composition of river sediment yielded depleted values indicating input from predominantly Cs
vegetation. 8D of RBS changed with increasing altitude and distance from the ocean and
rainfall amount. Enriched §*3C values, depleted 5D values, reduced norm31 and low CPI values
indicate input from arboreal vegetation with elevated sediment erosion rates originating from
the northern tributaries. Depleted §*3C values, enriched 8D values, elevated norm31 and high
CP1 values indicate reduced sediment erosion rates and input from adjacent grasslands in the
southern tributaries. XRF Fe/K, Ti/Al and Al/Si ratios revealed areas of high erosion of fine
grained particles due to anthropogenic pressures and aeolian dust input from south easterly
trade winds in the northern tributaries, compared to the fluvial input of coarse grained particles
in the southern tributaries and river mouth. Proxy signals were influenced by various
environmental, physiological and taphonomic processes. These findings present the first
comprehensive multiproxy overview of vegetation, sediment and hydrologic provenance based
on palynomorph abundance, n-alkane isotopic distributions and elemental compound dynamics
within the Mzimvubu Catchment, which can aid the interpretation of marine cores extracted

from the Indian Ocean for future palaeoclimatological and palaeoenvironmental research.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

Global climate change is occurring on shorter timescales and at greater magnitudes compared
to prehistoric climatic variations. Although climate change is a natural phenomenon that occurs
as a continual process over long geological time scales, there still remains large uncertainty
surrounding how these changes will affect current and future global and local environments
(Marchant, 2010; IPCC, 2014). Certain approaches and tools exist that can aid the investigation
and prediction of changing climates. One such tool is to model climate systems which can then
be compared with environmental (proxy) data. Obtaining information to predict for climate
changes are essential at both a regional and global scale (Anderson et al., 2007), however, the
instrumental climatic data required to build and validate these models are limited as they have
only been recorded over the last fifty to one hundred years (Hulme and Jones, 1994). Since
global climate system change occurs over geological timescales, longer time records are needed

to inform climatic modelling (Hulme and Jones, 1994; MacKellar et al., 2014).

Long term climate records can be obtained from investigating and reconstructing past climate
and environmental conditions and vegetation dynamics. These palaeoreconstruction studies
utilise specific organic and inorganic signals imprinted in various palaeorecords over
geological timescales such as foraminiferal assemblages, charcoal concentrations, pollen
grains and organic and inorganic isotope signals called biomarkers (Lockheart, 1997; Garcin
et al., 2012). Such proxies can record both past and present environmental changes and
conditions (Anderson et al., 2007), and inform about climatic variability by recording organic,
physical and chemical characteristics of the prevailing environment and climate and thus are
used to interpret palaeoclimates (Lockheart, 1997). Organic and inorganic records exist within
different environmental archives for instance speleothems (Cherisch and Wright, 2019, Braun
et al., 2018); hyrax middens (Chase et al., 2010), ice cores (Lorius et al., 1992) and marine and
lake sediment cores (Niedermeyer et al., 2016; Vogts et al., 2016; Chase et al., 2015). The
environmental and climate data recorded by these archives can then be integrated into modern
climate data and modelled to predict future climate changes locally and globally (Anderson et
al., 2007).



Due to its geographical location between different atmospheric circulation systems as well as
two major ocean currents namely the Benguela and Agulhas current, South Africa is highly
sensitive to both regional and global climate change (Dupont et al., 2013). Over the last fifty
years, a trend of increased aridity and dryness have been shown, as well as as increase in
flooding events and storm events of more than 1.5 times the global average, with significant
social, economic and environmental impacts (Ziervogel et al., 2014). Palaeoclimate research
can enhance the general understanding of prevailing climate systems, regional climate
adaptation potential and planning and aid future climate studies (Norstrom et al., 2014).
However, palaeoclimate studies are severly lacking in South Africa due to poor proxy
preservation resulting from a generally arid environment, instrumental limitations, scarcity of
ideal study sites and analytical limitations (Coetzee and van Zinderen Bakker, 1970).
Palaeoclimate records have been obtained from various sites around South Africa, however,
long continuous high-resolution data are poorly preserved (Chase and Meadows, 2007). Thus,
high resolution palaeoclimate research is much needed to enhace our current understanding of

climate change and to forecast the effects of these changes.

Marine sediments can provide valuable, continuous and long-term data about climatic,
vegetation and sediment dynamics from a neighbouring continent (Shi et al., 2001; Neumann
et al., 2011). A method for comprehensively interpreting these records, is to determine
terrestrial organic and inorganic provenance. Provenance research involves investigating the
origin and transport routes of organic and inorganic signals transported within a specific
environment or system (Galy et al., 2011; Garcin et al., 2012; Rommerskirchen et al., 2003).
Interpretation of these signals is obtained by developing a modern picture of a particular
environment (Brewer et al., 2013). This data can then be correlated with marine sediment cores
to infer palaeoclimate conditions which can be used to validate climate models. Provenance
studies can be based on analysis of fluvial modern surface sediments, either in the form of river
bed sediments or the suspension load (Galy et al., 2011; Manjoro et al., 2016). The distribution
of these organic (pollen, leaf-wax derived long chain n-alkanes) and inorganic (XRF) proxies
within sediments can elucidate information about the surrounding and prevailing climate-
vegetation relationship (Vogts et al., 2009, 2012). Thus, the problem of a lack of suitable
palaeoreconstruction sites can be addressed by incorporating the analyses of modern organic
and inorganic proxies contained within terrestrial fluvial sediments (Lockheart, 1997; Vogel,

1978). These signals are ultimately transported and deposited into marine sediments offshore.



Provenance of organic matter can be established through various quantitative analytical
methods which extract specific vegetation and hydrological signatures from the sediment. The
most common methods are to identify the stable 5'°C and 8D isotope signatures of n-alkane
homologues found within sediments (Lockheart, 1997; Tipple et al., 2013; Poynter and
Eglinton, 1990). 63C and ultimately C3/Ca variaility changes within the sediment source, and
if the sediment source (provenance) changes, then so does the §'°C signal within. These
vegetation groups originate from particular plant types, and are driven by certain climatic and

environmental conditions (Vogts et al., 2009).

Historically, studies utilising these proxies in southern Africa have been performed in isolation
and over small spatial geographic extents (Herrmann et al., 2017). There is a great need for the
enhancement of these studies in southern Africa to enhance our understanding of current and
changing environmental and climatic conditions. A multiproxy approach can greatly enhance
provenance-based research for marine sediments and modern terrigenous sediments. No single
proxy is sufficient to comprehensively describe complex environmental and climatic systems.
Therefore, by investigating and analysing a combination of proxies, a more comprehensive and
robust picture of modern vegetation, hydrological and sediment fluxes can be established
(Kiage and Liu, 2006).

With the high uncertainty of how changing climate will affect environments, future studies
should focus on assessing local and regional scale impacts in the southern African context. An
understanding of such environmental and climate data can provide palaeoresearchers and
environmental and conservation strategists with key information to inform future management
plans in southern Africa (Manjoro et al., 2016; Madikizela and Dye, 2003). Some key issues
facing many regions of southern Africa, especially poorer regions such as rural settlements in
the former Transkei, are that there is high uncertainty around the impacts climate change will
have on the hydrological processes within the Mzimvubu catchment. Municipal reports have
reported a need to focus research on hydrological, vegetation and sediment dynamics and the
interplay between them and climate within the Mzimvubu catchment, to properly plan for
future climate change (DWS, 2017; Madikizela and Dye,2003). Therefore a marine sediment
core (GeoB20624-0-1) has been extracted from the Mzimvubu river mouth to investigate long
term and short term climate conditions and dynamics within the Mzimvubu catchment and
broader Easern Cape. The interpretation of multiple records required an understanding of the
key provenance signals transported within the Mzimvubu catchment, which is presented in this

study. This research project aims to provide an understanding of general environmental and

3



climatic conditions such as elevation, vegetation, rainfall, temperature, and relative humidity
on a local scale by investigating provenance of sedimentological, hydrologic and vegetation
signals transported within a local catchment (the Mzimvubu catchment) in the Eastern Cape,
South Africa.

1.2 AIM AND OBJECTIVES
This research aims to investigate contemporary vegetation and hydrologic provenance
dynamics of fluvial sediment across the Mzimvubu Catchment, South Africa. The specific

objectives are:

1) To characterise the sediment and organic matter signals transported in the Mzimvubu

Catchment;

2) To determine sediment provenance and source areas across the Mzimvubu Catchment
by relating proxy data to environmental characteristics (vegetation, climate,
geomorphology);

3) To determine whether river sediments contain pollen and plant biomarkers

representative of the dominant contemporary vegetation;

4) To determine whether element composition analysis and particle size are representative

of the surrounding geomorphology and contemporary land-use practice; and

5) To discuss the implications for using terrestrial markers to interpret marine sediments

offshore of the Mzimvubu Catchment.

1.3 DISSERTATION OUTLINE

The purpose of this chapter has been to introduce the broader theme of climate change under
which palaeoclimatological research and provenance based research in southern Africa has
occurred, as well as stating the aim and objectives for this study. Chapter two will review the
current body of modern provenance based literature in southern Africa over the last few
decades, how it has developed and where it is lacking. Chapter two will also describe the
theory, applications, methodologies and limitations of pollen analysis, stable carbon and
hydrogen analysis of n-alkane plant wax biomarkers and XRF elemental compound analysis of
river sediment. Chapter three provides an outline of the methods and materials used to address



the research questions and objectives. Chapter four will present and describe the results of the
study. Chapter five will investigate and evaluate the implications of the study results, the
meaning of the proxy signal, proxy provenance, and the palaeoclimatological implications of
the study results. The last chapter, chapter six, will synthesise the most significant findings of
the study, and evaluate the extent to which the aim and objectives of the study were addressed,

and lastly providing future recommendations.



CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Terrestrial long term comprehensive records are lacking in southern Africa, as well as the
modern calibration studies needed to interpret these records (Meadows et al., 1996; Zhao et
al., 2015; Tabares et al., 2018). One such method to overcome this knowledge gap is
multiproxy provenance based approach on modern sediment samples, wherein the
characteristics of modern terrestrial organic and inorganic source regions is established within
a system. These signals can provide valuable modern climatological, sedimentological,
hydrological and ecological information wich can ultimately be used to reconstruct past

climatic and environmental conditions.

A multiproxy approach can be used to accurately interpret and verify modern proxy provenance
data (Daniau et al., 2013). The need for multiproxy analysis is based on the fact that proxies
can be widely distributed over large areas, originate from diverse source areas, and be the result
of complex environmental and physiological processes which can often complicate results
(ZhaAo et al., 2015; Hahn et al., 2018). The most commonly utilised proxies in provenance
and palaeoreconstruction research are pollen grains, plant wax n-alkane lipid biomarkers and
inorganic element compositions stored in lacustrine or marine sedimentary archives
(Lockheart, 1997; Dupont et al., 2013; Bliedtner et al., 2018). Where organic compounds in
sediment archives may be damaged or disaggregated due to chemical weathering and biological
decay processes, inorganic compounds may prevail under these conditions and still provide
information about the surrounding environment and climate (Collins et al., 2013). Thereafter,
multiple proxy data can be compared to fossil records to establish palaeovegetation and

palaeoclimatic relationships (Tabares et al., 2018).

This chapter will review, outline and describe how pollen n-alkanes and elemental
compositions are indicators of climate and environmental change on a global scale, and how
these proxies are utilised in provenance based research. Specific attention will be given to the
applications and taphonomy of proxy transport. Thereafter, provenance research in southern
Africa will be described and outlined with emphasis on how modern sedimentary archive

analysis has been developed over the last four decades.



2.2 PROXIES AS INDICATORS OF CLIMATE AND ENVIRONMENTAL CHANGE
2.2.1 Introduction

To quantify and interpret changes in palaeoclimates and palaeoenvironmental conditions
various components of the modern environment and climate need to be investigated. These
include the establishment of organic and inorganic compounds stored within sedimentary
archives. This section will provide a theoretical overview of pollen, n-alkane wax derived long-
chain n-alkanes and inorganic element compositions, as well as the applications, limitations,
methods and implications of and how they are used to establish source regions and climatic,

vegetation and environmental conditions

2.2.2 Pollen

2.2.2.1 Background information
Pollen analysis, or palynology defined by Faegri and lIverson (1989) is a quantitative and

qualitative tool to reconstruct both former and modern vegetation types, through the study of
pollen grains. At the start of the twentieth century, Lennart von Post pioneered the use of pollen
analysis to reconstruct vegetation from peat bogs. The technique has since been expanded and
applied to a variety of sediment deposits around the world (Bunting, 2008), including modern
fluvial sediments (Davis et al., 2013; Moss et al., 2005; Brown et al., 2007; Hahn et al., 2018;
Chmura et al., 1999), and marine sediments (Herrmann et al., 2016; Yang et al., 2016; Zhao et
al., 2015; Dupont et al., 2013). Palynology enables researchers to describe how vegetation
compositions respond to different climate conditions, which ultimately can help predict for
future changes in climate and plant dynamics on regional and global scales scale (Anderson et
al., 2007; Watrin et al., 2007; Bradshaw, 2008).

Pollen analysis are based on basic principles defined in Birks and Birks (1980) and state the
various advantages of utilising pollen grains as recorders of environment and climate change.
Pollen grains are abundantly produced by plants and thus can act as a representative of local
vegetation compositions and dynamics (Birks, 1981). Another basic principle is that pollen
grains can be counted resulting in a pollen spectrum that can be compared temporarily and
spatially (Birks and Gordon, 1985). This spectrum of pollen rain should be an index of the
vegetation at that point in space and time. Furthermore, pollen assemblages and concentrations
are responsive to environmental factors such as soil type, acidity, water pH, water levels, water
velocity and climates (Brewer et al., 2013; Brown et al., 2007; Delcourt and Delcourt, 1980).
Therefore, by analysing pollen assemblages from various locations using a provenance based
approach, vegetation similarities and differences can be determined. These modern records



may not be long term continuous records, however, they provide key data on prevailing

conditions and within a specific system (Moss et al., 2005; Tabares et al., 2018).

Local climates drive and influence the distribution of vegetation compositions and plant types.
Changes in these distributions in the past can be reconstructed by investigating a fossil pollen
recorded in modern fluvial and marine sediments (Brewer et al., 2013). However, it is difficult
to quantify the processes and drivers of these changes, especially in the absence of long term
vegetation composition datasets in South Africa (Tabares et al., 2018). There reamins a general
reliance on marine sediment cores as well as lake sediment cores as records for providing
environmental and climate information (Chase and Meadows, 2007), and a general lack of
terrestrial records which analyse the provenance of sediment organic matter signals from
fluvial environments. Whilst sediment core data provide long temporal data, issues around

taphonomy, preservation and provenance have been raised (Lim et al., 2016).

Long term comprehensive studies on environment and climate change are lacking in southern
Africa. This is as a result of a lack of suitable study sites and poor preservation due to a
generally arid climate (Fitchett et al., 2017, Chase and Meadows, 2007). Historical
palynological studies have focussed primarily on lakes and peat bogs, however these sites are
widely spaced and concentrated in wetter environments. Site selction for palaeoclimatological
research in southern Africa has previously been determined by site accessibility, and sites with
highly sensitive ecological systems are often neglected (Fitchett et al., 2016). This has resulted
in discontinuous spatial and temporal environmental and climate data for many regions of
southern Africa. Recent studies have highlighted the variability of moisture records derived
from palaeoclimatological records. To overcome the paucity of suitable sites and to fill the gap
in discontinuous records, researchers have explored the use of pollen grains preserved in
modern fluvial surface sediments for arid and semi-arid regions (Moss et al., 2005; Brown et
al., 2007; Clement et al., 2017). These terrestrial modern records can provide an additional
data source for studies investigating both contemporary and past environmental and climate

conditions.

Some limitations of terrestrial records, however, include discontinuity due to being distributed
over large areas of the continent (Neumann et al., 2014), low temporal and spatial resolutions
(Neumann et al., 2011), low taxonomic resolution (Tabares et al., 2018), and contradictory
results produced by different proxies (Baker et al., 1998). Record discontinuity could be due

to the variable dispersal and preservation capabilities of pollen assemblages in fluvial sediment,



as well as the susceptabiliyt of different taxa to different conditions and taphonomic processes
which affect pollen preservation (de Villiers and Cadman, 1997). In some cases, pollen taxon
groups contain a wide variety of species that can grow in climatically diverse habitats and
studying pollen provenance in fragmented environments is complex (Tabares et al., 2018).
Therefore, a non-linear relationship exists between pollen assemblages and surrounding
vegetation composition (Brewer et al., 2013). Despite this, modern pollen samples have been
found to reflect local environment and vegetation conditions (Herbert and Harrison, 2016).
Pollen records have provided the necessary spatial information about vegetation distributions
and ultimately climate conditions (de Villiers and Cadman, 1997; Mudie et al., 1994; Scott,
1984). Pollen assemblages preserved in marine sediments record terrestrial vegetation and thus
may reflect climate variations and can provide accurate information for palaeoreconsrtuctions
(Dupont et al., 2013; Liu, 1989).

2.2.2.2 Applications
Pollen data are widely applied in palaeoclimatology, palaeoecology, stratigraphic correlations,

archaeology and modern pollen studies. The modern pollen approach has been widely utilised
in recent studies to better understand modern pollen-vegetation-climate conditions to forecast
and predict for climate changes (Xu et al., 2016). Specific vegetation compositions,
environmental and climate conditions can be established through modern pollen assembalges,
as these assemblages are driven by the nature of these conditions (Brewer et al., 2013). A recent
method for determining these conditions and changes is to extract pollen data from sediment
in fluvial systems as these record information about prevailing sediment, hydrologic and
vegetation systems (Chmura et al., 1999; Parker et al., 2004). A commonly used technique for
determining modern pollen climate relationships is the modern analogue technique (Howe and
Webb, 1983). The basic underlying principle is uniformitarianism, which means that the
information needed to understand past conditions can be obtained by analysing the relationship
between modern pollen assemblages, the plant types they represent and their related climates
(Birks and Birks, 1980). This can be achieved by analysing the presence/absence of various
palynomorphs in sediments (Brewer et al., 2013). Ideally, pollen source regions and vegetation
compositions can be determined using specific pollen assemblage changes, however various
factors complicate these interpretations (Zhao et al., 2015; Dupont et al., 2013). One
disadvantage of the modern analogue technique is that vegetation can represent varying
climatic characteristics, and modern analouges may not exist for some fossil pollen

assemblages (Herbert and Harrison, 2016; Chen et al., 2004). Despite these limitations, these



data can potentially provide key information about hydrologic dynamics and vegetation
compositions and changes (Brewer et al., 2013). Not only can the modern provenance
technique provide key data for local management strategies, these data are an essential first
step for better understand past conditions through palaeoreconstruction studies and climate
modelling (Clement et al., 2017; Carrion, 2002; Delcourt and Delcourt, 1980).

The success of utilising a modern analogue approach is shown by (Groot, 1966; Peck, 1973;
Chmura et al., 1990, 1999). These studies investigated pollen in river sediments to determine
whether pollen assemblages represent vegetation compositions and dynamics. However, some
studies analysing pollen assemblages in small (Peck, 1973) and large (Traverse, 1988) river
systems and catchments, have shown a seasonal effect on pollen assemblags from changing
parent vegetation sources. Yang et al., (2016) who extracted pollen data from 72 surface
sediments (RBS) in the Liaodong Bay (China) including samples from the inflowing rivers
found that pollen assemblages accurately represent forest compositions and transitions from
grasslands to forests under different climate gradients. Therefore, to accurately interpret fossil
records, understanding sediment provenance and ultimately the processes driving pollen
provenance are important. Chmura et al., (1999) found that pollen transported in fluvial
systems is a better representation of vegetation compared to aeolian pollen. However, they also
found that analysis and interpretation of pollen samples from fluvial systems is complicated by
taphonomic processes such as mixing and reworking (Shi et al., 2001; Chmura et al., 1999;
Zhao et al., 2015), and therefore it is important to consider taphonomic processes and effects

in provenance pollen research.

2.2.2.3 Effects on the pollen signal
Quantifying the pollen-vegetation relationship from pollen assemblages is a complicated

process (Andersen, 1973; Bradshaw, 2008; Sugita, 1993). This is because pollen assemblages
can be altered by pollen production mechanisms, pollen production, dispersal route into the
depositional environment, reworking of pollen assemblages in fluvial systems (mixing), and
pollen preservation in aerobic versus anaerobic environments (Delcourt and Delcourt, 1980;
Yang et al., 2016; Xu et al., 2012; Campbell and Chmura, 1994, Li et al., 2005; Birks and
Birks, 1980). These processes and effects have been investigated and reviewed by various

authors over the last six decades.

One of the first investigations into pollen taphonomy and preservation in fluvial systems was
by Groot (1966). Groot (1966) analused pollen assemblage transported in the estuary of the

Delaware River, by correlating the concentrations of pollen to sediment compositions, and
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found that most of the pollen grains were sourced from fluvial systems rather than aeolian
mechanisms. A year later, Cushing (1967) analysed pollen assemblages in Quaternary
sediments to determine different rates and categories of pollen preservations. Similarly,
Havinga (1963, 1967, 1984) studied the sensitivity of different pollen types in different
sediments to varying levels of corrosion and found that fluvial transport can have significant
effects on pollen preservation and morphology. Similar to Groot (1966), Traverse (1988) stated
that the importance of aeolian versus fluvial pollen pathways varies depending on the distance
travelled, river discharge patterns and velocity and depositional environments. They found that
aeolian depositions of pollen grains of the NW coast of Africa are far more significant
compared to fluvial depositions of pollen grains on the eastern coast (Traverse, 1988).
Conversely, Chmura et al., (1999) found that pollen transported in fluvial systems is a better
representative of vegetation than aeolian pollen. A study by Campbell and Chmura (1994) on
fossil pollen assemblages found that preservation and deposition were a result of their
depositional environments and transport routes and processes and therefore, fluvial sediments
were accurate representatives of the surrounding environment but that taphonomic and

environmental effect needed to be taken into consideration.

Barreto et al., (2012) successfully analysed the process and dynamics controlling pollen
transport and deposition in the Guanabara Bay, by analysing 27 surface sediment samples and
sediment cores. They found that overall palynomorph diversity and abundance was low in river
systems, especially the SPM fraction. However, the pollen assemblages in the surface
sediments still represented the local vegetation of the Mzimvubu catchment basin. Any
irregular pollen assemblage and damaged pollen grains and spores were as a result of tide
velocity, abrasion during fluvial transport, human perturbations and reworking in the
depositions environments. Similar results were found by Luz et al. (2005), however, they also
found palynomorph morphology to be an important factor in determining pollen transport,
deposition and preservation.
Origin, taphonomy and deposition

The nature of the pollen grain and assemblages itself can affect pollen reconstructions. For
example, pollen records sampled from peat, lake and core sediments are a reliable record of
regional pollen data and ultimately local vegetation and climate (Herbert and Harrison, 2016).
Pollen grains found in wet sediment samples such as lakes and peat bogs are often less prone
to preservation problems (Herbert and Harrison, 2016). However, accessing these sites is not

always feasible or possible either due to logistical issues such as access restrictions, or limiting
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climate factors such as arid conditions. Pollen grains damaged by erosional processes are as a
result of periods of exposure to the atmosphere during dry periods and therefore can complicate
interpretations. Similarly, pollen samples extracted from closed canopies are likely to be a
better reflection of local vegetation rather than open environments which are affected by wind
and rain erosion (Herbert and Harrison, 2016). A study by Holloway (1989) found that when
pollen samples were wetted and dried at varying intervals and after a number of repetitions,
most of the pollen taxa were found to have suffered damage. A similar study was performed
by Campbell (1991) on Pinus pollen and their results showed that the rate of damage has a
linear relationship to wet and dry cycles. The overall results of Campbell (1991) is that pollen
grains are damaged by repeated wet-dry cycles. Therefore a river that experiences high
sedimentation and resulting periods of exposure during low flow periods will contain less or
damaged pollen grains (Campbell and Chmura, 1994). Other palynological studies in arid areas
also show that pollen assemblages may be prone to overrepresentation of certain taxa (Carrion,
2002). For example, local taxa such as Poaceae and Cyperaceae produce large amounts of
pollen grains during flowering seasons, whereas some trees and shrubs (e.g., Combretum and

Acacia) produce little amounts of pollen into the air (Carrion, 2002).

In the past, pollen assemblages were assumed to have a linear relationship with vegetation and
plant abundance (Birks, 1981). Previous studies were aware of the various taphonomical
processes that affect fossil and modern pollen assemblages, however, these factors were often
not considered when interpreting pollen data due to the complexities that arose (Xu et al.,
2016). An explanation for this is that variations in pollen assemblages and preservation in
modern surface samples due to diversity processes in depositional environments and pollen
production and pollen morphology, complicate the interpretation process (Xu et al., 2016). In
more recent years, this has changed and many studies have focussed on understanding pollen
production and dispersal processes in fluvial sediments in determining pollen-vegetation-

climate relationships (Li et al., 2013).

When investigating pollen assemblages in fluvial systems, Smirnov et al., (1996) found that
pollen assemblages are less homogenised in in fast flowing rivers, and thus produce an overall
mixed signal. Chmura and Liu (1990) found that pollen can enter rivers from river bank erosion
which is detected in the suspended sediment load of rivers, however these sediment yields are
difficult to quantify. Therefore, the source region of local palynomorphs is dependent on river
geomorphology. For example, pollen grains may preferentially fall in straight and fast flowing

rivers compared to meandering rivers. Meandering rivers are accompanied by levees and sand
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banks which results in deposition and aggradation of the alluvium on the floodplain (Chmura
et al., 1999). Therefore, fluvial sources and processes determine pollen assemblages (Baker et
al., (1998).

In addition, Fall (1987) investigated the taphonomy of pollen concentrations in a stream of the
Arizona River and found that pollen concentrations differed depending on the nature of the
sediment they travelled in. She found that coarse alluvium contained less pollen grains
compared to fine alluvium, and this was as a result of sorting and mixing during pollen
transport. Fall (1987) concluded that intensive mixing and sorting of alluvial sediments and
pollen grains in rivers made them unsuited for palaeoreconstruction research. Similarly,
Chmura and Liu (1989) found that pollen concentrations have a strong correlation to the
suspended sediment load in a river and that increased sediment loads damaged pollen grains
compared to reduced sediment loads. Pollen grains in fluvial systems are as much as a result
of the sediment load as the vegetation it is supposed to represent (Campbell and Chmura
(1994). Therefore, utilising surface samples alone should be done with caution since pollen
concentrations are considerably lower, and river bed samples could potentially result in an
overrepresentation of pollen grains. In addition, caution must be taken when interpreting pollen
assemblages in sediment samples that could have experienced periods of wet-dry cycles. It has
therefore been recommend that future pollen work in river sediments should extract both
suspended particulate matter and river bed sediment samples to compare and contrast
(Campbell and Chmura, 1994).

Dispersal mechanisms
Pollen dispersal distance varies between taxa as some pollen taxa can be dispersed over long

distances (Pinus) whilst others do not disperse far (Scott, 1982). Firstly, wind borne pollen is
determined by wind speed and pollen morphology (size, shape, presence or absence of air
sacks) (Xu et al., 2016). Secondly, river borne pollen accumulate after flowering seasons,
where pollen grains are carried by wind and can become embedded in top soils, which can be
then transported by sheet erosion to adjacent rivers. Pollen assemblages transported by rivers
are different to wind borne pollen assemblages due to the sorting effect of rivers. Some studies
argue that pollen which is transported as sedimentary particles in rivers and experience sorting
are not a reflection of vegetation compositions near the sample site (Fall, 1987). It was
suggested by Fall (1987) that reconstructing past climate changes using alluvial pollen is not
suitable, as pollen assemblages and distributions are often are reflection of sediment and

hydrologic processes rather than vegetation. Conversely, Hall (1989) stated that alluvial pollen
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can be used if certain factors are taken into consideration such as that pollen grains are located
in the suspension load of a river, and therefore sorting and mixing effects are small. Thirdly
and lastly, pollen distribution by insects (entomophily) is also a significant dispersal
mechanism for pollen grains (Scott, 1982). A study of alluvial pollen disposition in lakes of
Daihai (China) found that 63 palynomorphs were present in the lake sediment core, however,
only 42 of those palynomorphs were present in the inflowing rivers, therefore indicating an
additional source such as insects. Quantifying the diverse range of pollen transport mechanisms
and taphonomic processes can be complex and information can be lost due to over and under-
representations of pollen assemblages. To overcome the issues of representivity a multiproxy
approach should be considered, wherein additional organic and inorganic proxy data are
analysed with and compared to pollen assemblage data. Despite the fact that palynology is
based on sound principles and quantitative analyses, there are several limitations associated

with the technique, which are discussed below.

2.2.2.3 Limitations of Palynology
Faegri (1966) and Scott (1984) outline several problems associated with pollen analysis for

instance, taxonomic resolution, preservation issues and representivity. Pollen identification is
achieved through comparison of existing pollen references and records. Identification,
however, can be difficult and can only sometimes be achieved to the family taxonomic level.
Pollen grain preservation is an important pre-requisite to ensure accurate identification, and
studies have found that modern sediment samples are generally poorly preserved compared to
peat bogs and lake sediments. When pollen grains are deposited into anaerobic, waterlogged
environments, decomposition is reduced and the pollen grain exine is preserved. However, in
modern sediments, pollen grains rapidly decay in the presence of oxygen and modern sites,
such as river sediment, and are continuously re-oxygenated through water mixing and
remobilisation of soil particles. This being said, it has been found that the pollen spectra
preserved in modern samples are adequate to represent the surrounding vegetation composition
and climate dynamic (Davis et al., 2013). Lastly, modern pollen samples compared to fossil
pollen records provide the most accurate representation of prevailing vegetation biomes,

agricultural activity and climatic conditions (Davis et al., 2013).

Representivity of the local environment is another problem associated with pollen grain
analysis and interpretation. Jacobson and Bradshaw (1981) showed that local pollen is a
combination of pollen originating from plants no more than 20 m away from the sample sites,

and regional pollen which is transported from larger distances. Pollen source area and

14



representivity are an important consideration for modern and palaeoecological studies, and
pollen dispersal mechanisms must be carefully considered as they can affect the local pollen
record. Plants can be zoophilous (animal-pollinated), anemophilous (wind-pollinated), or
entomophilous (insect-pollinated), with pollen productivity to accommodate a particular mode
of pollination. Wind pollinated taxa will naturally be more widely dispersed compared to
animal and insect pollinated taxa and thus represent a large source area. Whereas, animal and

insect pollination may represent a smaller source area.

Pollen data are not presented as discrete numbers but rather as proportions of a total pollen
sum. This can lead to problems of representivity between different taxa as pollen grain
production varies from taxon to taxon. Some taxa are more cosmopolitan compared to rarer
endemic species which have reduced environmental distributions. Furthermore, it is important
to establish the start and end of growing season for the prevailing taxa in the study site, as
pollen grain prodiciton is highest in the growing season, which can lead to issues of

overprinting or underprinting during different seasons.
2.2.2.4 Methodological considerations for palynology

Site selection and field sampling
Although peat deposits contain the best pollen records (Jacobson and Bradshaw, 1981), modern

pollen grains in modern river sediments are better indicators of the prevailing vegetation
composition and ultimately climate (Davis et al., 2013). Issues of pollen taphonomy should be
considered as these directly affect pollen transport, preservation and deposition in different
environments (Delcourt and Delcout, 1980). To determine pollen provenance dynamics in
fluvial environments, surface sediments should be extracted and analysed rather than sediment
core samples. Provenance dynamics refer to the various origins, movements, deposition
environments and transport pathways of the proxy signals within and throughout the catchment.
The most common method for extracting surface sediment is a grab-sampling method, wherein
a portion of sediment substrate is extracted from a river or lake bed (Coggan et al., 2007).
Consideration should be given to finding a suitable site for grab-sampling, as issues of water
velocity, sedimentation due to deposition and water level are reported to affect pollen
assemblage and distribution (Delcourt and Delcourt, 1980).
Laboratory procedures

Laboratory pollen processes comprises of three stages for instance: sediment subsampling,
chemical and physical processing, mounting of samples onto slides, counting and microscopy.

Subsampling should be conducted in a controlled and sterile laboratory environment, where
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there is little chance for contamination of the samples. Contamination can be prevented by
ensuring the surface of the subsample is removed with a clean knife or scalpel (Birks and
Gordon, 1985). The sample resolution for modern studies are similar to that of fossil pollen
sample resolution, wherein sample resolution is dependent on the resolution specified by the
paremters of the study (Faegri and Iverson, 1989). Sediment samples are physically and
chemically processed. Pollen chemical processing, defined by Faegri and Iverson (1989) is an
effective and relatively fast method for processing pollen grains. The method utilises
Hydrochloric acid, which removes the carbonate fraction from the samples, Potassium
hydroxide which breaks down the sediment and removes the humic acids, Hydrofluoric acid
which removes the silicate fractions and Acetolysis which removes the cellulose fraction. The
satin Safranin stain is used to stain the pollen grains red or pink which is useful for counting
and identification. Traditionally 1cm? is volumetrically measured as suitable subsample for
pollen analysis (Birks and Gordon, 1985), however, pollen analysis on fluvial river bed
sediment has been shown to contain considerably lower pollen grains compared to sediment
cores (Brown et al., 2007; Davis et al., 2013; Clement et al., 2017). A typical sample amount
for fluvial sediment containing pollen has not been established however, it is recommended by
various modern pollen studies that more than 1cm?® will be required for accurate pollen analysis
(Hunt, 1987; Zhu et al., 2002).

Mounting
When mounting the pollen samples, it is important to consider the use of the slides before

deciding the method of mounting. For example, if the slides are to be used on a temporary basis
or if permanent mounting is required (Faegri and Iverson, 1989). When choosing a mounting
solution or method, the refractive index should be taken into consideration as this could affect
the counting process (Faegri and Iverson, 1989). Various mounting agents exist that can be
used, for example, silicon oil, glycerol, glycerine jelly and Aquatex mounting agent. The reason
for mounting allows for identification of pollen grains at a later stage, as individual pollen

grains or clusters of specific pollen grains can be photographed.

Counting
Pollen grains are counted and identified using a light microscope across an evenly spaced

transect along the microscope slide. It is recommended that a full slide be counted for each
sample to ensure the pollen grains are well represented. To ensure a reliable estimate of pollen
abundance, a sufficient pollen grain count should be established (Birks and Gordon, 1985).
Various studies report on different minimum counts, the most commonly utilised are 250, 500
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and 1000 pollen grains. Clusters of pollen grains are considered rare in modern sediment
samples as overall abundance is low compared to peat and lake sediments. Therefore a
minimum of 50 is suited to modern pollen sediments (Moss et al., 2005; Herbert and Harrison,
2016). It is also recommended that unidentified pollen grains be labelled as unidentified or

unknown.

Data representation
Visually representing the pollen data is imperative for later interpretations (De Vries and

Wijmstra, 1986). This can be achieved by using a series of diagrams known as pollen diagrams.
Specialised programme software such as Psimpoll and Tilia, is used to create these diagrams.
These diagrams accurately represent fluctuations in the pollen data and are plotted in the form
of relative proportions of the pollen count (Bennett, 1988). Pollen diagrams are a representation
of local and regional pollen abundances, as well as ecological groupings that are the result of

major changes in climatic conditions (De Vries and Wijmstra, 1986).

Interpretation
Pollen data are a direct representation of the prevailing vegetation composition and climate

conditions. Changes in pollen assemblages can be used to infer transitions between major
ecological groupings (biomes) within an environment and the processes that drive these
transitions (Birks, 1981). Pollen data can thus infer the vegetation-cliamte relationship, by
investigating specific pollen assemblages and parent plant types under specific climate

conditions, and ultimately to reconstruct palaeoclimates and palaeoenvironments (Birks, 1981).

2.2.3 Organic geochemistry

2.2.3.1 Background information
Recent changes in atmospheric CO2 and greenhouse gasses have likely affected plant-

atmosphere interactions. This change is described as a negative impact on plant distribution
and functionality under increasing atmospheric CO2 and greenhouse gas concentrations. Some
plants respond negatively to elecated greenhouse gasses and CO2 concentrations by decreasing
stomatal openings (Cassia et al., 2018). Large impacts of elecated CO: are seen in erratic and
variable rainfall distributions and the occurrence of more intense weather conditions such as
droughts and flooding (IPCC, 2014). These severe changes in weather may bring plants to
beyond their capacity of adaption (Cassia et al., 2018).

Obtaining information on how these plants respond to these changes would enable researchers
to determine and model future responses and dynamics (Vogts et al., 2012). To accurately

interpret these climatic conditions, the analysis of a specific plant component such as leaf-wax
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derived n-alkanes can be performed. Leaf-wax n-alkane analysis can yield valuable
information on plant types, distributions and ultimately prevailing climatic conditions (Li et
al., 2018). By establishing leaf-wax derived n-alkane distribtuions and concentrations from
sediment samples, a modern analogue of the surrounding vegetation and climate can ben
determined. This approach is based on the principle that all higher plant types are covered by
an epicuticular wax which is exposed to external climate conditions. These waxes contain long
chain n-alkanes, which can persist in sediments, are transported by fluvial or aeolian processes,
are well distributed in different environments and represent specific hydrological and climate
systems for example, increased aridity and solar irradiance, variations in rainfall amount and
distribution. (Badewien et al., 2015; Carr et al., 2015; Vogts et al., 2012). Moreover, they can
be traced to specific locations or represent specific taxa and environmental and climatic
conditions (Collins et al., 2013; Rommerskirchen et al., 2003; Schefup et al., 2003, 2005). A
majority of these studies though report on the issues of resolving spatial heterogeneity and
diverse source region complexities (Chase et al. 2013). In order to enhance these
interpretations, and in an attempt to overcome spatial complexity issues, specific carbon (5°C)
and hydrogen (6D) isotope values from plant waxes have been analysed (Wang et al., 2010;
Chase et al., 2013; Haggi et al. 2016). Both stable carbon (5!3C) and hydrogen (5D) isotope
compositions found in plant leaf-wax derived n-alkanes are driven by temperature,
precipitation, evaporation and moisture content, and can thus act as proxies of climatic and
environmental conditions (Scott and Vogel, 2000). The main principles driving the
investigation of n-alkanes as proxies for environmental and climate change are discussed

below.

Chibnall et al., (1934) performed one of the first analyses on plant waxes and found that
terrestrial higher plant n-alkanes maximise at the nCzs to nCss chain lengths with an odd-over-
even chain length predominance. Plant types in arid, subtropical and tropical environments
would synthesise longer n-alkane chain lengths (nCsi, nCss, nCss) compared to temperate
regions, which would synthesise moderate to shorter chain lengths (nCzs, nC27, nCa29). Longer
n-alkane chain lengths have been asscoaited with grasses and herbs (nCsi1, nCss), whereas
shorter chain lengths represent trees and shrubs (Diefendorf and Freimuth, 2017; Diefendorf et
al., 2010; Vogts et al., 2009, 2012). Contrary to this, some research from the 1960s and 1970s
has shown that microbes (e.g. fungi, algae and bacteria) can also produce long chain n-alkanes
(for example: Oré et al., 1966; Jones, 1969). Oro et al., (1966) reported on chlamydospores of
Sphacelotheca reiliana, Ustilago mydis, U. nuda from higher plant tissues and found that the
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n-alkane carbon chain length rainged from nCais to nCsz Jones (1969) reported on some fungal
species such as Peniciliium species and Aspergillus species and found the n-alkane carbon
chain lengths to range from nCis to nCss. It is also possible that microbes ingest other long
chain n-alkanes and therefore can confound results (Jones, 1969). Despite these potential
contributions to n-alkane chain lengths, there are significant uncertainties in this research
whether the long-chian n-alkanes are produced by these micrboes (Li et al., 2018). Therefore,
n-alkane distributions can potentially act as indicators of climate and vegetation change
(Eglinton and Hamilton, 1963, 1967).

Plant wax n-alkanes can be transported by rivers and aeoilian wind dynamics and deposited
offshore in the adjacent ocean and are well preserved in lacustrine and marine sediments over
geological timescales (Haggi et al., 2016). Various environmental and climate conditions can
be stored as specific isotope values within plant wax n-alkanes. For example, compound
specific carbon (83C) and hydrogen (5D) isotopes can be used to infer vegetation forms and
hydrologic processes. The stable §3C and 3D isotope composition of plants differs with
different photosynthetic pathways (Cs, C4 CAM). Since modern biomes follow climate
gradients, if the predominant vegetation can be established through §'3C analysis, climate
therefore can be inferred (Vogts et al., 2016). Plant wax leaf-wax derived long chain n-alkanes
are also found in fossil records (Eglinton and Logan, 1991); modern leaves (Huang et al.,
1995); and fluvial and marine sediments (Sachse et al., 2012; Schefuss et al., 2011). The
interpretation and application of sediment n-alkanes, especially for palaeoecological studies,
requires a sound understanding of the prevailing modern environment from which they
originate (Diefendorf et al., 2011; Wang et al., 2015). Thereafter, n-alkane data can be
effectively utilised in palaeoreconstruction studies.

2.2.3.2 Applying 6°C and 6D analyses to modern sediments

Stable Carbon (5*3C) Isotopes
The analysis of carbon (5!3C) and hydrogen (8D) isotopes of plant wax is a useful tool for

reconstructing modern and past climates and vegetation (Haggi et al., 2016). Plants utilise three
different photosynthetic pathways such as: Cs, C4 and Crassulacean Acid Metabolism (CAM)
to fractionate atmospheric carbon. This results in distinct isotopic compositions of plant tissues
for each plant type. CAM uses a combination of Cs and Cs and thus has an isotopic
compositions between Cz and Ca. Analysing 83C values of plants has become an important
tool for reconstructing Cs/Cs vegetation compositions and transitions and their associated

environmental conditions such sediment processes, hydrology and precipitation (climate). §3C
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of Cs vegetation is on average lower (depleted) than C4 vegetation, and the distribution of C3/C4
vegetation is controlled by temperature and precipitation during the growing season (Figure
2.1). Cs vegetation comprises predominantly of trees and woody shrubs and some grasses that
prefer cold growing seasons in temperate environments and shaded areas (Schefuf et al., 2005,
2011). C3 vegetation 6*3C values range from -23 %o to -23 %o (Vogts et al., 2012; Wang et al.,
2015) (Figure 2.1).
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Figure 2.1: Histograph showing the 6*3C values of C3 (-29.6 %o) and Ca (-12.7 %o) for

modern C3 and C4 plants from the Gangetic Plain, India (Basu et al., 2015).

On the other hand Cs4 vegetation comprises predominantly of cereal crops and grasses that are
adapted to warm growing seasons, high temperatures, seasonality of rainfall and high radiation.
Ca vegetation 5'°C values on average range from -20 %o to -9 %o (Schefup et al., 2005; Vogts
et al., 2009) (Figure 2.1). In South Africa, Cs vegetation prefers winter rainfall areas and cool

summer rainfalls regions, whereas Cs is found in warm, dry areas (Schefup et al., 2005; Haggi
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et al., 2016). CAM plants have the ability to conserve their metabolic processes during dry
periods which allows them to survive arid conditions. The stable carbon and hydrogen isotope
technique ia most suited for detecting changes in the composition of Cs/C4 vegetation as well

as prevailing climate and hydrological processes (Dupont et al., 2013).

It has been suggested that the sourcing of plant lipid biomarkers may not be uniform within
and across catchments, especially if the catchment is characterised by variable topography,
vegetation zones, environmental variability and climates (Ponton et al., 2014). Taphonomy is
an important part of provenance studies as erosional and transport processes can lead to the
loss of some organic matter compounds, whereas others may be preserved (Walling et al.,
1999; Wakeham et al., 1997). The transport routes and depositional environments of
terrigenous biomarkers are likely to be a function of the size, shape and density of the sediemtn
particle as much as they represent the vegetation they pass through (Govin et al., 2012).
Variable erosional processes and reworking in fluvial and marine sediments has also been
shown to alter the isotopic composition of plant biomarkers (Schefuf et al., 2005, Bouchez et
al., 2014; Herrmann et al., 2016). Various additional n-alkane indices have been developed in

order to aid the establishment or sediment organic matter source regions and provenance.

Geochemical analyses of sediment n-alkane records applies various techniques and methods to
better explain n-alkane distributions such as variations in n-alkane chain length ratios. For
example, the ratio of long chain lengths (nCs1) to shorter chain lengths (nCi7) is used to
determine terrestrial plant matter vesus aquatic algae input into sediment archives (Ficken et
al., 2000; Cranwell et al., 1987). For example, moderate chain lengths such as nCz3 and nCzs
have been used to represent Sphagnum moss (Ficken et al., 2000). Other ratio indices include
Average Chain Length (ACL) which calculate a weighted average of the carbon chain lengths,
and Carbon Preference Index (CPI) (Eglinton and Hamilton, 1967). Most studies report that
long chain n-alkanes (nCas1) in sediments represent input from grasses, whereas nCz7 and nCag
indicate input from woody shrubs and trees (Meyers, 2003; Zhang et al., 2006). However, the
ability of a single n-alkane homologue to represent broad plant groups such as woody shrubs,
trees and grasses has been questioned by many authors (Cranwell, 1984). Therefore, correlating
n-alkane distributions with pollen grain assemblages and sedimentary elemental data,

palaeoecological data can be accurately interpreted (Galy et al., 2011; Herrmann et al., 2017).

A confounding factor when analysing terrigenous organic fractions in sediments is that as n-

alkane plant waxes, pollen and sediment particles likely represent different transport pathways
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and source regions (Hahn et al., 2018). For example, terrestrial leaf wax biomarkers from river
sediment represent a wide range of diverse inputs or source regions (Galy et al., 2011).
Similarly, Rommerskirchen et al., (2003) found that profiling biomarker distributions on
continental margins were difficult due to the variability in transport mechanisms (aeoilian and
fluvial), sediment type, and sediment provenance, played an important role in biomarkers
compositions and distribution. Therefore, it has been suggested that the study of fluvially
transported biomarkers should also investigate whether or not the river is capable of
transporting sediment organic matter with isotope signals that represent the surrounding

vegetation, as well as the hydrological processes driving provenance (Ponton et al., 2014).

Despite numerous effects on n-alkane plant wax biomarkers during transport and deposition,
numerous studies have still found the isotope composition of n-alkane distributions, to be a
good indicator of prevailing vegetation compositions and ultimately climate conditions (Vogts
et al., 2009, 2012; Rieley et al., 1991). n-Alkane carbon isotope values are specifically related
to plant photosynthetic pathway, and therefore, since each pathway produces its own unique
isotope value, the differentiation between Cs, C4or CAM plants can be established (Cerling et
al. 1993; Collister et al. 1994; Bassham et al., 1954). Carbon isotope values from Cs plants are
more depleted in 3C than Ca plants (Meyers 1997) and CAM plant carbon isotope values reside
between Cz and C4 13C isotope values. C3 and Ca plants respond differently to different climatic
and hydrologic systems and conditions which gives them their unique distributions (Carr et al.
2006; Kuechler et al. 2013).

The issue of stable carbon isotope provenance
It has been suggested that photosynthetic pathway is not the only factor influencing the isotopic

composition of plant leaf waxes. Some earlier studies proposed that plant wax n-alkane
concentrations are higher in the growing season (Lockheart et al., (1997; Eglinton and
Hamilton, 1967). Similarly, Sachse et al., (2009) found that plant leaf wax isotope composition
changes throughout the growing season, inferring that leaf wax n-alkane concentrations are
influenced by environmental conditions and pant type. Leaf physiology within a single tree
will vary from shaded canopy to sun-exposed, which has been shown to effect overall n-alkane
abundance and production (Lockheart et al., 1997). Similarly, Bush and Mclnerney (2013)
state that comparisons between modern leaf n-alkane concentrations and sedimentary n-alkane
distributions from river sediments may be undermined if modern leaf samples were extracted

during the growing season. Therefore, understanding n-alkane production within plant species
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and intra-plant variations is essential for interpreting palaeoecological research (Bush and
Mclnerney, 2013).

Furthermore, variations in 8*C values also infer variations in the water use efficieny of
different plants (Hou et al. 2007; Ehleringer & Dawson 1992; Seibt et al. 2008). These survival
mechanisms has often been associated to semi-arid and arid regions in Africa, specifically West
Africa (Tieszen et al., 1997). Water loss and Stomatal closure under arid conditions leads to
513C isotope enrichment in plant wax lipids, whereas increased moisture and reduced water use
efficiency leads to depleted §*3C values (Leaney et al. 1985; Vogts et al., 2016). Therefore, it
can be proposed that precipitation is an driver of plant isotope composition (Dansgaard, 1964;

Herrmann et al., 2017; Niedermeyer et al., 2016; Feakins and Sessions, 2010).

The fractionation of leaf wax 8*3C values for Cs plants ranges from -29 %o to -39 %o based on
the Vienna Pee Dee Belemntite Standard (VPDB) (Vogts et al., 2009). When §'3C isotope
compositions display values within this range, it is likely associated with cooler and more
humid conditions (Diefendorf et al., 2010; Castaneda et al. 2011). C4 plants however, are §°C
enriched and range from -14 %o to -26 %0 VPDB (Dupont et al., 2013; Vogts et al., 2009).
CAM plants have been found to fall between the Cs and Ca isotope ranges (Dupont et al., 2013).
Most higher plants maximise at the nC29 and nCs1 n-alkane homologue. A study by Castenada
etal., (2011) found that the average §*C for nC29 homologue for C3z vegetation to be -34.7 %o
and for Ca4 vegetation of -21.7 %o. Similar results were found by Schefuf} et al., (2005) in marine
sediment core extracted from the Congo river showed &*3C values of C3 plants range from -32
%o to -34.6 %o, and 8*3C for Cs values averaged at -20 %o. Vogts et al., (2012) conducted a
study on elucidating the isotope characteristics of modern Atlantic Ocean sediments to
determine the contribution of C3 and Cs plants into adjacent marine sediments. They also
investigated whether Cs4 plant types can be correlated to climate conditions (aridity and
precipitation). Vogts et al., (2012) found that the most negative §**C values were found at the
river mouth due to more Cs vegetation at the mouth or the presence of forest canopy. Rivers

tend to transport more negative signal when near a forest Vogts et al., (2012).

Stable Hydrogen (6D) lostopes
The stable hydrogen (6D) isotope composition of plant waxes can be directly linked to

hydrological and precipitation changes in the prevailing environment and climate. The
epicuticular wax layer covering higher plant records changes in the isotopic composition of
rainfall (Sachse et al., 2012) (Figure 2.2). Hydrogen atoms enter plant tissue during

photosynthesis, and since the water contained within the plant is controlled by soil water, which
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is in turn controlled by precipitation, 6D of plant tissues can be used as a proxy for determing
hydrological dynamics (Sachse et al., 2012). 6D enrichment can infer warming and cooling on
a temporal and spatial scale. Schefuss et al., (2011) demonstrated that 6D can be used to
determine changes in dry and wet periods in South Africa. For example, 6D of n-alkane plant
wax will show enrichment in areas or periods of aridity and depleted rainfall, whereas 6D
depletion will occur in areas and periods of cooling and increased rainfall (Schefuss et al.,
2005).

Hydrogen deuterium (6D) fluctuations are also controlled by larger processes such as: ice
effect, continental effect, temperature effect, the amount effect and altitude effects (Figure 2.2).
It has been found that in subtropical and tropical areas, the hydrogen isotopic composition of
precipitation (5D) reflects precipitation amount (amount effect) (Dansgaard, 1964). Similarly,
Collinsetal., (2013) found that plant wax hydrogen composition is driven by the amount effect,
wherein depleted (lower) 8D values indicate increased rainfall and reduced evaporation of rain
drops, and enriched (higher) 6D values indicate reduced rainfall. The amount effect is active
on both spatial and temporal scale, for example, depleted 6D values have been reported during
the summer (wet) months in South Africa, and enriched values occurred during the winter (dry)
months (Collins et al., 2013). Areas of high rainfall within a given environment, experience
different amounts of precipitation year round. Therefore, gradients of 8D enrichment and
depletion can be found on a smaller scale between different rivers and catchments within a
water system (Hahn et al., 2018). The altitude and continental effect have also been shown to
influence local 8D amount. Both effects are based on the premise of the heavier isotope rainout
rainout during the movement of moisture inland from the ocean and with increasing elevation
(Hahn et al., 2018).

The issueo f stable hydrogen isotope provenance
Hydrogen isotope (6D) of plant lipid waxes recorded sediment archives are good indicators of

catchment precipitation and hydrology (Dupont et al., 2013). Changes in &D isotope
compositions are driven by changes in precipitation intensity, humidity and aridity (Sachse et
al., 2012) (Figure 2.2). Higher terrestrial plant matter tissue record changes in the isotopic
composition of water sources such as precipitation. Terrestiral plant tissue is stored and
therefore can be used as an indicator for continental precipitation and hydrological processes
(Flanagan and Ehleringer, 1991; Sachse et al., 2012; Dupont et al., 2013).
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Figure 2.2: A schematic diagram showing the fraction of hydrogen (dueterium 6D) and

depletion with increasing distance inland (continental effect), elevation (altitude effect), and
rainfall (rainfall effect) (Bruckner, n.d.: available on:

https://serc.carleton.edu/microbelife/research methods/environ sampling/stableisotopes.html

which result in either subsequent enrichment or depletion of the 6D isotope composition of
precipitation. These processes have been defined by Dansgaard (1964) and Gat (1996) are

listed below.

1) Changes in precipitation intensity (amount effect) wherein elevated rainfall amount and
intensity leads to decreasing 6D values, and reduced rainfall amount and intensity leads
to increasing oD values (Neidermeyer et al., 2016; Sachse et al., 2012);

2) When D of precipitation becomes more depleted as the system moves from the ocean
inland, this is called the continental effect (Niedermeyer et al., 2016);

3) Variations in altitude in the area of rainout (altitude effect). This occurs when 6D

becomes depleted with increasing rainout and increasing altitude.
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4) An additional effect is that the 6D isotope value is affected by the plant type and
environmental conditions such as:

a. The carbon fixation pathway (Cs, C4, CAM) and plant type. For example,
different plant types have been found to fractionate 8D at different rates
(Diefendorf and Freimuth, 2017; Diefendorf et al., 2010)

b. Aridity, wherein increasingly arid conditions result in more enriched §*C
values as there is higher fractionation of the heavy isotopes (Feakins and
Sessions, 2010).

c. Evapotranspiration, wherein higher evapotranspiration rates results in 3D

enrichment (Feakins and Sessions, 2010; Ziegler et al., 1976).

2.2.3.3 Limitations of n-alkane analyses
Limitations to n-alkane analyses have been outlined by various authors, including n-alkane

plant wax overrepresentation and underrepresentation, the transport dynamics of n-alkane
material downstream, sampling resolutions, and contemporary anthropogenic issues (Dupont
et al., 2013; Collins et al., 2013; Hahn et al., 2018).

n-Alkane distributions
Although n-alkanes are widely distributed within environments and accurately represent large

vegetation groups and conditions, n-alkane production and distributions are highly variable
within and between plant types. Distinctions between woody plants, shrubs and grasses are not
as effective when based on n-alkane distributions and alone (Bush and Mclnerney, 2013).
Utilising nC27, nC29 and nC29 chain lengths to separate grasses from woody plants is difficult
as all three chain lengths are produced in significant amounts (Bush and Mclinerney, 2013).
However, in South Africa studies have found that the nCs3 and nCss chain lengths distinguish
grasses from some woody trees and shrubs sufficiently. Thus, utilising chain length as a proxy
of vegetation composition, is sufficient for South African climates and environments (Bush
and Mclnernery, 2013).

An important consideration to note when utilising this method is that n-alkane distribution and
abundance may be reflecting the local environment rather than plant type. Sediment n-alkanes
can also originate from both terrestrial and aquatic sources, which can make interpretation
difficult. One way to overcome multiple source region complexities is to correct for vegetation
types by investigating the specific n-alkane distribution and abundances of specific vegetation
types (Neumann et al., 2011). Various studies have shown that n-alkane distributions from

sedimentary organic matter are not indicators of specific plant species, however, are good

26



proxies for general environmental and vegetation compositions such as transitions between Cs,
Cs and CAM plant types (Collins et al., 2013; Neumann et al., 2011).

Another important consideration when investigative n-alkane distribution in sediment records
iIs the issue of representivity. Plant wax n-alkane concentrations are highest during the growing
season. Therefore implying that n-alkanes isotopic composition will change throughout the
growing season (Sachse et al., 2012), which could complicate interpretations. Therefore it is
important to consider external environmental factors other than plant type such as: wind,
temperatures and aridity. Within specific plant types such as arboreal taxa, leaf physiologic
varies from shaded canopies to sun exposed positions on branches which can result in different
isotopic n-alkane compositions on a single tree. These are important considerations for the
interpretation of n-alkane distributions and isotope studies as this implies that n-alkane values

do not simply reflect plant functional types, but also environmental pressures.

Sample resolution
It is likely that due to the diversity of terrestrial systems and processes within the site, and the

spatial extent of the study site, accurately determining the spatial and temporal dynamics of
sediment organic matter, will be complicated. To capture the full spatial extent of the signals
within the catchment and their transport routes, origin and dynamics, Suspended Particulate
Matter (SPM), River Bed Sediment (RBS) and Deposited Puddle Sediment (DPS) samples
were extracted from each major tributary of the Mzimvubu Catchment as well as the river
mouth. SPM refers to the particulate matter transpoted in the upper fast flowing channel of
water (30 cm below the water surface). RBS refers to a grab sample of sediment collected from
the river bed, and DPS refers to a previous flood deposit of sediment that has dried along the
flood plain or river bank. The river mouth is assumed to represent the culmination of all signals
transported within and throughout the catchment. Hahn et al., (2018) showed that the SPM is
able to capture the hydrologic, sediment and vegetation dynamics within a river. However, it
was later found that a limitation to this approach is that SPM samples will only reflect
conditions at a given moment in time. Therefore to capture seasonal variability of catchment
vegetation and hydrology, RBS samples are extracted from the associated river bed sediment.
RBS samples have been shown to represent a fluvial signal integrated over longer period of
time (Hahn et al., 2018). Another issue arising from utilising RBS samples is that these samples
represent local conditions in a limited part of the catchment. Thus RBS and SPM samples

should be extracted at the same locations to reduce temporal and spatial resolution issues, and
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also to correlate RBS and SPM signal compositions to match the signal transport routes and
origin.
Contemporary anthropogenic issues

In light of accelerating anthropogenic pressures and drivers, it is important to consider the
effect these pressures will have on existing natural environments and ecosystems and
ultimately sample comparability (Hahn et al., 2018). Anthropogenic land use changes and
impoundments such as water impoundments (dams and weirs), irrigation, farming and
development can have significant effects on these signals transported within rivers. The
Mzimvubu River is one of the largest last free flowing rivers in South Africa as it is not
impounded by larger dams. However, even the presence of small farm dams, extensive
irrigation schemes, and weirs can affect the transport and movement of vegetation,
hydrological and sediment signals within the catchment. It is important to consider the effect
that a weir may have on the transport of signals downstream. The weir is located just below the
confluence of the major tributaries, which could complicate proxy signal transport pathways
and deposition sites, as a weir could potentially trap sediment during periods of low rainfall

and low flow velocity.

Due to the nature of the agricultural activities and land uses in the Mzimvubu Catchment, it is
likely that these practices have altered catchment hydrology and vegetation over time. For
example, irrigation practices often rely on redirecting water onto land and thus can affect the
hydrogen isotope composition of plant wax n-alkanes. Furthermore, natural grassland,
woodland and thicket has been replaced with agricultural croplands (maize) and Pine
plantations, which can affect leaf n-alkane wax carbon isotope signals and pollen
concentrations and compositions in sediments. It is also important to consider the presence of
major towns and industrial development as these are often sites of increased pollution, land use
change and vegetation removal. For example, studies have shown that coastal areas are often
sites of elevated pollution (Hahn et al., 2018; Vetrimurugen et al., 2016). The various sources
of two of the major tributaries (upper Mzimvubu River and Mzintlava River) as well as the
river mouth are located in or near major towns. The river mouth, located at Port St Johns, is
situated in a high tourism area where land use transformation and environmental pressures are
high.
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2.2.3.4 Methodological considerations of n-alkane analyses
Sampling in the field
Leaf wax n-alkanes are extracted from modern plant tissue in lacustrine and marine sediments.

It is important to ensure that sampling of these sediments are performed using clean equipment.
Contamination from petroleum oils would negatively affect the overall n-alkane signature
(Ardenghi et al., 2017). To avoid contamination of lipids, skin contact with the sediment
samples must be avoided during the procedural analysis (Vogts et al., 2009). It is strongly
recommended that equipment is cleaned with n-hexane and dichloromethane (Vogts et al.,
2009).

Laboratory
There are many studies that describe the various methods for effective n-alkane extraction from

plant leaf waxes, however, a standardised method has not yet be devised (Doan et al., 2019).
The method employed will differ depending on the ultimate use of the n-alkane data.
Regardless of the method being utilised, it is important to ensure that all laboratory equipment
and glassware is cleaned with n-hexane and dichloromethane before use (Vogts et al., 2009).
The most commonly utilised method is to run sediment samples through Accelerated Solvent
Extraction (ASE), followed by chemical processes which extricate the long chain n-alkane wax
lipid from each sample. This method has been standardised for marine sediment plant wax lipid
biomarker extraction, a standardised method for fluvial lacustrine sediment biomarker
extraction has not been established (Vogts et al., 2009). These methods include saponification
(which breaks down plant wax ester bonds), separating the neutral lipid fraction, removal of
the unsaturated components of the n-alkane fractions and methylation of the humic acid plant
wax fractions. Thereafter, samples are prepared for Gas Chromatography (GC) analysis, which
determined plant wax biomarkers by comparison to standard reference mixtures One common
issue for plant lipid extraction is to reduce unwanted polar compounds from samples, that is, if
the polar fraction is not needed. Polar compounds can affect the overall signal of n-alkane
distributions. Subsampling can also produce biases pertaining to the n-alkane concentrations,

distribution and isotopic compositions due to variability in plant type.

n-Alkane interpretative indices
In addition to utilising individual n-alkane abundances and ratios, there are several other

indices that can be used for characterising n-alkane distributions. The most commonly used
indices are Average Change Length (ACL), Carbon Preference Index (CPI) and norm31 (see
Methods Chapter 3, section 3.3, page 50). These n-alkane indices are used to determine organic

matter provenance in fluvial and marine sediments (Bliednter et al., 2018; Bush and
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Mclnerney, 2013; Wang et al., 2015; Sojinu and Shittu, 2018). For the purpose of this study,

CPI and norm31 were utilised.

Norm31 is suitable for determining the general environmental and climatic conditions and
vegetation types within a site. Norm31 ratio is used to show the difference in n-alkane chain
length patterns (Haggi et al., 2016). For example, lower ratios <0.5 are characteristic sites
dominated by trees and shrubs in cooler climates, and higher ratios >0.5 are typical of grassland
and herb dominated sites in waterm climates (Chevalier et al., 2015). CPI on the other hand
shows which odd numbered n-alkanes dominate over the even carbon chain lengths (Sojinu
and Shittu, 2018). For example, CPI values >3 are used to represent terrestrial higher plant
sources, whereas CPI <1 are indications of petrogenic and petroleum sources. CPI is thus also
applied to determine the quality of soil organic matter and the contribution of additional
sources, such as petrogenic sources to the overall organic matter signal (Eglington and
Hamilton, 1967).

2.2.4 Inorganic geochemistry (XRF)

2.2.4.1 Background information
The specific elemental compositions (Fe, K, Al, Si and Ti) of this terrigenous material have

been correlated to various climate and hydrological changes and can be used to reconstruct
source regions and ultimately climate conditions of the terrestrial inputs (Clift et al., 2014; Liu
et al., 2017; Calvert and Pedersen, 2007). Organic proxy provenance extracted from fluvial
sediments (Haggi et al., 2016; Hahn et al., 2018), and marine sediments (Schefuss et al., 2011;
Zhao et al., 2017, Collins et al., 2013) can be achieved through establishing the characteristics
and ultimately source region of the sediment its stored within. Sediment provenance is based
on the assumption that unless sediment source material has been disaggregated due to
mechanical processes, it is likely that the eroded material either fluvial or wind transported to
the ocean, reflects the parent rock and region from which it came (Nesbitt and Young, 1996).
Inorganic matter interpretations are based on some core principles which drive and guide the

investigation approach, these principles are discussed below.

Particle grain size distribution is an accurate representation of the energy required to move
particle grains, as well as being an important factor in controlling erorsion in water bodies,
surface and atmospheric transport (Switzer, 2013). Particle grain size distribution is strongly
related to various land use practices, especially agriculture. However, particle size distribution
also represents morphological characteristics of the physical process of landform development
(Switzer, 2013; Deng et al., 2017). Therefore, it is difficult to identify accurately the source of
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sediment particles in a system. XRF anlaysis enables the identification of specific elements
which can be linked to different land use activities as well as geomorphogical processes. XRF
analyses can aid the differentiation between natural and anthropogenic (in this case
agricultural) land use practices. These impacts are discussed further in the subsequent sections

below.

Inorganic geochemistry biomarkers such as element compositions can be preserved in
lacustrine and marine sediments (Govin et al., 2012). If the sources of the sediment and
inorganic compound can be determined, the source region of the orgnic matter can also be
determined (de Souza et al., 2017; Chevalier et al., 2015). These sediment organic compounds
can elucidate information about sediment delivery, deposition patterns and transport pathways
within a fluvial systems on both spatial and temporal scales (Shi et al., 2001). The provenance
of sediment inorganic material is likely to be specific, due to the wide variability of vegetation
cover, topography, hydrology and sedimentology (Herrmann et al., 2006). Modern sediment
organic matter and its transport dynamics, deposition and source regions can be used to
interpret marine sediment cores in palaeoclimatological studies. Two additional important
factors to consider in these interpretations are, firstly, that different sediment proxies may have
different source regions and transport routes, which are ultimately determined by sediment and
hydrologic processes (Govin et al., 2012). Secondly, that the downstream transport of sediment
organic matter could be affected by temporary deposition and storages areas (Haggi et al.,
2016), riverine sediment transport (Hahn et al., 2018) and individual catchment sediment
dynamics (Herrmann et al., 2016, Zhao et al., 2015).

2.2.4.2 Applications of XRF
Various approaches have been applied to marine and fluvial sediments, to reconstruct sediment

provenance dyamics (Peterson et al., 2000; Huang et al., 2001; Zabel et al., 2001). Some of
these approaches included, grain size analysis, reflective, magnetic techniques, and the
distribution of clay versus sand minerals (Govin et al., 2012). A more common and recent
method is the use of X-Ray Fluorescence (XRF) which utilises major element compositions of
lacustrine and marine sediment to trace terrigenous input by measuring the intensities and
concentrations of major elements of surface and core sediments. This method works under the
premise that, element conentrations can be traced to their places of origin. For example, the use
of aluminium (Al), iron (Fe), titanium (Ti), potassium (K), and silicon (Si) can indicate certain
characteristics of the terrigenous sediment input. However, despite the robust application of

single terrigenous elements, elemental ratios have become a more comprehensive method for
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determining inorganic matter input, transport routes and provenance within a large scale system
with a variety of interacting environmental, climatological and hydrological factors (de Souza
et al., 2017; Govin et al., 2012; Lopez et al., 2006; Weltje and Tjallingii, 2008; Liu et al.,
2017).

Among some existing ratios are the three most commonly used iron and potassium (Fe/K),
titanium and aluminium (Ti/Al) and aluminium and silicon (Al/Si). Element ratio
concentrations are indicators of fluvial discharge and climate conditions, sea-level changes and
grain size (Meyer et al., 2011; Bouchez et al., 2011), weathering, and provenance (Garzantini
et al., 2014). Elemental ratios can elicit important environmental systems and interactions
compared to single element compositions (Govin et al., 2012). For example, coarse grained
sediment fractions show an enrichment in Ti, compared to finer clay particles which are
associacted with a high concentration of Al (Chen et al., 2013; Lopez et al., 2006). Therefore
the elemental ratio Ti/Al can be used as an indicator of grain size, whichc an ultimately be used

to determine Aeolian versus fluvial fluctutations (Zabel et al., 1999; Govin et al., 2012).

Furthermore, in tropical and subtropical regions, it was found that high precipitation amounts
promote the chemical and mechanical weathering of bedrock. The presence of highly
weathered soils from humid areas within elevated precipitation is indicated by an enriched Fe
signal. K on the other hand is usually associated with dry areas with reduced precipitation
(Govin et al., 2012). Therefore Fe/K can represent fluvial versus aeoilian sediment input.
Lastly, Si in sediment is usually derived from clay minerals such as quartz (Govin et al., 2012).
Al is commonly associated with fine grained clay particles when they enter into natural rivers
and streams via intensive chemical weathering. Therefore, Al/Si can be used as a proxy for

grain size and chemical weathering intensity.

2.2.4.3. Using XRF as sediment organic matter tracers
Elemental information obtained from terrestrial and marine sediments have been used to

reconstruct source regions and ultimately climate conditions of the terrestrial inputs (Clift et
al., 2014). A study by Bramlette and Bradley (1940) found that the mineralogy and lithology
of ocean sediments could represent the series of glacial-interglacial deposits on the ocean floor.
This research helped shape the foundation of current geochemistry related research of marine
sediment deposits, and how geochemistry can be used to study the marine system (Calvert and
Pedersen, 2007). Around the 1950s, Goldberg and Arhenius (1958) discovered that elemental
variability, distribution, depletion and enrichments in marine sediments can aid the

interpretation of sedimentary records. The element composition of sediment represents a
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mixture of organic and inorganic components from various sources (Calvert and Pedersen,
2007). Marine element data has been used to elucidate information about the adjacent
continent, and whether sediments originated during times of arid, humid or ice covered periods,
by identifying specific organic and inorganic components that have been transported to marine
sediments by rivers, aeoilan processes (Calvert and Pedersen, 2007). Provenance studies using
elemental data have a long history, however, much progress has been made in utilising element

data from sediments to identify component source regions (Nesbitt and Young, 1982, 1996).

The main mechanisms for element compositions transport into ocean sediments are fluvial and
aeolian processes (Milliman and Meade, 1983). It is important to consider these mechanisms
as environmental factors such as aridity, wind direction and strength affect aeolian input (Rea,
1994), and sea level changes and continental precipitation dynamics (Milliman and Meade,
1983) affect the fluvial pathway of sediments (Govin et al., 2012). Elemental composition of
terrestrial and marine sediments provides information on source areas, sediment transport,
climate, ocean currents, organic matter fractions and depositional re-working (Calvert and
Pedersen, 2007). Recent approaches have focussed on identifying major element composition
of different type of sediments to establish sediment provenance and subsequent deposition in
marine sediments (Huang et al., 2001; Zabel et al., 2001). X-Ray Fluorescence (XRF) scanners
has enhanced the use of element based proxy research in reconstruction terrestrial
palaeoenvironments and palaeoclimates (Govin et al., 2012). This approach been utilised in
organic matter provenance studies, wherein element compositions in sediment aid in the

identification of organic matter source regions (Galy et al., 2011).

XRF works by identifying the concentration of individual element compositions in terrigenous
sediments which can indicate various environmental, sedimentological and climate conditions.
For example specific element compositions such as iron (Fe), aluminium (Al), potassium (K)
and titanium (Ti) have been used to represent the aeolian or fluvial input of terrigenous material
in lacustrine and marine sediments (Goldberg and Arrhenius, 1958; Jansen et al., 1998; Chen
etal., 2010) from different source regions (Peterson et al., 2000). It was also found that absolute
single elements concentrations were influenced by changes in grain size, mixing during
transport, different source areas and different chemical weathering rates from different source
areas (Govin et al., 2012) which resulted in ambiguous element fluxes and affect single
interpretations (Lopez et al., 2006; Liu et al., 2017).
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Therefore, elemental ratios have been suggested as a more effective approach for analysing
elemental signals in sediment as they are resistant to dilution effects (Weltje and Tjallingii,
2008; Liu et al., 2017). Element ratio concentrations are not only indicators of fluvial discharge
and climate conditions, but also of sea-level changes, grain size (Meyer et al., 2011; Bouchez
et al., 2011); weathering, provenance and other source to sink processes (Garzantini et al.,
2014). For example Al/Si can indicate degrees of chemical weathering and grain size (Govin
etal., 2012). High values of Al/Si or Si/Al have been found to indicate the deposition of coarse
grained sediment particles, which could ultimately indicate an input of aeolian transport, and
reduced values indicate the input of finer grained particles (Lopez et al., 2006). It has also been
shown that Al/Si values increase in humid and tropical areas and decrease in drier areas
(Biscaye, 1965; Driessen et al., 2001).

The Ti/Al can represent grain size characteristics of sediments, which is based on the fact that
coarser grained sediments are Ti enriched, whereas Al is associated with fine grained particles
(Govin et al., 2012). When Ti/AL ratios increase, it is associated with an increasing coarser
grain sizes and decreasing Ti/AL ratio indicates finer particle grain sizes (Nesbitt and
Markovics, 1997; Govin et al., 2012). Ti/Al ratio values can also change due to variations in
sediment source regions and the effects of aeolian transport mechanisms. The Fe/K ratio shows
a negative correlation to grain size as with Ti/Al, which infers that Ti/Al and Fe/K ratios are
relatively good reflections of the input of terrigenous material in sediments (Lopez et al., 2006).
In tropical and subtropical regions, high precipitation amounts promote weathering of bedrock
resulting in high Fe concentrations being transported to rivers (Middleburg et al., 1988). On
the other and, K (potassium) is characteristic of dry areas and low chemical weathering (Zabel
et al., 2001). Therefore Fe/K can be used as a proxy for eoilan versus fluvial input of sediment

fractions into ocean sediment archives.

2.2.4.4 Limitations of XRF analyses
The characteristic and composition of organic matter stored in sediment is directly related to

its source origin (de Souza, 2017). Various studies promote the idea of utilising geochemical
markers preserved in the sediment as a method for elucidating these places of origin. However,
there are various limitations associated with this approach that have be outlined by various
authors (Hahn et al., 2018; Lopez et al., 2006; Waterson and Canuel, 2008). Issues of singular
versus multiproxy approaches, single compound versus elemental ratios, source region

variability, and riverine effects on these biomarkers will be discussed.
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A wide variety of research has focussed on a single pathway of organic matter and geochemical
biomarkers rather than multiple pathways. The reason for this is due to complexities in
quantifying a diverse range of source regions (Xu et al., 2016). However, a limitation of this
approach is that the data cannot be verified with other proxy data. One way to overcome this
issues is to employ a multiproxy approach in provenance based research, wherein multiple
proxies are analysed and interpreted simultaneously (Hahn et al., 2018). It is recommended
that the most suited proxies are established first, and that a multiproxy approach, wherein §**C,
oD, n-alkane distribution (CPI, norm31) and elemental compositions are analysed, will be able
to achieve the aim of investigating sediment, hydrologic and vegetation provenance within a

confined fluvial system.

The use of single element concentrations for geochemical provenance research have been
found to be limiting in their application and interpretation, as element compositions are often
highly variable in their concentrations and can often lead to ambiguous interpretations and
correlations (Lopez et al., 2006). One way of overcoming this issue is to utilise element ratios,
which have become the preferred method for determining organic matter provenance in defined
environments. Elemental ratios are good indicators of environmental systems and processes
such as sediment provenance, transport and deposition. A limitation of utilising element ratios
though, is that they can be poor indicators of climatic conditions, however this can be overcome
by utilising a multiproxy approach wherein proxy data can be correlated against other proxy
data.. This is because factors controlling organic matter preservation and distribution in riverine

environments are poorly understood (Waterson and Canual, 2008).

Another issue pertaining to geochemical sediment analysis is that sediment budgets are often
difficult to establish due to variations in delivery rates and anthropogenic pressures (Waterson
and Canuel, 2008). The transport processes of sediment in rivers are complex and interact with
a variety of different factors and processes. This can often lead to the possibility of
underrepresentation and overrepresentation of various proxies which can complicate
interpretations. A possible way to overcome this issue, it is important to establish, as best as
possible, the variety of riverine fluxes and processes that control and drive sedimentation
processes. Since this approach and goal is difficult to achieve, it is often emitted from
provenance based research despite the fact that it can contribute greatly to verifying and

enhancing the geochemical data.
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2.2.4.5 Methodological considerations for XRF analyses

Sampling and sample preparation
XRF analysis is one of the most commonly utilised methods due its non-destructive and multi-

elemental character and speed (IAEA, 1997). XRF can be applied to both lacustrine and marine
sediment samples. Sediment samples are often heterogeneous in nature due to varying
structural types and different compositions at different depths and locations. Therefore, sample
homogenisation is essential before XRF analysis (IAEA, 1997). Homogenisation can be
achieved through removing vegetation and debris and manually homogenising or utilising a
ball mill to ensure samples are effectively ground into the relevant sample portions (4 g) (IAEA,

1997). Sample heterogeneities could comprise the final element competitions signal.

Laboratory considerations
It is important to consider that XRF is not an air-tight analyses, although having many

advantages it is limited by certain factors. These factors include: radiation exposure for the
XRF scanner user as well as the inability to measure radiation from each of the elements in the
sample. Thus, ensuring that the XRF scanner is not disrupted or opened whilst running the
specified samples, is essential. XRF scanners are fitted with lock front and back doors as well
as dosimeter badges that can detect potential radiation leaks. The XRF scanner should be
frequency calibrated to industry-standard reference material. Ensuring that accuracy is

maintained for repeated uses and scanning cycles.

2.3 MODERN CALIBRATION CASE STUDIES FROM SOUTHERN AFRICA

2.3.1 Introduction
It is important to understand the interplay between different drivers of climatic and

environmental change on a global and regional scale. However, due to the scarcity of suitable
sites in southern Africa, wherein continuous marine and lacustrine sediment cores can be
extracted, little is known about local climate-vegetation relationships (Zhao et al., 2015;
Neumann et al., 2011). Historically, palaeoresearch focussed on changing environmental and
climatic conditions in specific sites, few studies exist on catchment-integrated signals in
southern Africa (Ponton et al., 2014). One such method to synthesise this relationship is a
provenance approach, wherein modern analogues of systems are developed for comparison to
fossil records (Tabares et al., 2018). Various studies which have investigated provenance in
modern rivers and catchments have shown that determining the origin of the signal source to

be complex task due to the overprinting and underprinting of signals during transport (Bouchez
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et al., 2014; Galy et al., 2011), and the preferential loss of certain proxies over others.
Conversely, other studies have found the provenance approach combined with multiproxy
analyses able to capture complex environmental and climate interactions over large
geographical regions (Ponton et al., 2014). This section will provide a review of provenance
studies that have utilised modern sediment samples and recent marine sediment deposits as the
basis for source-region determination and environmental, vegetation and climate
interpretations. This section will review the current body of literature on modern provenance
studies, current research gaps and how southern Africa has serves as a suitable and unsuitable

study site.

2.3.2 Existing modern provenance studies in southern Africa
Provenance based research in southern Africa aims to synthesise the relationship between

climate, sedimentology and vegetation in ecosystems (Carr et al., 2014; de Villiers and
Cadman, 1997). However, this relationship is nonlinear and confounded by the interplay of
different complex variables. Original provenance based research in southern Africa sought to
identify and describe individual proxy data in relatively confined areas over small spatial
extents. Historical research either focussed on inorganic geochemical markers or organic
geochemical markers, but rarely both simultaneously (Lim et al. (2016). This could be due to
various analytical limitations that confined researcher at the pioneering stages of these methods
and techniques, and the inability to accurately quantify such complex processes over large

geographical areas.

For example, a study by Mooney et al., (1972) analysed the 5'C isotope composition ratios of
CAM succulent plants in the Western Cape and compared these results with plat forms,
distribution and climate. The study aimed to synthesise the relationship between climate
regimes and plant distribution patterns. However, since southern African is climatically diverse
in that temperatures and rainfall are either evenly distributed annually or concentrated in the
summer (SRZ) or winter (WRZ) months (Tyson and Preston-Whyte, 2000), vegetation
compositions and the environmental variables that affect them are highly complex and diverse
(Mucina and Rutherford, 2006). The study found that analysing a single proxy can be limiting
in terms of providing comprehensive information about these vegetation, environmental and
climatic interactions. Similarly, a study by Rundel et al., (1999) analysed the §*3C composition
of vascular plants and sediment dynamics in northern Namaqualand to test the relationship
between water use efficiency and §!3C. They found that other environmental and physiological

factors affected isotope concentration within and between plant types. They were ,however,
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able to compare an additional proxy such as sediment composition and provenance with
terrigenous organic matter, and found that this multiproxy comparison provided a unique

perspective on provenance interpretations (Rundel et al., 1999).

Thereafter, provenance based research in Africa started to consider a more comprehensive
approach. For example, Huang et al., (2000) showed a more diverse method of analysing
aeolian dust sediment organic matter samples from North West Africa and marine sediment
samples off the coast of northwestern Africa. Since aeolian and fluvial transport mechanisms
have been established through marine sediment analysis, and aeolian dust samples contain high
terrigenous components (Collister et al., 1994), Huang et al., (2000) attempted to apply the
same principle to terrestrial dust samples. They mapped §'3C values of n-alkane nCoo
homologue from dust sample and compared these with marine sediment core samples in the
east Atlantic which provided information about Cs and Cas contributions and vegetation
dynamics. They found that climate variability affects plant isotope compositions alongside
plant physiology, particularly CO2 and temperature and aridity also affect distribution of Cs
and Ca4. From the terrestrial/marine comparison, they were able to confirm the vegetation-
climate relationship. Datasets and maps such as these provided by Huang et al., (2000),
provided researches in southern Africa with key geographical data for palaeoreconstruction

investigations and interpretations.

Once it was shown that a vegetation-climate relationship could be confirmed through sediment
organic matter provenance and multiproxy comparisons, provenance studies stared to integrate
organic and inorganic proxy analyses simultaneously. Kiage and Liu (2006) found that pollen
analysis combined with inorganic compound analysis of sediments provided informative and
comprehensive information about climate and vegetation. Pollen records provided detailed
information on vegetation dynamics, transitions and compositions and inorganic compound
analysis stabled sedimentological patterns within east Africa. Kiage and Liu (2006) confirmed
a previous statement by Boyd and Hall (1998), in that multiproxy approaches are essential for
accurately interpreting palaeoenvironmental data. For example, Boyd and Hall (1998) found
that some environmental, taphonomic and preservation processes can hinder proxy transport
and deposition and preservation. Periodic drought conditions could compromise the
preservation of biological proxies (pollen, n-alkane), however, inorganic geochemical
information such as 830, §!3C and organic carbon can still be established through inorganic

compound analysis (Tierney et al., 2010; Schwab et al., 2015).
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Almost a decade later, provenance research in southern Africa has become widely utilised as
researchers rely on input from various different proxies and proxy analyses to inform both
modern and palaeointerpretations. However, also around this time certain questions started to
arise pertaining to the effect plant physiological factors played in determining isotope
compositions in plant matter. These effects were seen has being more significant than
previously thought (Dupont et al., 2013: Sachse et al., 2012). Boom et al., (2014) analysed the
513C isotope composition and contribution of CAM and Ca plants in the Succulent Karoo to
sediment records, and they were able to establish the effects that plant physiology have on
isotope composition, however they also found that §!3C was not an accurate tool for
determining CAM and Cs plant distributions due to variable effects of different plant
physiologies. A more comprehensive analysis of organic matter provenance and contribution
to marine sediments was performed by Garzantini et al., (2014). They were able to present an
original dataset on sediment grain size alongside other geochemical (element composition) and
isotope characteristics, as well as the various factors controlling sediment composition,
weathering and mixing during transport. The integration of inorganic geochemical and
sediment size analysis enabled the origin of different rock types and sediment sources to be
traced. The element compositions (Sr, K, Mg and Rb) enabled researches to establish areas of

weathering and erosion within the catchmet.

Similarly, Schwab et al., (2015) sought to analyse the isotope composition of specific alkane
homologues (nCz9 and nCsz) in topsoil samples from different sites with different climate and
vegetation gradients in western central Africa. Schwab et al., (2015) confirmed that Cs and C4
and their specific 313C isotope compositions are affected by temperature and aridity. They
confirmed with previous studies that carbon isotope analysis of surface sediments represents
Cs and Ca4 vegetation patterns and contributions, wherein nC29 and nCsi n-alkanes appeared to
dominate environments characterised by a mix of savanna and grassland vegetation shown
through 513C depletion in Cs plants (trees and shrubs) and enrichment in Ca plants (Cs grasses)
(Vogts et al., 2009, 2012). In addition to specific n-alkane isotope analysis, they analysed the
hydrogen (6D) of sediment n-alkanes (nC29 and nCs1), and found that 6D accurately represents
precipitation amount and intensity (Feakins and Sessions, 2010; Diefendorf and Freimuth,
2017). In conclusion, they confirmed with previous studies that plant source water and

seasonality are drivers of vegetation change (Schouten et al., 2007).

Similarly Zhao et al., (2015); Hemingway et al., (2016) and Herrmann et al., (2016) were able

to successfully reconstruct vegetation compositions, and that vegetation is largely driven by
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precipitation and climate. For example, arid regions consistently maximised at the nC29 and
nCs1 homologues (Niedermeyer et al 2016) and nCz9 represents savanna and shrubland and Cs
vegetation and nCsz and higher represents grassland (Vogts et al., 2009; Chevalier et al., 2015).
These studies consistently reported §!3C values which correlate to previous studies in that nCzg
and nCs1 8'3C values average at -26.7 %o and -28.7 %o (Schwab et al., 2015); -34 %o (nC29-31)
for C3 (Hemingway et al., 2016); -29.5%0 (nC29) and -31.2 %o (nCs1) (Herrmann et al., 2016);
-27 %o (nC29) (Hahn et al., 2018).

Recent provenance based studies have incorporated multiproxy datasets to cross validate and
verify environmental and vegetation data. Cross validation of proxy data is important for
southern Africa as there are few suitable sites available to test long term, high resolution records
(Carr et al., 2014). This was found in a study by Zhao et al., (2017) who investigated
dinoflagellate cysts in modern sediments of SW Africa and discovered that climate and
environed factors such as aridity and temperature were important drivers of proxy preservation
and distribution. The dynamism of the site regarding wind velocities and sporadic rainfall
events altered the proxy signal. They concluded that studying dinoflagellate cysts in isolation
led to discrepancies in the data that could not be quantified, therefore reiterating the importance
of cross validating modern proxy data from modern sediments in provenance based research
(Zhao et al., 2017). Cross validation through a multiproxy approach especially true for sites
such as southern Africa, where climate conditions are generally arid and not conducive to proxy

preservation (Herrmann et al., 2016).

2.3.3 Site suitability
Evidence of environmental change has been limited in southern Africa by the lack of suitable

sites (Huang et al., 2000). Limited recovery of palaeoclimate information from these sites is
due to: poor preservation due to arid conditions and strong seasonal rainfall and temperature
regimes, discontinuous records (Neumann et al., 2011), low temporal and spatial resolutions,
sites that are widely distributed over large areas (de Villiers and Cadman, 1997), and site which
are difficult to relate to each other stratigraphically (Zhao et al., 2015). Despite a paucity of
suitable sites and limitations of identifying suitable sites in southern Africa, surficial sediments
from fluvial and marine environments have proven to be useful archives from vegetation and
climate reconstruction studies (Tabares et al., 2018; Dupont and Behling, 2006). Various
authors (Carr et al., 2014; Herrmann et al., 2017; Zhao et al., 2017) have demonstrated that
river sediments are suitable proxies for provenance based research. Garzanti et al., (2014) and

Mooney et al., (1972) state that, although proxy vegetation is not always adequate, southern
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Africa is located in a climatically diverse region. Southern Africa also experiences pronounced
seasonality of rainfall and temperature drive by large seasonal changes in atmospheric
circulation systems such as shifts in the south westerlies, tropical easterlies and ocean

circulation currents (Zhao et al., 2017; Herrmann et al., 2017; Chase et al., 2015).

2.3.4 The research gap in provenance research for southern Africa
The Western Cape and north-western Cape have received much of the attention around

palaeoenvironmental and provenance studies. There exist very few long term climate datasets
in the Eastern Cape (de Villiers and Cadman, 1997; Tabares et al., 2018), and little is known
about the different water use strategies and photosynthetic pathways and resultant isotope
compositions of eastern cape vegetation (Rundel et al., 1999); also and information on the
mineralogy and geochemistry of sediments carried in rivers are far from complete in southern
Africa (Garzanti et al., 2014). There is a need to characterise and identify the sources of organic
and inorganic terrigenous material to interpret environmental reconstructions. Therefore to
overcome this issue, researchers suggest that a multiproxy approach, while complex, may allow

for better interpretations and reconstructions of sediments (Zhao et al., 2015).

2.4 CONCLUSION

It is clear from the synthesis presented above that, due to the paucity of suitable
palaeoclimatological for long term terrestrial records, provenance based research on modern
surface samples has much potential for southern Africa. Conflicting information regarding the
use of n-alkane distributions as representations of local vegetation and climate (Bush and
Mclnerney, 2013) can be overcome by incorporating a multiproxy approach (Daniau et al.,
2013; Boyd and Hall, 1998). Fluvial palynomorph abundance and assemblages can verify plant
wax sediment n-alkane distributions in surface sediment archives (Boom et al., 2014). The
provenance of sedimentary organic matter can be determined through stable carbon and
hydrogen analysis alongside elemental compound distributions (Poynter et al., 1989;, Galy et
al., 2011). The synthesis presented above has provided both a modern, palaecoenvironmental
and palaeoclimatological context within which to place the approach of this thesis, whilst also

simultaneously allowing for the comparison and discussion of the results that will be obtained.
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CHAPTER THREE

METHODS

3.1 SITE DESCRIPTION

The Mzimvubu Catchment is situated along the boundary of the northern Eastern Cape region,
and extends for ~200km from the Maloti-Drakensberg watershed of the Lesotho escarpment to
Port St. Johns where it flows out into the Indian Ocean. (Figure 3.1). The catchment spans 19,
852 km? and has five major tributaries such as: the iTsitsa RiverRiver, Thina River River,
Kinira River, Mzimvubu River and Mzintlava River River, which have their headwaters in the
Drakensberg Mountains (Figure 3.1). The main stem of the catchment is the Mzimvubu River
which flows over ~ 400km through deep incised river valleys from the source into the coastal
belt before it discharges into the Indian Ocean at Port St Johns. The Mzimvubu Catchment is
one of the last rivers in South Africa not impinged by major dams or water impoundments, as
well as a marine sediment core (GeoB20624-0-1) which has been extracted just off the river
mouth for palaeoecological applications, thus making it suitable for modern provenance

research.

The Mzimvubu Catchment experiences a warm temperate climate with a Mean Annual
Temperature (MAT) of 20.3 °C (Figure 3.2 a). Mean Annual Precipitation (MAP) is 1096 mm,
and since the whole catchment lies with the Summer Rainfall Zone (SRZ), most of the annual
precipitation falls during austral summer months (22 December — 20 March) (Figure 3.2 b).
There are eight recognised biomes in the catchment, however, the three major vegetation
biomes are Grassland (69%), Savanna (21%) and the Indian Ocean Coastal Belt (IOCB) (8 %)
(Mucina and Rutherford, 2006) (Figure 3.2 c). Forest thicket, bushveld and plantations occupy
small patches in each biome, and represent 2% of the total vegetation. The northern and central
plateau areas of the catchment are characterised by the Grassland biome. The plateau
transitions into Savanna vegetation in the western area of the catchment, and then eventually
to coastal valley thicket and dune forests of the IOCB at the river mouth in the south eastern
boundary of the catchment (Mucina and Rutherford, 2006; DWS, 2017).

The upper catchment Grassland is characterised by Highland sourveld Grassland, southern tall
Grassland and Dhone grassland sourveld (Acocks, 1988). Poor grazing and land use practices
are widespread in this section of the catchment (Madikizela and Dye, 2003). The growth of

trees are restricted in the upper catchment due to cooler temperatures and fires, however,

42



smaller trees and shrubs (Helichrysum and Rhus) persist along river banks (Mucina and
Rutherford, 2006). Common grasses in the Grassland biome are Themeda triandra, Eragrostis
curvula and Cymbopogon plurinodis (DWS, 2017). High altitude grasses near the Lesotho
escarpment are known as Montane Grassland and support high diversity and endemism
(Madikizela and Dye, 2003). The middle catchment Savanna is characterised by a mixture of
trees and grasses. The forest belt and thicket consist of four forest types such as: Afro montane
and mistbelt which transition into coastal scarp and Pondoland coastal forest near the estuary
(Mucina and Rutherford, 2006).

Highly erodible sedimentary rocks namely mudstone, sandstone and shale are present in the
catchment (Manjoro et al., 2016). The catchment in general forms part of the Karoo
supergroup, and is underlain by Beufort group formaions in the southeast and southwest
direction (Cloete et al., 1991). The higher altidue areas in the upper catchment comprise of
Drakensberg, Clarens, Elliot and Molteno formations. The middle catchment is underlain by
the Adelaide formations and the Ecca and Dwyka formations. Extensive Karoo dolerite
intrusions are common in the catchment, especially near Moutn Ayliff in the middle catchment.
The dolerite intrusions contribute to the generally rugged nature of the terrain of the upper
catchment, which then gradually reduced to rolling hills towards the middle catchment (Cloete
etal., 1991).

3.2 FIELD SAMPLING

3.2.1 Sample extraction

River Bed Samples (RBS) and Suspended Particulate Matter (SPM) samples were collected
from the Mzimvubu Catchment in Port St Johns by the examinee (Tarryn Frankland) with
assistance from Craing Cordier and Dylind Kleinhans, over two consecutive sampling
campaigns. The third sampling campaign and subsequent sample collection was conducted by
Craig Cordier and Dylind Kleinhans, as the examinee had travelled to the MARUM Institute
(University of Bremen, Germany) to process the samples from the first two campaigns (please

refere to Acknowledgements section).

In total, 11 sample sites were identified across the Mzimvubu Catchment capturing the five
major tributaries namely, Mzintlava River River, Mzimvubu River, Kinira River, Thina River
River and iTsitsa RiverRiver comprising the full spatial extent of the catchment. To capture

temporal sediment dynamics within the catchment, three sampling campaigns such as: the dry
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(June); intermediate (September) and wet (November) were selected according to monthly

rainfall for the region (please see appendix C for field data collection sheets 1, 2 and 3).
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Figure 3.1: Topographical site map of eleven sample sites in the Mzmimvubu catchment.
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Please see appendix E for relative humidity maps (sheet 1), maize (sheet 2) and Ackocks (1988)
Veld types (sheet 3).

Four types of samples were taken at each of the tributaries to determine the provenance
dynamics of sediment, hydrologic and vegetation signals within the catchment. At each site
Suspended Particulate Matter (SPM), River Bed Sediment (RBS), Dried Puddle Sediment
(DPS) and 45ml river water samples were collected for isotope measurements (see appendix
C). Intotal, 32 RBS, SPM and water isotope samples were collected along with 18 DPS. MZ11
for September has no RBS, SPM nor DPS sample due to an unforeseen inability to access the
site. A water isotope sample was collected downstream of the original sample site. It is
important to consider site accessibility especially to rivers, as this is not always possible as was
seen with sample site MZ11 during the intermediate sampling campaign. It was found that
sampling off a bridge directly into the water column was the most effective way of establishing
SPM budgets. Extracting grab samples of the associated RBS is an effective way to establish
local pollen assemblages (Moss et al., 2005). Consideration should be given to the fact that

SPM samples may likely represent recent pollen rain within a river, and that RBS samples are
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then likely to represent modern pollen compositions over a longer time period due to well
established deposition times (Hahn et al., 2018). SPM and RBS samples extracted along the
river course of each major tributary within the catchment, thus provide an accurate method for
determining the provenance, transport pathways and deposition processes of pollen

assemblages.

SPM samples were collected and stored in 25 L plastic jerry cans, RBS samples were collected
in 250 ml plastic containers, DPS samples in sealable plastic bags and water isotope samples
in 45ml plastic vials (plate 3.1 a, b). In addition to the 25 L SPM sample, a 5 L additional SPM
sample was collected. The RBS samples were collected using a scoop-sampling method from
water depths from 10 to 30 cm (see appendix). The RBS samples represented deposition zones
of organic and inorganic markers within. SPM samples were collected by deploying a portable
water pump off of a bridge at the centre of the river to extract 25 L of river water from two
thirds of the water column. DPS samples were taken from dried flood deposits were there was
evidence of potential past flood events. Water isotope samples were collected at each site for
5180 and §2H analysis, however, these data were excluded from the overall dataset as it did not
show a major relation to the inorganic and organic signal provenance nor did it have a strong

correlation to the other proxies.

3.3 LABORATORY TECHNIQUES
3.3.1 Pollen

Pollen subsampling
All pollen samples were processed and analysed by the examinee (Tarryn Frankland). Samples
were stored for later analysis at University of KwaZulu-Natal (UKZN) in Pietermaritzburg,
Geography department, Palaeo-lab. Pollen assemblages were originally going to be determined
using SPM material, however, due to significantly low suspended sediment fractions which
were unusable for pollen analysis, SPM sediment were not used. The SPM fractions were not
enough to perform pollen, organic and inorganic analyses. Therefore, the RBS fractions were
used as there was enough sediment for all three analyses and all proxies could be accurately
compared. A portion of 3cm? of RBS were subsampled for pollen analysis. Remaining RBS
and SPM samples were left to settle for three weeks and decanted, and were then oven dried at
40°C until dry for alkenone and XRF analysis. A total of 32 RBS samples were processed and

analysed to determine pollen taxa abundance and diversity.
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Pollen preparation procedures are based and adapted from Faegri and Iverson (1989) and

Moore et al., (1991). Pollen samples were chemically prepared using standard palynological

(a) (b)

Plate 3.1: Sample extraction of SPM sediment using a battery powered bore-hole water
sediment sampler. (a) Pilot study SPM extraction (Umkomaas), (b) SPM extraction (MZ10),
(c) SPM being decanted into 5L and 25L jerry cans (MZ11), (d) SPM sample extraction
(MZ5).



methods of Sodium hydroxide digestion, Hydrochloric acid (10%) for the elimination of
carbonates, 40% HF for the elimination of silicates and clastic material and lastly acetolysis
digestion to extricate organic detritus, which enable the concentration of pollen grains and

assemblages to be established in a given amount of sediment (Faegri and lverson, 1989).

The sediment fraction used were 3cm? of RBS and was sub-sampled volumetrically for pollen
analysis. The 3cm? method was favoured instead of the standard 1cm? due to the sandy nature
of the samples as well as being fluvial river sediment samples. This 3cm? RBS sample was
then stored in a urine vial with 10ml distilled water at 4°C for later analysis. Thereafter samples
were mounted onto glass microscope slides using Aquatex gel for counting and taxonomic
identification. An Aquatex mounting agent was used as it is best suited for mounting of samples
that have or currently contain traces of water. To avoid air bubbles and inclusions can occur
under the coverslip of the slide, the volume of the mounting medium should be carefully
considered and drying times for the slide should be observed. Despite this, the result of using
Agquatex is that an airtight specimen slide is developed which can be used for microscopy at a
later date. Since RBS samples were used for pollen analysis, it is advisable that the top 1 cm
of sediment is removed from each grab sample. This ensures that the sediment sample is then
representing the most modern material. The reason for subsampling more than the stipulated
standard (Birks and Gordon, 1985) is that river bed sediments have been reported to contain
low pollen grain counts (Davis et al., 2013). Thus a minimum pollen count of 250 and an

absolute minimum of 50 were employed for the purpose of this study.

Identification and counting of pollen grains were performed using a fixed traverse across the
pollen slide at 400X magnification. 28 Palynomorphs were identified to the Family and genus
level (Plate 3.2 a-f). The relative abundances were calculated for all palynomorphs for each
site over the three sample campaigns. Palynomorphs were then grouped into their relevant
ecological groupings, namely aquatics, fern spores, Fynbos elements, grasses, herbs and
shrubs, trees and neophytes. A minimum count of 250 and an absolute minimum count of 50
was employed. Samples below the absolute minimum count were excluded from statistical
analysis. Sample sites which consistently yielded high pollen concentrations were MZ1, MZ2,
MZ4 and MZ10 for the dry (July), intermediate (September) and wet (November) seasons.
Excluded samples due to not yielding pollen concentrations higher than the absolute minimum
count (<50) were: MZ3, MZ5 and MZ9 for the dry season, MZ6 and MZ7 for the intermediate
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season, and MZ5, MZ7, MZ8 and MZ9 for the wet season (please see appendix A for detailed

pollen preparation and processing procedures).

'35.07 pm  \
. :‘ <
- ~,‘ ‘

Plate 3.2: Examples of modern pollen grains extracted from the RBS samples of the
Mzimvubu Catchment: (a) Asteraceae Tubuliflorae, (b) Mimosaceae Acacia type I, (c)

Pinaceae Pinus, (d) Aquifoliaceae llex mitis, (e) Cyperaceae undiff., (f) Poaceae undiff.
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3.3 ORGANIC GEOCHEMISTRY

3.3.1 n-Alkane plant wax biomarker extraction

n-Alkane lipid biomarker extraction from the July and September sampling campaigns were
prepared and processed by the examinee (Tarryn Frankland) at the MARUM institute,
Univeristy of Bremen. The November samples were processed by the MARUM institute due
the duration of the examinees’ exchange at the Institute ending before sampling processing of

the third campaign could be completed (please refer to Acknowledgments).

Please see appendix B for detailed n-alkane separation procedure. nCio-35 concentrations were
calculated for 32 RBS samples. Samples were ground using a pestle and mortar and then
homogenised using a ball mill (650 rpm, thirty seconds per sample). The total sum of odd n-
alkanes was calculated for each sample site for each sample campaign (Schefuss et al., 2011;
Hahn et al., 2018). Total lipid extracts were extracted using a DIONEX Accelerated Solvent
Extraction (ASE) with a 9:1 dichloromethane (DCM): methanol (MeOH solvent mixture.
Squalane was added to the samples as a standard prior to ASE extraction. A 5 % split was taken
from each sample. Thereafter, lipid extracts were concentrated and solvent removed and
saponification with 500ul of 0.1M KOH in MeOH solution to break down the wax ester bonds

which could potentially interfere with alkenone quantification.

Column chromatography was used to separate the neutral lipid fraction using 10% deactivated
silica gel and hexane (hydrocarbons). Subsequent elution with hexane, DCM and DCM:MeOH
1:1 yielded the ketone and polar fractions. Hydrocarbons containing n-alkanes were injected
into a Thermo Scientific gas chromatograph. Comparison of peak areas to external and internal
standards yielded the different n-Alkane chain lengths. Precision of compound quantification
is about 5% based on the standard analyses. The CPl2s-33 was calculated according to the

following equation developed by Bray and Evans (1961):
CPl23-33= 0.5 *(3 codd23-33 / Y Ceven22-32 + > Codd23-33 / Y even24-34)

Cx represents the amount of each n-alkane homologue. n-Alkane Average Chain Length (ACL)

was then determined using the flowing equation by Poynter and Eglinton (1990):

ACL 2535 = 25 x (nC2s5) + 27 % (NC27) + 29 x (NC29) + 31 x (nCs1) + 33 X (NCs3) + 35 % (NCss)

/ (NCas + NCa7 + NCag + NCa1 + NCs3 + NCss)

The ratio between Cz9 and Cs1 n-alkanes (Norm31) was then calculated using the equation:
Norm31 = Cs1/ (C29+Caa)
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For Norm31 and ACL calculations, nCx represents the concentration of the n-alkane with x as
the carbon number (please see appendix B for detailed n-alkane separation and processing

procedures).

5'3C and oD isotope extraction
Please see appendix B for detailed extraction procedure. Sample fractions containing n-alkanes
were used for carbon and hydrogen isotope analyses. Stable hydrogen isotope analyses of Czg
and Csi1 n-alkanes were carried out on a Trace GC (Thermo Fisher Scientific, Bremen,
Germany). The 5'3C of the n-alkanes were analysed on a similar type of GC. Each sample was
analysed twice except for a few samples where the n-alkane concentration was too low. The
accuracy of the isotope measurements were assessed by analysing internal n-alkane laboratory
standards of known isotopic composition every six measurements (please see appendix B for

detailed 8*3C and 8D processing and procedures).

3.4 INORGANIC GEOCHEMISTRY

3.4.1 XRF element composition analysis

XRF sample preparation and extraction for the July and September sampling campaigns were
prepared and processed by the examinee (Tarryn Frankland) at the MARUM institute,
Univeristy of Bremen. The November samples were processed by the MARUM institute due
the duration of the examinees’ exchange at the Institute ending before sampling processing of

the third campaign could be completed (please refer to Acknowledgements).

Please see appendix B for detailed descriptions of sediment preparation and XRF processing
procedures. The XRF element analysis of bulk RBS samples identified a total of 18 elemental
compounds from the 32 RBS samples across for the three sampling campaigns. XRF
spectrometer measurements were completed on 32 RBS using a PANalytical Epsolon3-XL
XRF spectrometer. 20 g of dried RBS sediment were weighed and placed into a Ball Mill at
650rpm for 30 seconds. 4 g of the 20 g was then weighed and removed and utilised for XRF
elemental analysis. A minimum of 12g were extracted from each sample for Alkenone analysis.

Element composition profiles were performed using an Avaatech XRF Scanner.

3.4.2 Element Ratios

Element ratios were utilised to determine source area dynamics and sedimentological processes
such as erosion, weathering and climate conditions (Chen et al., 2013; Zabel et al., 1999, 2001).

Elemental ratios can be used to determine the ratio of clay versus coarse material, chemical
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and mechanical weathering. The element ratios utilised for the purpose of this study were:
Fe/K, Al/Si and Ti/Al. Fe/K can reflect the deposition of slightly weathered material from drier
regions versus highly weathered material from humid regions. Al/Si indicates the fluvial input
of highly weathered fine material from humid regions versus the fluvial input of less weathered
material from drier regions. Lastly, Ti/Al reflects the relative contribution of coarse grain

material versus fine grained material (Lopez et al., 2006; Govin et al., 2012; Hahn et al., 2017).

3.5 DATA ANALYSIS

A sample data preparation for data analysis was performed using Microsoft Office Excel (2013)
(Bricklin, 1978). Total pollen counts and ecological groupings for each season were plotted
using Psimpoll 3.0 (Bennett, 2005), and the graphical output is displayed in GSview32 4.9
(Deutsch, 1986). Pollen diagrams were merged and edited using CoreIDRAW X3 (Bouillon
and Beirne, 1987). Correlations between RBS and SPM for each proxy were calculated on
Excel 2013, using the Pearson Product-moment correlation coefficient for two values. ArcMap
(Esri, 1999) was used to create locational maps of the sample area, including Mean Annual
Precipitation (MAP) (mm), Mean Annual Temperature (MAT) (°C), and major vegetation
biomes (Mucina and Rutherford, 2006) and veld types (Acocks, 1988).
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CHAPTER FOUR

RESULTS
4.1 INTRODUCTION
The aim of this chapter is to present the results of pollen analysis, inorganic XRF analysis,
inorganic stable isotope analysis, and organic plant wax lipid biomarker analysis. Provenance
dynamics of each proxy is determined at a catchment and tributary scale. Furthermore, proxy
data will be compared with environmental parameters (annual precipitation, elevation and

annual temperature).

4.2 POLLEN ANALYSIS

4.2.1 Pollen counts

From the total of 32 pollen samples, nine were excluded from the dataset as they did not yield
raw pollen counts >50 (see appendix D). Pollen grain preservation for the RBS samples of the
Mzimvubu Catchment was generally poor with a percentage unknown ranging from ~4% (river

confluence) to ~69% (Kinira River).

A total of 29 palynomorphs were identified from the RBS samples across each sample site for
the three sampling campaigns (Table 4.1). On average, each site contained 21 of the total 29
palynomorphs identified, with the Mzintlava River and Mzimvubu River yielding the most
variable palynomorph assemblages and the iTsitsa, Kinira River and river mouth yielding the

least diverse palynomorph assemblages (please see appendix D for raw pollen counts).

4.2.3 Pollen seasonality

Dry season
Please see appendix F for additional pollen data and maps. Poaceae, Cyperaceae, Tubuliflorae
andPinus dominate the catchment during the dry season (Figure 4.1 and 5.2). Cyperaceae was
present at every sample site, with MZ1 (river mouth), MZ4 (Thina River) and MZ10 (upper
Mzimvubu River) yielding the highest frequencies. Liliaceae is present in low abundances
compared to Cyperaceae except for site MZ7 (iTsitsa). MZ7 (iTsitsa) contains high frequencies
of both Cyperaceae and Liliaceae. Fern spores are also present in high abundances during this

season, specifically triletes
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taxa within the Mzimvubu Catchment.

Table 4.1: Ecological classifications and number of pollen taxa per sample for each pollen

Ecological
classification

Family And genus

Number Of

samples taxa was

present
Aquatics Cyperaceae undiff. 23
Liliaceae undiff. 16
Fynbos Ericaceae undiff. 11
Elements Thymelaeaceae Passerina 5
Grasses Poaceae undiff. 23
Herbs And | Amaryllidaceae undiff. 7
Shrubs Anacardiaceae Rhus 21
Asteraceae Helichrysum 13
Asteraceae Senecio 16
Asteraceae Tubuliflorae 20
Asteraceae Vernonia 17
Cheno-Am 16
Euphorbiaceae Acalypha 8
Euphorbiaceae Euphorbia 14
Neophytes Fabaceae Sesbania 1
(exotics) Pinaceae Pinus 21
Poaceae Zea mays 8
Salicaceae Salix 2
Trees Aquifoliaceae llex mitis 12
Cyatheaceae Cyathea 1
Combretaceae Combretum 4
Mimosaceae Acacia type | 20
Myricaceae Morella 6
Myrtaceae Syzygium 1
Palmae Borassus
Podocarpaceae Podocarpus 7
Fern Spore Pteridophytes Monoletes 16
Pteridophytes Triletes 10
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Figure 4.1 Palynomorph abundance and diversity for the three sampling campaigns (dry, intermediate and wet) for the Mzimvubu catchment.
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Figure 4.2: Palynomorph abundance and distributions across the sampling sites for the Mzimvubu Catchment.



which were present in almost all sample sites. Fynbos elements namely Ericaceae undiff. and
Passerina showed relatively high frequencies at MZ2 (river confluence), MZ4 (Thina River),
MZ10 (upper Mzimvubu River) and MZ11 (Mzintlava River) with MZ10 and MZ11 yielding
the highest frequency.

Poaceae is the most abundant palynomorph in the dry season. MZ4 and MZ8 (Thina River)
yielded the highest Poaceae abundance, whereas MZ7 (iTsitsa), MZ6 and MZ11 (Mzintlava
River) yielded the lowest abundance. Herbs and shrubs are the most diverse vegetation group
within the catchment, consisting of ten palynomorphs which dominate the lower to middle
catchment. Rhus and Tubuliflorae are the most abundant taxa, occurring in almost all the
samples sites. The least abundant herbs and shrubs are Amaryllidaceae, Asteracea
Helichrysum, Vernonia, Cheno-Am, Acalypha and Sesbania. Four tree palynomorphs namely,
llex mitis, Acacia type I, Borassus and Podocarpus were identified during the dry season.
Acacia type | are the most widespread and abundant tree in the catchment during the dry season
followed by Podocarpus. However, Podocarpus is exclusively recorded at MZ2 (river mouth)
during the dry season. Similarly, Borassus and Ilex mitis are also exclusively recorded ato MZ2
(river mouth) but in lower frequencies compared to Podocarpus. Neophytic taxa such as Pinus
and Salix were identified within the catchment. Pinus is the most abundant neophytic taxon,
occurring at every sample site, with the highest frequencies occurring in the lower tributaries.
Salicaceae Salix is not as widespread compared to the dry and wet seasons and is exclusive to
MZ2 (river mouth). Poaceae Zea mays pollen is absent from the catchment during the dry

season.

Intermediate season
Similar to the dry season, Cyperaceae, Poaceae, Tubuliflorae and Pinus dominate the
Mzimvubu Catchment during the intermediate season (Figure 4.1 and 5.2). Cyperaceae is
highest at sites MZ8 (Thina River) and MZ10 (upper Mzimvubu River), however,
palynomorph diversity and abundance shows a general decline compared to the dry season.
Liliaceae is present in fewer sites compared with the dry season, however, overall abundance
rises significantly for the intermediate season. For example, Liliaceae more than doubles in
abundance at MZ2 (river confluence) and is present at MZ5 (middle Mzimvubu River). Fern
spores are also present in the intermediate season with pteridophyte monoletes increasing
drastically in abundance and site diversity compared to the dry season. MZ4 (Thina River)

contains the highest monoletes frequency compared to the frequency of the dry season. Triletes

60



fern spores show reduced abundance compared to the dry season and are restricted to sites MZ5
(lower Mzimvubu River) and MZ8 (Thina River).

Fynbos elements namely Ericaceae and Passerina were identified in the intermediate eason in
higher abundances compared with the dry season. Ericaceae are present at MZ5 (lower
Mzimvubu River) and MZ8 (Thina River) and Passerina is present at MZ4 and MZ8 (Thina
River), MZ5 and MZ10 (Mzimvubu River) with MZ 10 (upper Mzimvubu River) yielding the
highest abundance. The intermediate season shows that Poaceae remains the most frequent
taxon in the catchment during the intermediate season. Overall Poaceae abundance is higher
compared to the dry season. MZ3 (iTsitsa), MZ8 (Thina River) and MZ1 (river mouth) contain
the highest Poaceae frequencies whereas, MZ4 (Thina River), MZ5 and MZ9 (Kinira River)
contain the lowest Poaceae frequency. Herbs and shrubs show a reduced frequency compared
to the dry season, however, are higher in palynomorph diversity. Rhus, Tubuliflorae, Vernonia

and Cheno-Am, are the most abundant taxa.

Euphorbia reduces in abundance but shows a higher site diversity compared to the dry season.
Sesbania is absent in this season. A similar composition of tree types were present in the
intermediate season as were present in the dry season. However, there is an increase in
frequency of Myricaceae Morella at MZ1 (river mouth) and MZ5 (lower Mzimvubu Rlver) for
the intermediate season. Acacia type | remains the most abundant tree palynomorphfollowed
by Podocarpus. llex mitis signal was only found at MZ10 (upper Mzimvubu River) in low
abundance. Pinus was the only neophyte identified during the intermediate season. Pinus was
present across the catchment with the exception of MZ9 (Kinira River). Overall MZ2 (river
mouth) and MZ3 (iTsitsa) contain the highest abundances of Pinus, followed by MZ8 (Thina
River). Zea mays and Salix pollen types were absent during the intermediate season.

Wet season
Cyperaceae, Poaceae, Rhus, Tubuliflorae, Acacia and Pinus represent the dominant wet season
taxa within the catchment (Figure 4.1 and 5.2). Cyperaceae shows a moderately reduced
abundance compared to the other seasons, which yielded highly variable frequencies.
Cyperaceae is highest at MZ3 (iTsitsa), MZ10 (upper Mzimvubu River) and MZ11 (Mzintlava
River) and lowest at MZ2 (river mouth) during the wet season. Similarly for Liliaceae,
abundance is considerably lower compared to the other seasons. Monoletes and triletes fern
spores yielded reduced frequency compared to the drier season. All seasons showed triletes

preferring the upper tributaries, which is seen in the wet season as well.
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Ericaceae and Passerina (fynbos elements) are present in low frequencies compared to the dry
and intermediate season. These taxa consistently dominate the upper catchment at sites MZ10
(upper Mzimvubu River) and MZ11 (Mzintlava River) thus indicating a strong Fynbos signal
originating from the upper catchment. Conversely to the general trend of lower Poaceae
abundance for the dry and intermediate seasons, Poaceae reveals a consistently elevated signal
for the wet season. MZ4 (Thina River), MZ1 (river mouth) and MZ6 (Mzintlava River) yielded
the highest Poaceae frequency, with MZ3 (iTsitsa), MZ10 (upper Mzimvubu River) and MZ11
(Mzintlava River) yielding the lowest. Overall, a strong Poaceae signal originates from the
Thina River and lower Mzintlava River tributaries during the wet season. Similarly, herb and
shrub taxa reveal consistently high frequencies throughout the catchment, with the highest
frequencies occurring the middle to lower catchment. Rhus, Tubuliflorae and Vernonia
dominate the herb and shrub ecological group. These taxa are present at almost every site in
high abundances compared to the intermediate season. Sesbania pollen was absent from the

wet season campaign.

Tree palynomorphs are generally abundant and well distributed through the catchment during
the wet season. Acacia type 1 and llex mitis are the most abundant tree taxa for the wet season.
llex mitis yielded elevated abundances compared to previous seasons. Acacia type | is highest
at MZ3 (iTsitsa) and MZ4 (Thina River) and lowest at MZ10 (upper Mzimvubu River) and
MZ11 (Mzintlava River). Combretaceae Combretum, Cyathea and Morella are present in this
season and tend to dominate the lower catchment sample sites. Podocarpus yields reduced
abundances compared to previous seasons. Exotic Pinus is present at every site with the
exception of MZ9 (Kinira River). The highest Pinus frequency occurs at MZ3 (iTsitsa) which
gradually decreases towards the upper catchment. Zea mays is frequently present in this season
at MZ1 (river mouth), MZ2 (river confluence, MZ4 (Thina River) and MZ6 (Mzintlava River).

4.2.4 Pollen biome comparison

Indian Ocean Coastal Belt (IOCB) - total catchment pollen abundance (Figure 4.3 a) shows a
predominantly Poaceae (~52%) dominated environment. Herbs and shrubs account for ~25%,
followed by aquatic types (~10%), trees (~5%), neophytes (~4%), pteridophytes (~3%) and
Fynbos elements at (~1%). Poaceae (~56%) is the dominant palynomorph for the IOCB (Figure
4.3 b). Herbs and shrubs (~23%) account for the second largest ecological group followed by
aquatics (~17%), neophytes (~2%) and trees (~2%). Fynbos elements and pteridophytes were

not identified in this biome.
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a. Catchment Pollen Average (n=32)
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Figure 4.3: Pie charts showing the ecological groupings of pollen taxa within the catchment
‘s three major biomes namely, (a) catchment average, (b) IOCB (c), Savanna (d) and

Grassland.

Savanna - the Savanna biome (Figure 4.3 c) yielded a more diverse pollen signal compared to
the IOCB and Grassland biomes. Poaceae (~47%) remains the dominant palynomorph but
contributes less to the total vegetation compared to herbs and srhubs and trees. Herbs and
shrubs, trees, neophytes and pteridophytes show a higher abundance compared to the IOCB

and Grassland biomes. Aquatics (~11%) account for smaller portion of the vegetation
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composition compared to the IOCB and Grassland. Fynbos elements are introduced in this

biome however, only account for a small percentage (~1%).

Grassland - the Grassland biome (Figure 4.3 d) yielded a typical Poaceae (~55%) dominated
environment compared to the IOCB and Savanna biomes. Aquatics (~16%) comprise a large
portion of the total vegetation compared to the Savanna biome but similar to the IOCB. Herbs
and shrubs, trees and neophytes contribute a lower portion to the total Grassland vegetation
compared to the IOCB and Savanna Biomes. Fynbos elements (~1%) and pteridophytes (~1%)
account for a small percentage of the vegetation cover, similar to the Savanna Biome.

4.2.5 Pollen Tributary Comparison

The river mouth (Figure 4.4 a) represents the cumulative contribution of each tributary and
thus, is used to represent the catchment vegetation. The iTsitsa Riverand Thina River display
a strong grass signal, whereas the Kinira River, Mzimvubu River and Mzintlava River display
a strong herbs and shrubs signal typical of Savanna type vegetation. The Mzintlava River shows
a similar vegetation composition compared to the river mouth, except that Fynbos elements are
introduced in this area. The Kinira River contains the highest herbs and shrub (~29%) and tree
(~11%) composition and the lowest grass signal (~36%) compared to the other tributaries
(Figure 4.4 a-f). Conversely, the iTsitsa RiverRiver has the highest grass composition (~66%)
and the lowest herb and shrub (~15%) and tree signal (~3%) compared to the other sites (Figure
4.4 a-f).
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Figure 4.4: Pie charts showing the major ecological groupings for each major tributary of the
Mzimvubu catchment, namely, River Mouth (a), iTsitsa River(b), Thina River (c), Kinria (d),
upper Mzimvubu (e) and the Mzintlava (f).



4.3 ORGANIC GEOCHEMISTRY

4.3.1 n-Alkane pg/g abundance
River Bed Sediment (RBS) Samples
Please see appendix G from a. to h. for additional seasonal n-alkane, ACL, CPI, Norm31, §*3C,

0D and elemental ratio distributions.

n-Alkane concentrations within dry sediment for RBS samples ranged from 3.0 x10 to 4.1 x
102 pg/g (Table 4.2). The dry season yielded the highest n-alkane concentration, followed by
the intermediate season, and lastly the wet season. RBS samples showed high n-alkane
abundance originating from the Mzintlava River during the dry season (2.1 x 10 ug/g) and wet
season (1.7 x 102 pg/g), and the Thina River River (2.1 x 102 ug/g) for the intermediate season.
The lowest n-alkane concentrations were recorded in the Kinira River for the dry (4.4 x 10°
1g/g) and intermediate (1.8 x 10! ug/g) seasons, and the river mouth (2.0 x 10° pg/g) for the

wet season.

Suspended Particulate Matter (SPM) Samples
n-Alkane concentrations for SPM samples range from 2.8 x 10° to 2.1 x 10° pg/g (Table 4.2).
The intermediate season (3.8 x 10* ug/g) yielded the highest pg/g sediment, followed by the
wet season (2.2 x 10* pg/g), and lastly the dry season (1.5 x 10° pg/g). The highest n-alkane
concentration recorded in the SPM material occurred in the Mzintlava River (6.7 x 10° pg/g)
for the dry season, the Thina River (1.5 x 10° ug/g) for the intermediate season and the iTsitsa
River(2.9 x 10%) for the wet season. Lowest pg/g sediment occurred in the Kinira River for the
dry (7.1 x 10° pg/g) and wet (7.4 x 10* pg/g) season, and the river mouth (6.4 x 102 ug/g) for

the intermediate season.

4.3.2. n-Alkane homologue composition
RBS Samples
TThe nCs1 homologue characterises the river mouth during the dry season (Table 4.3). A strong

nCas1 signal can be traced to the iTsitsa, Thina River and Kinira River, and strong nCzg signal
is present in the Mzimvubu River and Mzintlava River during the dry season. nCsz is the most
abundant n-alkane homologue at the river mouth for the intermediate season. The iTsitsa, Thina
River, Kinira River and Mzintlava River yielded a strong nCa: signal, and a strong nCz7 signal
was present in the Mzimvubu River. nCss is the most common homologue at the river mouth
for the wet season. A strong nCaa signal is present in the iTsitsa, Thina River, Kinira River and

Mzimvubu RIver. nCz7 is the most common homologue in the Mzintlava River River.
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SPM Samples
The nCs1 homologue dominates the river mouth, iTsitsa, Thina River and Kinira River during
the dry season (Table 4.2). A strong nCss signal originates from the Mzintlava River, whereas

nC2o is most
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Table 4.2: Table showing n-alkane pg/g sediment, the dominant homologue, ACL2s-33, CPl2s.33, 6*3C29, 6*3C31, 6%320-31, dD29, dD31, 6D29-31 and

Norm31 for RBS samples and marine sediment core top (GeoB20624-0-1) of the Mzimvubu Catchment.

Season Site pg/g sediment n-alkanes | Dominant Homologue | CPl2sas | 8'3C20 | 8'%Ca1 | 8*3C20-31 | 8D29 | 8Da1 | 8D2g-31 Weighted average | Norm31

GeoB20624-0-1 7.45 x 10? Ca1 -28.6 | -285 | -28.6 -142.1 | -148.4 -145.3

Dry MZ1 1.303 x 10? Ca1 7.1 -29.6 -29.9 -29.7 -125.8 | -141.4 -133.6 0.63
MZ 2 1.119 x 10? Ca1 7.2 -28.1 -29.2 -28.6 -133.9 | -140.4 -137.2 0.63
MZ 3 3.97 x 10! Ca1 6.5 -32.5 -31.7 -32.1 -112.6 | -128.3 -120.5 0.62
MZ 4 | 2.144 x 10? Ca1 8.0 -319 | -30.2 | -311 -121.9 | -137.9 -129.9 0.63
MZ5 | 2.6 x10° Ca 0.70
MZ 6 7.1x10° Ca1 -28.2 -29.0 -28.6 -131.8 | -142.6 -137.2 0.76
MZ7 1.69 x 10! Ca1 51 -31.5 -28.4 -29.9 -132.7 | -143.7 -138.2 0.56
MZ8 | 3.93x10! Ca1 9.0 -30.8 | -28.1 | -29.5 -126.1 | -147.7 -136.9 0.67
MZ9 | 6.2x10° Ca 0.56
MZ 10 | 3.003 x 10? Ca 7.9 -31.7 | -289 | -30.3 -155.5 | -150.8 -153.1 0.46
MZ 11 | 4.155 x 10? Ca9 2.1 -153.9 | -145.2 -149.6 0.43

Intermediate MZ 1 8.67 x 10t Ca1 8.1 -28.4 -30.1 -29.3 -132.4 | -139.4 -135.9 0.58
MZ2 | 5.93x10! Ca1 7.9 -28.0 | -29.1 | -285 -133.7 | -142.9 -138.3 0.70
MZ3 | 3.03x10! Ca1 4.7 -32.0 | -308 | -314 -116.1 | -136.1 -126.1 0.63
MZ 4 3.905 x10? Ca1 24 -29.7 -29.1 -29.4 -125.5 | -145.3 -135.4 0.62
MZ5 1.56 x10! Ca1 3.9 -124.9 | -142.7 -133.8 0.68
MZ6 | 1.09 x 10! Ca1 3.8 -28.0 | -27.6 | -27.8 -126.0 | -150.2 -138.1 0.79
MZ 7 1.55 x 10¢ Ca1 4.5 -30.0 -28.4 -29.2 -136.3 | -143.7 -140.0 0.52
MZ8 | 3.07 x10! Ca1 5.7 -30.9 | -28.9 | -29.9 -128.3 | -151.9 -140.1 0.66
MZ9 1.95 x 10* Cao 8.0 -32.0 -27.5 -29.8 -140.7 | -147.9 -144.3 0.45
MZ 10 | 1.568 x 2 Cor 9.0 -32.1 -27.5 -29.8 -159.5 | -150. -154.8 0.29

Wet MZ1 | 29x10° Ca1 2.0 -29.9 | -314 | -30.6 -146.9 | -150.6 -148.8 0.75
MZ 2 1.1 x 10° Ca1 2.6 0.70
MZ3 | 7.1x10° Ca1 7.5 -29.4 | -28.2 | -28.8 -113.9 | -139.3 -126.6 0.69
MZ 4 5.0 x 10° Css3 53 -32.8 -31.0 -31.9 -135.5 | -148.8 -142.2 0.73
MZ5 | 1.35x 10! Ca1 8.8 0.65
MZ 6 1.129 x 10? Car 11.6 -29.5 -29.3 -29.4 -117.5 | -139.2 -128.4 0.27
MZ 7 8.6 x 100 Ca1 6.3 -32.3 -29.9 -31.1 -140.3 | -145.7 -143.0 0.76
MZ8 1.07 x 10* Ca1 6.2 -31.8 -29.1 -30.4 -132.4 | -157.2 -144.8 0.55
MZ9 2.22 x 10t Ca1 8.6 -28.6 -27.0 -27.8 0.61
MZ 10 | 3.0 x10*! - 0.63
MZ 11 | 2.331 x 10? Cag 4.5 -166.1 | -160.6 -163.3 0.34

Equations: (i) CPl23.33= 0.5 *(3 codd23-33 / D Cevenz2-32+ Y Codd23-33 / Y even24-34). (i) ACL2s.33: 25 X (NCzs) + 27 % (NC27) + 29 x (NCy0)
+ 31 x (nC31) + 33 x (nC33) + 35 x (nC35) / (nC25 +nCy7 + NCy9 + NC31 + NC33 + nC35). (III) Norm31: C31/(ng+C31).
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Norm31 for SPM samples of the Mzimvubu Catchment.

Table 4.3: Table showing the n-alkane concentration, dominant homologue, ACL2s5-33, CPl25.33, 6*3C29, 0*3Cs1, 032031, D29, 5D31, 5D29-31 and

Season Site ug/g sediment | Dominant CPl2s-33 813C29 83Ca1 83Ca0.31 Norm31
n-alkanes Homologue

Dry MZ 1 9.236 x 10? Ca1 2.6 -29.5 -28.8 -29.1 0.58
MZ 2 1.20 x 10* Ca1 -29.3 -29.3 0.69
MZ 3 8.74 x 10t Ca -30.1 -28.4 -29.3 0.70
MZ 4 2.32 x 10t Ca 4.4 -30.3 -29.0 -29.6 0.72
MZ 5 1.14 x 10* Ca 1.8 -29.0 -28.5 -28.7 0.71
MZ 6 15911 x10° Ca1 2.6 -29.5 -28.4 -28.9 0.78
MZ7 1.3838 x 10° Ca1 -27.7 -27.7 1.00
MZ 8 5.33 x 10! Cs3 5.7 -29.3 -26.5 -27.9 0.73
MZ 9 2.8 x 10° Cao 55 -29.2 -27.7 -28.5 0.33
MZ 10 6.16 x 10! Cao 4.1 -31.6 -28.3 -29.9 0.41
Mz 11 1.1895 x 10* Ca1 1.2 0.61

Intermediate MZ 1 1.1847 x 103 Ca1 2.6 -28.8 -28.8 -28.8 0.58
MZ 2 9.49 x 10! Ca -28.0 -30.9 -29.5 0.69
MZ 3 1.4149 x 103 Ca 0.70
MZ 4 8.71559 x 104 Ca 2.4 -29.5 -28.5 -29.0 0.70
MZ5 4.2239 x 10° Ca1 -30.7 -29.1 -29.9 1.00
MZ 6 4.6131 x 10° Ca1 4.3 -29.1 -28.5 -28.8 0.72
MZ 7 1.0757 x 103 Ca -31.2 -29.2 -30.2 0.74
MZ 8 2.114236 x 10° Cor 12.3 -29.1 -26.7 -27.9 0.27
MZ 9 6.27057 x 10* Ca1 5.0 -30.0 -27.0 -28.5 0.71
MZ 10 1.4470 x 103 Car 0.1 0.58

Wet MZ1 3.143 x 102 Ca 14 -29.3 -28.7 -29.0 0.50
MZ 2 5.63768 x 10* Cor 1.0 0.52
MZ 3 5.04041 x 10* Ca 15 -30.0 -30.0 0.51
MZ5 7.44 x 10t Ca 5.8 -28.5 -28.8 -28.7 0.72
MZ 6 8.69909 x 10* Ca9 1.4 -29.7 -28.6 -29.1 0.49
MZ 7 6.6329 x 10° Ca 3.3 -29.0 -27.2 -28.1 0.61
MZ 9 7.39 x 10t Ca 2.9 -30.6 -28.7 -29.6 0.47
MZ 10 | 1.1426 x 10° Cao 4.6 -29.9 -27.9 -28.9 0.45
MZ 11 | 3.583 x10? Ca1 13 -30.2 -29.6 -29.9 0.52

Equations: (i) CPl2333= 0.5 *(3 codd23-33 / D Ceven22-32 + > Codd23-33 / Y even24-34). (ii) ACL2s.33: 25 X (NCzs) + 27 % (NC27)
+ 29 x (nC29) + 31 x (nC31) +33 % (nC33) + 35 x (nC:;s) / (nC25 +nCy7 + NCy9 + NC31 + NC33 + nC:;s). (III) Norm31:

Ca1/(CagtCay).




abundant in the Mzimvubu River. The intermediate season is characterised by a predominance
of the nCs1 homologue at the river mouth, iTsitsa, Mzimvubu River and Mzintlava River. nCz7
is most abundant in the Thina River River, and nCss in the Kinira RiverRriver for the
intermediate season. For the wet season, the river mouth yielded a strong nC2z n-alkane
homologue signal. The Mzintlava River is characterised by the nC29 homologue. nCs1 remains
the most abundant homologue for the iTsitsa, Kinira River and Mzimvubu River for the wet

season.

4.3.3 Norm31
RBS Samples

RBS Norm3L1 values fall between 0.27 to 0.79, avereagin at 0.61 across the three sampling
campaigns (Table 4.3). The wet season yields the highest norm31 value of 0.61, followed by
the dry season (0.60) and the intermediate season (0.59) (Figure 4.5 a-c). The highest norm31
ratios for the dry season occurred in the river mouth (0.63), and the lowest in the Mzimvubu
River (0.58) (Figure 4.5 a). The Mzimvubu River (0.49) yielded the lowest norm31 ratio during
the intermediate season (Figure 4.5 b), and the highest in the Mzintlava River (0.79) (Figure
4.5 c). Wet season norm31 ratios show the lowest value occurring at the Mzintlava River (0.30)
and the highest values occurring at the iTsitsa River(0.71) (Figure 4.5 c).
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Figure 4.5: Histogram showing norm31 ratios for RBS (blue) and SPM (orange) samples of

each tributary, for the dry (a), intermediate (b) and wet (c) seasons.




SPM Samples

SPM norm31 values fall between 0.27 and 1.00, averaging at 0.62 (Table 4.2). The intermediate
season yields the highest norm31 average (0.67), followed by the dry season (0.66) and the wet
season (0.53) (Table 4.2). The highest dry season ratio occurred in the iTsitsa RiverRiver (0.85)
and the lowest in the Kinira River River (0.52) (Figure 4.5 a). The intermediates season shows
the lowest value in the Thina River (0.48) and the highest value in Kinira River (0.85) (Figure
4.5 b). The wet season yielded the highest ratio in the Kinira River (0.59) and the lowest in the
Mzintlava River (0.50).

Norm31 Correlation matrices

Please see appendix H for additional proxy correlations for each season.

Dry season RBS norm31 has a positive correlation to SPM norm31 (r=0.426), precipitation
(r=0.363) and temperature (r=0.309), and is negatively correlated to elevation (r= —0.414)
(Table 4.4). SPM norm31 shows no significant positive or negative correlations. SPM norm31

shows no significant positive or negative correlations for the intermediate season.

Table 4.4: Correlation matrices for Norm31 RBS and SPM samples to precipitation, elevation
and temperature for the dry, intermediate and wet season. Significant correlations are bolded
and highlighted in yellow, moderate correlations are highlighted in orange and inverse

correlations are highlighted in blue. Level of significance for all calculations is 0.95

RBS SPM
Norm31 Norm3l Precipitation Elevation Temperature
RBS Norm31 1
- SPM Norm31 0.426 1
a Precipitation 0.363 0.198 1
Elevation -0.414 -0.035 -0.617 1
Temperature 0.309 -0.036 0.772 -0.943 1
= RBS Norm31 1
2 SPM Norm31 0.167 1
E | Precipitation 0275  -0.141 1
E | Elevation -0.488  -0.167 -0.595 1
Temperature 0.329 0.0517 0.752 -0.941 1
RBS Norm31 1
- SPM Norm31 0.244 1
= - Precipitation 0.304  0.007 1
Elevation -0.292 -0.006 -0.617 1
Temperature 0.394 -0.085 0.772 -0.943 1
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SPM norm31 shows no significant positive or negative correlations for the wet season.
Temperature and precipitation are strongly correlated (r=0.772). For the dry and wet seasons,
precipitation and temperature are strongly correlated (r=0.772). Inverse correlations occur
between precipitation and temperature (r= —0.617) and elevation and temperature (r= —0.943)
(Table 4.4). Intermediate season precipitation and temperature are strongly correlated
(r=0.752). Precipitation and elevation are inversely correlated (r= —0.595), and elevation and
temperature are negatively correlated (r= —0.941) (Table 4.4).

4.3.4 Carbon Preference Index (CPI)
RBS Samples

n-Alkane analysis of RBS yielded predominantly odd numbered carbon chain lengths for each

of the sampling seasons. RBS CPI values yielded a range between 2.0 and 11.6, averaging at
6.2 across the three seasons (Table 4.2). The dry season yielded the highest average CPI value
(6.6) followed by the wet season (6.3) and intermediate season (5.8) (Figure 4.6 a-c). The Thina
River River yielded the highest CPI (8.5) during the dry season (Figure 4.6 a), whereas the
river mouth showed the highest CPI (8.0) during the intermediate season (Figure 4.6 b), and
the Mzimvubu River (8.8) during the wet season (Figure 4.6 c). The lowest CPI values occurred
in the Mzintlava River during the dry (2.1) and intermediate seasons (3.8), and the river mouth

yielded the lowest CPI value for the wet season (2.3).

SPM Samples
n-Alkane analysis of SPM samples yielded predominantly odd numbered carbon chain lengths
for the three sampling campaigns (Table 4.2). SPM CPI values ranged from 0.1 to 12.3,
averaging at 3.5 (Table 4.2). The highest CPI seasonal value is 4.4 for the intermediate season,
followed by the dry season (3.5) and wet season (2.6) (Figure 4.6 a-c). The highest value for
the dry season occurred in the Thina River (5.0), and the lowest value in the Mzintlava River
(1.9). For the Intermediate season, the Thina River showed the highest CPI (7.3) and the
Mzimvubu River yielded the lowest CPI (0.1). Wet season SPM samples were highest in the

Mzimvubu River (5.2) and lowest at the river mouth (1.2).

CPI Correlation matrices
Dry season CPI RBS and CP1 SPM samples are strongly positively correlated (r= 0.900) (Table
4.5). CPlI SPM is moderately positively correlated to elevation (r=0.412). Dry season
precipitation and temperature are strongly correlated (r=0.772) and elevation and MAT are
inversely correlated (r= —0.943) (Table 4.5).
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Figure 4.6: Histograms showing CPI2s-33for the RBS (blue) and SPM (orange) samples of each

tributary, during the dry (a), intermediate (b) and wet (c) seasons.

Intermediate season CPI RBS is moderately correlated to temperature (r= 0.339) (Table 4.5).
CPI SPM is moderately correlated to elevation (r= 0.307). Precipitation is strongly correlated
to temperature (r= —0.750) and negatively correlated to elevation (r= -0.595). Elevation and

temperature are inversely correlated (r= —0.941) (Table 4.5).

Wet season CPI RBS and SPM are weakly correlated (r=0.382) (Table 4.5). RBS and SPM
samples are positively correlated to elevation (r=0.512 and r=0.452)). RBS and SPM have a
negative correlation to precipitation (r= —0.492 and r= —0.373), and temperature (r= —0.619
and r= —0.455). Precipitation and temperature have a negative correatlion to elevation (r=
—0.617) and (r= —0.943) respectively. Precipitation and temperature are positively correlated
(r=0.772) (Table 4.5).
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Table 4.5: Correlation matrix of CPI RBS and SPM samples for the dry, intermediate and wet

seasons.
CPI CPI
RBS SPM Precipitation Elevation Temperature
CPI RBS 1
.. | CPISPM 0.900 1
G 7| Precipitation 0.181  -0.034 1
Elevation -0.199 0.412 -0.617 1
- Temperature 0.225 -0.209 0.772 -0.943 1
8 CPI RBS 1
S | CPISPM -0.196 1
£ Precipitation 0.263  0.0859 1
= | Elevation -0.102 0.307 -0.595 1
- Temperature 0.339 -0.254 0.750 -0.941 1
CPI RBS 1
= | CPISPM 0.383 1
=71 Precipitation = -0.492  -0.373 1
Elevation 0.512 0.452 -0.617 1
- Temperature -0.619 -0.455 0.772 -0.943 1

4.3.5 5%Ca9-31

RBS Samples

(i) 0%3Co9
Compound specific §*Cz9 analysis of RBS samples yielded values from —28.0 %o to —32.8 %o
across the three sampling seasons, and a total average of —30.4 (Table 4.2.). Wet season 53Cag
values are the most depleted with an average of -30.6 %o, compared to the dry (—=30.5 %o) and
intermediate (—30.1 %o) seasons (Table 4.2). The Mzintlava River River showed the most
enriched 83Ca9 signal for the dry (—28.2 %o) and intermediate seasons (—28.0 %), and the
Kinira River for the wet season (—28.6%o) (Table 4.2). The most depleted §°*C29 signal
originated from the iTsitsa RiverRiver in the dry season (—32.0%o), the Mzimvubu River in the
intermediate season (—32.1%o) and the Thina River River in the wet season (—32.3%o) (Table
4.2).

(i) o%8Ca
For the three sampling campaigns, 5°Ca1 values of RBS samples yielded values between
—27.0%o to —31.7%o, averaging at —29.4%o (Table 4.2). The dry, intermediate and wet season
seasons averages at —29.4%o, —28.8%o0 and —29.4%. respectively (Table 4.2). The river mouth
yielded an enriched 8'°Cs1 signal (-28.2%0) compared to the middle (—29.9%o) and upper
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catchment (—31.2%o). The Mzimvubu River yielded the most enriched 63Ca1 signal for the dry
season (—28.2%o), the Kinira River and Mzinvubu for intermediate season (—27.5%o), and the
Kinira River for the wet season (—27.0%o). The most depleted §**Cs1 signals originated from
the Mzimvubu River for the dry (—31.7%o0) and intermediate season (—29.6%o) and the river
mouth during the wet season (—31.4%o) (Table 4.3).

(iii)  0'3Coo1
513C29 and 8%3Ca1 isotope values showed similar patterns across each sampling season, thus a
combined weighted average (53C20-31) was used for further analysis (Table 4.2). §*3Cag-31
analysis of RBS samples yielded values from —27.8%o0 to —32.1%o with a total average of
—29.6%o (Table 4.2). The intermediate season shows a slightly more enriched signal (—29.4%o)
compared to the dry (—=30.0%o) and wet (—30.0%o) seasons (Figure 4.7 a-c). §**Cz¢-31 yielded
enriched signals from the Mzintlava River (—28.6%o), Mzimvubu River (—27.5%o) for the dry,
intermediate and wet seasons (Figure 4.7 a-c). Depleted *3Cag-31 signals are traced to the
iTsitsa River(—31%o), Kinira River (—29.8%o) and Thina River (—31.2%o) rivers during the dry,

intermediate and wet seasons.

SPM Samples

Q) 513Ca9
Compound specific 8:3Cz9 analysis of SPM samples for the three sampling seasons yielded
values from —28.0%o to —31.6%o with an average of —29.7%o (Table 4.3). The intermediate and
wet seasons show an average of -29.6%o and the dry season yielded an average of —29.8%o
(Table 4.3). The river mouth (—29.0%o) yielded the most enriched SPM &§'3Cz9 signal for the
three seasons compared to the middle catchment zone (—29.5%o) and the upper catchment
(—30.0%0) (Table 4.3). The most enriched signals were present in the Kinira River River
(=29.1%o) during the dry season, the mouth (—28.4%o0) during the intermediate season and the
iTsitsa River(—29.0%o0) during the wet season. The most depleted values occurred within
Mzimvubu River (—30.3 %o) for the dry season, the iTsitsa River(—31.2%o) for the intermediate

season and the Mzintlava River (—29.9%o) during the wet season (Table 4.3).

(i) o%8Ca
513Ca1 analysis of SPM samples yielded values from —26.5 %o to —30.9%o with an average of
—28.5%o (Table 4.3). The dry season is characterised by the most depleted average 6**Ca1 signall

(-29.8%0) compared to the intermediate (—28.6%0) and wet seasons (—28.7%o) (Table 4.3).
513Cs1 enrichment occurs in the upper tributary (—27.8%o) and depletion towards the middle of

75



the catchment (—28.8%o) and river mouth (—29.2 %o) (Table 4.3). The iTsitsa RiverRiver
yielded the most enriched §'*Ca1 signal during the dry season (—28.0%o) and intermediate
(—27.6%o0) seasons, however this signal moved to the Mzimvubu River during the wet season
(—28.2%0) (Table 4.3). Depleted values occur at the river mouth for the dry season (—29.1%o),
the iTsitsa Riverduring the intermediate season (—29.2%o0) and the Mzintlava River (—29.1%o)

for the wet season (Table 4.3).

(iii)  0'3Coo31
513C20 and §*3Ca1 of SPM samples show similar trends of enrichment and depletion within the
catchment, thus a weighted average 5°C29.31 was used for further analysis. §*Cz2031 of SPM
samples show an average of —29.0%o and range from —27.7%o to -30.2%o (Table 4.3). The dry
season yields the most depleted signal (—28.9%o0) compared to the intermediate (—29.1%o) and
wet season (—29.2%o) (Figure 4.7 a-c). Overall, the iTsitsa RiverRiver (—28.5 %o), Mzintlava
River (—28.8%o) and the Mzimvubu River (—28.8%o) are characterised by 8**C enrichment for
the dry, intermediate and wet seasons respectively (Figure 4.7 a-c). Depleted 53Cag-31 signals
occur in the Mzimvubu River (—29.3%o), iTsitsa River(—30.2%0) and the Mzintlava River

(—29.5%0) for the dry, intermediate and wet seasons respectively (Figure 4.6 a-C).

0'3C29.31 Correlation Matrices
For the dry season, RBS is correlated to precipitation (r=0.5543), and temperature (r=0.3048)
(Table 4.6). SPM is positively correlated to elevation (r=0.4431), and is negatively correlated
to temperature (r= —0.3054) (Table 4.6).

6'3Ca9-31 Correlation matrices and environmental variables
Wet season RBS and SPM samples are negatively correlated to each other (r=—0.8400) (Table
4.6). SPM is correlated to precipitation (r=0.4017). For the dry, intermediate and wet seasons,
precipitation and temperature are strongly correlated (r=0.7718; r=0.7524; and r=0.7718
respectively). (Table 4.6).

4.3.6 0D29-31

0D29
0D29 analysis of SPM could not be measured. Compound specific D29 analysis of RBS
samples yielded values from —113%o to —166%o0 and —128%., with a total average of —133%o
(Table 4.2). 8D29 enrichment occurs in the intermediate (—132 %o) and dry season (—133%o),
and depletion occurs towards the wet season (—136%.). The middle catchment (—122%.)

yielded a more enriched dD29 signal compared to the river mouth (—137%o0) and upper
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catchment (—143%o). The iTsitsa Riveryielded the most enriched 8D2g signal during the dry
(=123%o), intermediate (—126%o) and wet (—127%o) seasons.

(a) Dry season
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Figure 4.7: Histograms showing 6*3C29.31 for RBS and SPM samples for each site, during the

dry (a), intermediate (b) and wet (c) seasons.
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Table 4.6: Correlation matrices of 6*3C values for RBS and SPM material for the dry,

intermediate and wet seasons.

RBS 8°Co.  SPM 8%Cos.

31 31 Precipitation Elevation Temperature
 RBS §%Cpo.31 1
SPM §83Cao.
- 31 0.2879 1
G 7 Precipitation 0.5543 0.2505 1
Elevation -0.1646 0.4431 -0.6169 1
| Temperature 0.3048 -0.3054 0.7718  -0.9428 1
~ RBS §%Cpoa 1
= SPM 8"°Cas.
5 31 -0.3433 1
£ 7 Precipitation 0.4908 -0.0047 1
= Elevation -0.2298 0.0723 -0.5952 1
L Temperature 0.2824 -0.0541 0.7524 -0.9415 1
[ RBS §%Cao-an 1
SPM §"3Ca.
= 31 -0.8400 1
= Precipitation -0.2805 0.4017 1
Elevation 0.1744 0.1130 -0.6169 1
L Temperature -0.1273 0.0144 0.7718 -0.9428 1

The most depleted 6Dz signals originate from the Mzimvubu River during the dry (—155%o)
and intermediate (—142%o) seasons and the river mouth (—147%o) during the wet season (Table
4.2).

0D31
6D31 analysis of SPM samples could not be measured. Compound specific D31 analysis of
RBS samples yielded values from —128%o to —161%o with a total average of -145%o (Table
4.2). Dry, intermediate and wet season averages are —142%o, —145%., and —149%o. respectively
(Table 4.2). The most enriched 6D31 signals originate from the iTsitsa Riverriver for the dry
(—136%o), intermediate (—140%o) and wet (—143%o) seasons (Figure 4.8 a-c). The most depleted
0D31 values occur in the Mzimvubu River (—151%o) for dry season, the Mzintlava River
(—150%o) for the intermediate season, and the Thina River (—153%o) for the wet season (Table
4.3).

0D29-31
d0D29 and &Ds1 values show similar enrichment and depletion patterns throughout the
catchment, and thus were weighted into mean 6D29-31 average. Compound specific dDz2¢-31 Of

RBS yielded values between —120%o and —139%., averaging at —142%o (Table 4.2).
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Figure 4.8: Histograms showing dD29 and dDs1 for RBS (blue) and SPM (orange) for dD29-31,

for the dry season (a), intermediate (b) and wet (c) seasons.
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An enriched 6D29-31 signal originates from the iTsitsa Riverriver for the dry (—129%o),
intermediate (—133%o) and wet (—135%o) seasons (Figure 4.8 a-c). A depleted 6D29-31 signal
originates from the Mzimvubu River during the dry (—153%o) and intermediate (—144%o)

seasons and at the river mouth (—149%.) for the wet season (Figure 4.8 a-C).

oD Correlation Matrices

RBS 6D29-31 is positively correlated to temperature (r=0.3416) for the dry season and negatively
correlated with elevation (r= —0.4595) (Table 4.7). For the wet season 6D29-31 IS inversely
correlated to elevation (r= —0.5058) (Table 4.7). For the dry, intermediate and wet season
precipitation is inversely correlated to elevation (r= —0.6160; r= —0.6169; r= —0.5952
respectively), and positively correlated to temperature (r=0.7718, r=0.7718 and r=0.7524
respectively) (Table 4.7). Elevation and temperature are strongly inversely correlated for the
dry (r=—0.9428), intermediate (r=—0.9428) and wet (r= —0.9415) season (Table 4.7).

Table 4.7: Correlation matrices of 0D29, 0D31 and 6D29-31t0 MAP, elevation and MAT of RBS

samples for the dry, intermediate and wet seasons.

D31 Precipitation Elevation Temperature

0D29-31 1
- Precipitation  0.2199 1
S 7] Elevation  -0.4595 -0.6169 1
B Temperature = 0.3416 0.7718 -0.9428 1
@ [ 0D2¢-31 1
%’ Precipitation -0.0915 1
£ ] Elevation -0.1439 -0.6169 1
g _ Temperature 0.02835 0.7718 = -0.9428 1
" [ 5D 1
- Precipitation  0.1444 1
2 7| Elevation  -0.5058 -0.5952 1
Temperature = 0.3173 0.7524 -0.9415 1

4.4 INORGANIC GEOCHEMISTRY

4.4.1 XRF element composition

XRF analyses identified several common elements of the RBS samples such as: Si (an average
of 216.45 mg/kg); Al (36.77 mg/kg), Fe (17.21 mg/kg), K (7.21 mg/kg), Ca (4.82 mg/kg), Mg
(4.16 mg/kg) and Ti (2.73 mg/kg) (Figure 4.9 a-g). The lower tributaries contain on average
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higher abundances of common elements compared to the upper tributaries The river mouth
contains the highest Al (44.39 mg/kg) and K (8.95 mg/kg) concentrations (Figure 4.9 a-g). The
iTsitsa RiverRiver contains the highest Si concentration (250.33 mg.kg) (Figure 4.9, b). Fe
(30.59 mg.kg); Ti (3.69 mg.kg), Ca (6.02 mg/kg) and Mg (6.61 mg/kg) are most abundant in
the Mzintlava River River (Figure 4.9, f). High Al, K and Ca concentrations occur in the Thina
River and Mzintlava River rivers (Figure 4.9, c and f). Elevated Fe, Mg and Ti concentrations
occur in the Mzimvubu River and Mzintlava River rivers and elevated Si concentrations occur

in the iTsitsa Riverand Kinira River (Figure 4.9 a-g).

4.4.3 Element ratios
Fe/K RBS

RBS Fe/K values range from 1.31 to 4.03 with an average of 2.36 for all three sampling seasons

(Table 4.8). The intermediate season (2.21) yielded the lowest Fe/K ratio compared to the dry
(2.34) and wet season (2.51) (Table 4.8). The river mouth yielded an average of 2.14 for the
dry season, which is similar to the Kinira River (2.28) (Figure 4.10 a). The lowest Fe/K ratio
originates from the Thina River River (1.86), and the highest ratio from the Mzintlava River
(3.50). Fe/K for the river mouth during the intermediate season is 1.96, which is similar to the
Thina River Tiver (1.53) and is the lowest ratio for this season (Figure 4.10 b). The Mzintlava
River (3.77) yielded the highest Fe/K ratio (Figure 4.10 b). The Fe/K value for the river mouth
during the wet season is 1.86, which is similar to the iTsitsa River(1.86) and Thina River (1.84)
rivers (Figure 4.10 c). The Mzintlava River (3.49) and Kinira River (3.52) have the highest
Fe/K ratios for the wet season (Figure 4.10 c¢). Fe/K SPM

Fe/K ratios for the SPM samples yielded values from 0.37 to 1.13 and average of 0.66 (Table
4.8). For the dry season, the river mouth (0.60) and Kinira River River (0.64) share similar
Fe/K ratios (Figure 4.11 a). The iTsitsa River(0.52) and Thina River (0.52) yielded the lowest
Fe/K ratios, compared to the Mzimvubu River (0.72) and Mzintlava River (0.98) which yielded
the highest values (Figure 4.10 a).The intermediate season Fe/K average at the river mouth is
0.55, which is similar to the Thina River (0.43) river and the lowest Fe/K ratio for this season
(Figure 4.10 b). The Mzintlava River (1.06) produced the highest Fe/K ratio for the
intermediate season (Figure 4.10 b). The wet season river mouth ratio is 0.62, which is similar
to the iTsita (0.52) and Thina River (0.51) (Figure 4.10 c). The Mzintlava River (0.98) yielded
the highest Fe/K ratios for the wet season (Figure 4.10 c).
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Figure 4.9: Histograms showing the element composition relative abundance for the River
Mouth (a), iTsitsa River(b), Thina River (c), Kinira River (d), Mzimvubu (e), Mzintlava (f) and

the total Catchment average (g).
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Table 4.8: Table showing Fe/K, Al/Si and Ti/Al ratios of RBS and SPM samples for the dry,

intermediate and wet seasons.

Fe/K Al/Si Ti/Al
Season Site RBS SPM RBS SPM RBS SPM
Dry MZ 1 2.01 0.56 0.26 1.17 0.05 0.54
MZ 2 2.27 0.64 0.25 1.13 0.07 0.74
MZ 3 177 0.50 0.16 0.70 0.06 0.57
MZ 4 1.95 0.54 0.24 1.05 0.06 0.62
MZ 5 2.69 0.75 0.12 0.52 0.13 1.35
MZ 6 3.69 1.03 0.32 1.43 0.32 0.80
Mz 7 1.98 0.55 0.07 0.33 0.07 0.70
MZ 8 1.77 0.49 0.14 0.73 0.14 0.67
MZ 9 1.87 0.52 0.08 0.34 0.08 0.64
MZ 10 244 0.68 244 1.10 0.25 0.69
Mz 11 3.32 0.93 0.25 1.11 0.25 0.95
Intermediate MZ 1 194 0.54 0.21 0.95 0.05 0.97
MZ 2 1.98 0.56 0.22 0.97 0.08 0.87
MZ 3 1.78 0.50 0.19 0.84 0.05 0.53
MZ 4 131 0.37 0.27 1.20 0.05 0.47
MZ 5 2.08 0.58 0.14 0.61 0.05 0.55
MZ 6 3.77 1.06 0.31 1.40 0.07 0.74
Mz 7 2.70 0.75 0.06 0.28 0.13 1.34
MZ 8 1.76 0.49 0.16 0.73 0.07 0.76
MZ 9 2.49 0.70 0.08 0.36 0.05 0.55
MZ 10 2.33 0.65 0.26 1.15 0.06 0.61
MZ 11 - - - - - -
Wet MZ 1 1.92 0.54 0.17 0.74 0.05 0.54
MZ 2 1.80 0.50 0.17 0.66 0.09 0.97
MZ 3 2.02 0.57 0.11 0.47 0.12 1.25
MZ 4 1.86 0.52 0.14 0.64 0.11 1.10
MZ 5 3.01 0.84 0.09 0.39 0.12 1.25
MZ 6 3.64 1.02 0.30 1.35 0.12 0.64
Mz 7 1.69 0.47 0.10 0.45 0.10 0.56
MZ 8 1.82 0.51 0.15 0.66 0.07 0.76
MZ 9 4.03 1.13 0.08 0.37 0.05 0.47
MZ 10 2.50 0.70 0.23 1.02 0.07 0.69
Mz 11 3.35 0.94 0.19 0.85 0.17 1.71
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Fe/K correlation matrices

Dry season Fe/K RBS and SPM ratios show no significant positive or negative correlations for
the dry season (Figure 4.11 and Table 4.9). Intermediate season Fe/K RBS and SPM are
perfectly correlated to one another (r=1) (Figure 4.11 and Table 4.9). Wet Season Fe/K RBS

and SPM samples are perfectly correlated (r=1) and moderately correlated to elevation

(r=0.308) and (r=0.308) respectively (Figure 4.11 and Table 4.9, wet season).
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Figure 4.10: Histograms showing Fe/K ratio for RBS (blue) and SPM (orange) samples for

the (a) dry, (b) intermediate and (c) wet seasons.

RBS and SPM Fe/K are inversely correlated to precipitation (r= —0.314) and (r= —0.314)
respectively and temperature (r= —0.339) and (r=0.339) respectively (Figure 4.11, and Table

4.9). Overall, for the dry and wet season, precipitation and temperature are strongly correlated

(r=0.772). Precipitation and elevation are negatively correlated (r= —0.617), and elevation and

temperature (r=—0.943) (Figure 4.11, and Table 4.9).
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Table 4.9: Correlation matrices of RBS and SPM Fe/K ratios to precipitation, elevation and

temperature for the dry, intermediate and wet seasons.

RBS SPM
Fe/K Fe/K Precipitation Elevation Temperature
| RBSFelK 1
SPM Fe/K 1 1
£ 1 Precipitation  -0.189  -0.189 1
Elevation 0.040 0.040 -0.617 1
| Temperature -0.177 -0.177 0.772 -0.943 1
o [ RBSFe/K 1
= | SPM Fe/K 1 1
£ | Precipitation 0.077 0.077 1
£ | Elevation 0.265 0.265 -0.595 1
~ | Temperature -0.229 -0.229 0.752 -0.941 1
[ RBS Fe/K 1
SPM Fe/K 1 1
5 1 Precipitation -0.314 -0.314 1
= | Elevation 0.308 0.308 -0.617 1
| Temperature -0.339 -0.339 0.772 -0.943 1
Al/Si RBS

Al/Si ratios for RBS samples yielded values from 0.06 to 0.32 with an average of 0.18 for the
three sampling campaigns (Table 4.8). The dry and intermediate seasons yielded an average of
0.19 and the wet season an average of 0.15 (Table 4.8). Al/Si for the river mouth during the
dry season is 0.26, which is similar to the Mzintlava River (0.28), and is the highest Al/Si ratio
for the dry season (Figure 4.11 a). The lowest ratio Al/Si ratio occurred in the Kinira River
(0.10) (Figure 4.11 a).The intermediate season Al/Si ratio for the river mouth is 0.21 which is
similar to the Thian (0.22) and Mzimvubu River (0.20) (Figure 4.11 b). The highest Al/Si ratio
occurred in the Mzintlava River (0.31) and the lowest ratio value in the Kinira River (0.11)
(Figure 4.11 b). Al/Si ratios for the River mouth (0.16) and Mzimvubu River (0.16) are the
same during the wet season (Figure 4.11 c). The Kinira River (0.08) yielded the lowest ratio

whereas the Mzintlava River (0.25) yielded the highest ratio for the wet season (Figure 4.12 c).

Al/Si SPM
Al/Si ratios of SPM material yielded values from 0.28 to 1.43, with an overall average of 0.80
across the three sampling campaigns (Table 4.8). Dry season Al/Si values for the river mouth

yields a ratio of 1.15 (Figure 4.11 a). The Kinira River (0.43) yielded the lowest ratio, whereas
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the Thina River (0.85) yielded the moderately high ratio for the dry season (Figure 4.11 a). The
river mouth (0.96) and Thina River (0.96) yielded the same AIl/Si ratio values for the
intermediate season (Figure 4.11 b). The lowest Al/Si ratio occurred in the iTsitsa River(0.56),
and the highest ratios in the Mzintlava River (1.40) (Figure 4.11 b). Al/Si for the river mouth
during the wet season is 0.79 (Figure 4.11 c). The Mzimvubu River (0.71) shares as similar
Al/Si ratio to the mouth (Figure 4.11 c). The Kinira River (0.38) yielded the lowest Al/Si ratio,
and the Mzintlava River (1.10) yielded the highest ratio for the wet season.
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Figure 4.11: Histograms showing the Al/SI ratios for RBS (blue) and SPM (orange) samples

for the dry (a), intermediate (b) and wet (c) seasons.

Al/Si correlation matrices

Dry season Al/Si RBS and SPM ratios are perfectly correlated (r=1). RBS and SPM Al/Si are
inversely related to elevation (r= —0.479) and (r= —0.479) respectively. Intermediate season
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RBS and SPM AIl/Si values are perfectly correlated (r=1), and are inversely correlated to
elevation (r=0.392) and (r=-0.392) respectively (Table 4.10). RBS and SPM Al/Si samples are
perfectly correlated during the wet season (r=1). For the dry, intermediate and wet seasons,
precipitation and temperature are strongly correlated (r=0.772). Elevation is negatively
correlated to precipitation (r= —0.617), and elevation is negatively correlated to temperature
(r=-0.943) (Table 4.10).

Table 4.10: Correlation matrices for RBS and SPM Al/Si ratios to precipitation, elevation,

elevation for the dry, intermediate and wet seasons.

RBS SPM
Al/Si Al/Si Precipitation Elevation Temperature
[ RBS Al/Si 1
- SPM Al/Si 1 1
A Precipitation 0.130 0.130 1
Elevation -0.479 -0.479 -0.617 1
. Temperature 0.359 0.359 0.772 -0.943 1
@ [ RBSAISI 1
S | SPMAUSI 1 1
E { Precipitation -0.074 -0.074 1
2 | Elevation -0.392 -0.392 -0.617 1
- | Temperature 0.214 0.214 0.772 -0.943 1
r RBS Al/Si 1
- SPM Al/Si 1 1
§ { Precipitation -0.025 -0.0245 1
Elevation -0.030 -0.030 -0.617 1
| Temperature -0.050 -0.050 0.772 -0.943 1

Ti/Al RBS
Ti/Al ratios of RBS samples yielded values from 0.05 to 0.17, with an average of 0.08 for the
three seasons (Table 4.8). The dry and intermediate seasons yielded an average ratio of 0.07
and the wet season yielded a ratio of 0.09 (Table 4.8). Dry season Ti/Al ratio for the river mouth
is 0.06, which is similar to the iTsitsa River(0.06) (Figure 4.12 a). The river mouth and iTsitsa
Riverriver yielded the lowest Ti/Al values, and the Mzimvubu River (0.10) yielded the highest
Ti/Al ratio (Figure 4.12 a). The river mouth (0.07) and Mzintlava River (0.07) share the same
Ti/Al ratios for the intermediate season (Figure 4.12 b). The iTsitsa River(0.09) yielded the
highest Ti/Al ratio, whereas the Kinria (0.05) yielded the lowest ratio for the intermediate
season (Figure 4.12 b). Wet season Ti/Al for the river mouth is 0.07 (Figure 4.12 c). The
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Mzintlava River (0.11) produced the highest Ti/Al, and the Kinira River (0.08) and river mouth
produced the lowest Ti/Al values (Figure 4.12 c).

Ti/Al SPM

Ti/Al ratios of SPM samples yielded values from 0.47 to 1.71 with an average of 0.79 (Table
4.8). Ti/Al averages varied between the dry (0.77), intermediate (0.69) and the wet season
(0.90) (Table 4.8). Dry season Ti/Al at the river mouth is 0.64, which is similar to the iTistsa
(0.63) (Figure 4.12 a). The Mzimvubu River (1.02) yielded the highest Ti/Al value. Low Ti/Al
values occurred in the iTsitsa River(0.63) and river mouth (Figure 4.12 a). The average Ti/AL
value for the river mouth during the intermediate season is 0.72, which is similar to the
Mzintlava River (0.74) (Figure 4.12 b). The lowest Ti/AL ratios occurred in the Kinira River
(0.55), and the highest ratio was recorded in the iTstisa (0.93) (Figure 4.12 b). The wet season
river mouth Ti/Al ratio is 0.80 which is similar to the Kinira River river (0.86) (Figure 4.12 c).
The highest ratio occurred in the Mzintlava River (1.17), and the lowest values occurred in the
Kinira River (0.55).
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Figure 4.12: Histograms showing Ti/AL ratios of RBS (blue) and SPM (orange) samples for
the dry (a), intermediate (b) and wet (c) seasons.
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Ti/Al Correlation matrices
Ti/Al RBS and SPM are perfectly correlated during the dry season (r=1) (Table 4.11).
Intermediate season Ti/Al RBS and SPM are perfectly correlated (r=1), and moderately
correlated to precipitation (r=0.309; r=0.309 respectively)(Table 4.11). RBS and SPM Ti/Al
show a very weak inverse correlation to temperature. Wet season RBS and SPM Ti/Al are
perfectly correlated (r=1) (Table 4.11). Both RBS and SPM Ti/Al are inversely correlated to
precipitation (r=0.530; r=0.530 respectively) (Table 4.11). For the dry and wet season,
precipitation and temperature are strongly correlated (r=0.772). Precipitation and elevation are
negatively correlated (r=0.617) as well as elevation and temperature (r= —0.943) (Table 4.11,

dry and wet season).

Table 4.11: Correlation matrices for RBS and SPM Ti/Al samples to precipitation, elevation

and temperature for the dry, intermediate and wet season.

Ti/Al SPM
RBS Ti/Al Precipitation Elevation Temperature
RBS Ti/Al 1
- SPM Ti/Al 1 1
=) Precipitation -0.286 -0.286 1
Elevation 0.172 0.172 -0.617 1
Temperature -0.284 -0.284 0.772 -0.943 1
® RBS Ti/Al 1
E | SPMTIAI 1 1
£ Precipitation 0.309 0.309 1
2 Elevation 0.246 0.246 -0.595 1
- Temperature -0.077 -0.077 0.752 -0.941 1
RBS Ti/Al 1
= SPM Ti/Al 1 1
= Precipitation -0.530 -0.530 1
Elevation -0.0627 -0.0627 -0.617 1
Temperature -0.155 -0.155 0.772 -0.943 1

4.5 ALL PROXY CORRELATION

For the dry season, Fe/K is positively correlated to Al/Si (r=0.565) and Ti/Al (r=0.472).. Fe/K
is negatively correlated to CPI (r=—0.603) (Table 4.12). Al/Si is negatively correlated to dD2o-
31 (r=-0.604), whereas Ti/Al is positively correlated to §D29-31 (r=0.436) and 83C29-31 (r=0.535)
(Table 4.12). Norm31 yielded no significant correlations to other proxies except for showing a

marginal negative correlation to §*Cze-31 (r= —0.300) (Table 4.12). 8D29-31 is negatively
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correlated to CPI (r= —0.410). Similarly, 5!3C29-31 has a negative correlation to CPI (r= —0.602)
(Table 4.12).

The intermediate season shows that Fe/K has a positive correlations to Al/Si (r=0.483), Ti/AL
(r=0.680) and norm31 (r=0.689) (Table 5.12). Al/Si and Ti/Al are also positively correlated to
norm31 (r=0.524, r=0.563 respectively) (Table 4.12). Fe/K, Al/Si, Ti/Al and norm31 are
negatively correlated to 6D29-31 (r= —0.743, r= —0.593, r= —0.657, r= —0.782 respectively) and
813C29-31 (r=—0.0.607, r=—0.420, r=—0.671, r=—0.616 respectively) (Tale 4.12). 5D29-31 retains
a strong positive correlation to §*C2931 (r=0.755) as with the dry season and negative
correlation to CPI (r=—0.566). Similarly, §*3C29-31 has a negative correlation to CPI (r=—0.601)
as with the dry season (Table 4.12).

Table 4.12: Correlation matrices for all proxies and environmental variables for the dry,

intermediate and wet season.

D2ze.
) Fe/lK AL/SIi Ti/Al Norm3l 3 8%Chs CPI
Fe/K 1
AL/Si 0.565 1

o | TiAl 0.472 -0.175 1

6 1 Norm3l  0.0689 -0.034 0.207 1
D931 -0.119  -0.604 0436 -0.163 1
§Ca9.3 0.397 -0.221 0535 -0.300 0.353 1
CPI -0.603 0.0989 | -0.454 -0.165 -0.410 -0.602 1
- FelK 1

o | ALSI 0.483 1

g | TiAl 0.680  0.150 1

£ | Norm31 0.689 0.524 0.563 1

2 | SDwa -0.743 -0.593 -0.657  -0.782 1

| 6%Cws  -0607 -0.420 -0.671 -0.616 0.755 1
CPI 0.364 0.256 0220 0.134 -0566 -0.601 1
r FelK 1
AL/Si 0.231 1
TilAl 0.041 -0.088 1

g- Norm31  -0.123 = -0.476 -0.089 1
8D29.31 0.293 -0.206 -0.163  0.426 1
58Caps  -0223 0020 0422 -0.121 0.416 1
CPI 0594 -0.157 -0.048  0.170 0201  -0.409 1
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The wet season shows weak correlations between the Fe/K and Al/Si, Ti/Al and 6D29-31,
however a positive correlation to CPI (r=0.594) (Table 4.12). Al/Si has a negative correlation
to norm31 (r= —0.476), and Ti/Al shows a positive correlation to §**Ca9.31 (r=0.422). Norm31
and 8D29.31 are positively correlated (r=0.426), as is 8D29-31 with §3Ca29.31 (r=0.416) (Table
4.12). Consistent with the dry and intermediate seasons, 6*3C29-315hows a negative correlation
to CPI (r= —0.409) (Table 4.12).

4.6 CONCLUSION

The results presented and described in this chapter provided a short outline of the trends within
pollen, stable carbon and deuterium isotopes, stable oxygen and hydrogen isotopes and XRF
element data from Mzimvubu River. These results were described in terms of a modern
provenance based approach in which the origin and transport pathways of each proxy were
identified. Proxies were then correlated with environmental factors such as elevation,
precipitation and temperature as well as to each other to establish relationships. These data
identified significant environmental, physical and hydrological signals which can be applied to
palaeoclimatic reconstruction investigations within the Mzimvubu Catchment, and to the

broader Eastern Cape of South Africa.
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CHAPTER FIVE

DISCUSSION

5.1 INTRODUCTION

A detailed assessment and comparison of the pollen results, stable §**C and d&D isotope values,
and XRF elemental results are presented in this chapter. These proxy data are evaluated in
terms of their ability to accurately reflect surrounding vegetation and prevailing climate
conditions within the Mzimvubu Catchment, with implications for proxy application and
interpretation. Pollen data were used to develop a modern picture of the prevailing vegetation
compositions and distribtions within the catchment, as well as to verify n-alkane distribution
data such as 83C29.31, d5D29-31, CPI and norm31. 83C29.31 and norm31 signals are described in
terms of the relative Cz and Ca plant type and broader vegetation groupings, and ddD29-31 will
be evaluated in terms of re-creating the hydrological processes and dynamics within the
catchment. CPIl and XRF element ratios are described in terms of the relative origins of organic
matter within the catchment. The first section will describe the discharged proxy signal,
detailing the nature and characteristics of the pollen, organic and inorganic signatures for the
catchment. Secondly, a brief comparison between RBS and SPM samples and the similarities
and discrepancies between the two sample types will be provided. This will be followed by a
comparison of signals from RBS and SPM samples to see whether RBS samples could be taken
as representative of the catchment, given that in many cases SPM yielded insufficient material
for analysis. Thirdly, provenance dynamics of each major proxy within each tributary and the
catchment as a whole will be discussed. Lastly, the results of this study will be compared to
similar case studies. Throughout the chapter, the results of the research will be considered in

terms of applications and implications for future palaeoclimate research in South Africa.

5.2 THE DISCHARGED PROXY SIGNAL

This section will provide a detailed interpretation of the specific pollen, organic lipid biomarker
and inorganic XRF signals transported within each major tributary of the Mzimvubu
Catchment. Similarities and differences in trends within and between proxy data will be
discussed for pollen, n-alkane lipid biomarkers and XRF element compositions. Each proxy
will be qualitatively assessed in relation to environmental parameters and the effect these

conditions may have on the resultant signal transported by the five major tributaries.
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5.2.1 Pollen

Seasonality of pollen data was not considered during interpretations as the influence of
flowering seasons were too great. Therefore, a brief description of the most significant seasonal
pollen findings is provided below, followed by a more detailed analysis of the pollen data and

its relation to the surrounding vegetation and some environmental parameters.

Seasonality
Pollen signals for the dry, intermediate and wet seasons reflect transitions in flowering seasons
for plant types in the surrounding catchment. Fluctuations in certain taxa are less affected by
seasonality of pollen production and taphonomic processes, whereas others are significantly
affected. Brewer et al., (2013) found that pollen is not only a function of surrounding
vegetation, but also pollen production which varies seasonally, making interpretations complex
and nonlinear. Similarly, Brown et al., (2007) established that there are strong seasonality
effects on pollen percentages and taphonomic processes which can lead to issues of
underrepresentation and overrepresentation of catchment vegetation. For the Mzimvubu River
it was found that grasses, sedges, Rhus, Tubuliflorae, Acacia, Podocarpus and Pinus were
ubiquitous throughout every season and sample site, with minimal seasonal variation. In
contrast, strong seasonal effects were evident for Sesbania, Combretum, Salix, and Zea mays.
Firstly, the presence of Sesbania pollen during the dry season could be due to some subspecies
flowering throughout the year (Hoffmann and Moran, 1991) rather than being restricted to the
the growing season. Secondly, Combretum flowers from August through to November which
could explain its presence during the wet season (Jordaan et al., 2011). Combretum also prefers
low lying bushveld and thicket in dry and warm areas which are characteristic of the Mzintlava
River River in the middle catchment during winter months. Thirdly, Salix pollen grains were
recorded in the dry season at the river mouth exclusively, it is likely that RBS contained a
signal stored and that a seasonal spike was picked up during counting and analysis. SPM
samples would have been a beter representation compared to RBS, however, this was not
possible due to SPM vyiledling consistently low concentrations compared to RBS. Lastly, Zea
mays is present at the river mouth, confluence, Thina River and Mzintlava River during the wet
season. This spike coincides with the planting of some maize crops as early as late September
through to November in the former Transkei region soon after spring rainfall (DWS 2017).
Some crops have been known to start flowering as soon as late November if planted in
September which could explain the Zea mays palynomorph signal during the wet season only
(Peterson, 2013). In addition, RBS samples could have preserved pollen signals over long time
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periods, and the signal could have originated from a previous depositional event from previous

flowering seasons.

Upper catchment
Pollen data in the upper Mzimvubu Catchment showed an environment characterised by
grasses, sedges, fern spores, some herbs and shrubs and some trees (exotic and indigenous).
The natural vegetation of the area is consists of treeless grassland and highland sourveld and
southern tall grassland (Acocks, 1988; Madikizela and Dye, 2003). Compared to the middle
and lower catchment, the most abundant palynomorphs in this section of the catchment are
grasses. The grassland biome is affected by seasonality of rainfall and temperature (Acocks,
1988), therefore grasses in this area would have adapted better to the cooler temperatures and
moist environments compared to some trees and shrubs (Scott, 1999) (Table 5.1). Therefore, it
is likely that the grasses dominate the upper reaches of the catchment, and that these grasses
are Cs grasses (Scott, 1982; Vogts et al., 2012). Sedges, Liliaceae, Rhus and Tubuliflorae are
common herbs and shrubs found in the upper catchment area. The presence of the Rhus
palynomorph as well as a high frequency of fern spores and sedges in this section of the
catchment, represent the prevailing moist grassland under cool climate conditions (Table 5.1).
Ericaceae and Passerina were also found in the Thina River, upper Mzimvubu River, and
Mzintlava River tributaries which drain from the Drakensberg foothills. Ericaceae is more
widespread compared to Passerina, despite Passerina having a wider distribution compared to

Ericaceae in most environments (Coates Palgrave, 2002).

Similarly, Acacia type 1, llex mitis and Pinus are common arboreal palynomorphs recorded in
the upper catchment. Pinus was present in the upper catchment, which could be due to the
occurrence of commercial forestry plantations in the nearby towns and along the upper
tributaries in Kokstad, Matatiele and Cedarville (DWS, 2017). llex mitis pollen grains were
found in the upper Mzimvubu River and Mzintlava River, which is unexpected as llex mitis is
a moisture dependent tree, and these sites are not characterised by high rainfall or moist
conditions (Table 5.1). However, it is possible that microclimates along the banks of the upper
Mzimvubu River and Mzintlava River tributaries can play a role in determining llex Mitis
distributions (Coates Palgrave, 2002; Scott, 1999) (Table 5.1). A municipal report found
Podocarpus to be a common tree present in the upper catchment (DWS, 2017). However,
results of this study found no Podocarpus pollen grains in the RBS samples of the upper

Mzimvubu River and Mzintlava River.
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Table 5.1: Pollen climate indicator values and general habitat preferences

Family and Genus

Climatic Indicator Values

General habitat

Amaryllidaceae
undiff.

Warm temperate, savanna
environments, warm conditions
(Scott, 1982).

Understory of forests, riverine environments
(Scott, 1982).

Anacardiaceae Rhus

Tropical and subtropical

environments (Scott, 1999).

Lowland Bushveld, coastal shrub and dune
forest and forest edges (Scott, 1982).

Aquifoliaceae llex | Wetter tropical and temperate | Grassland, swamps, floodplains, river banks

mitis conditions. Moisture dependant | and moist woods and forests (Scott, 1999).
trees (Coates Palgrave, 2002).

Asteraceae Dry climatic indicator, tropical and | Shrubland (Scott 1999).
subtropical climates (Scott, 1999).

Cheno-Am Dry climatic indicator (Scott, Halophytic plants, grassland, disturbed
1999) habitats (Scott 1999).

Combretaceae Warmer, drier climates (Scott Trees of woodlands, bushveld and riverine

Combretum 1982). environments (Scott 1982).

Cyatheaceae Cyathea

Moisture dependant trees of the
Tropics subtropics (Coates
Palgrave, 2002).

High altitude streams banks, grasslands,

forest margins (Coates Palgrave, 2002).

Cyperaceae undiff.

Wet climate indicator (Misha et
al., 2015).

Semi-aquatic, local swamps, deep soils, moist
wetlands, forest and costal shrubs (Scott,
1999)

Ericaceae undiff.

Cool sub-humid conditions and
WRZ (Scott 1999)

Mountain ranges, upland forests, local
swamps of (Scott, 1982; Scott, 1999).

Euphorbiaceae

Warm conditions (Scott 1999)

Succulents, deep local soils. (Scott, 1982).

Fabaceae Sesbania

Warm conditions (Scott 1999).

Savanna, deep local soils (Scott 1999).

Liliaceae unfiff.

Wet climate indicator (Scott, 1999)

Semi-aquatic, local swamps, deep soils, moist
wetlands, forest and costal shrubs (Scott,
1999)

Mimosaceae  Acacia

type |

Dry climate.

Bushveld, mistbelt, montane (Scott, 1982)

Myricaceae Morella

Sub-humid conditions (Scott
1999).

Mountain crests and valleys, escarpment,
(Scott, 1982).

conditions (Coates Palgrave, 2002).

Myrtaceae Syzygium No data found. Swamp forest margins, stream-banks,
riverine thicket, open grassy highlands (Scott
1982; Cock and Cheeseman, 2018).

Palmae Borassus Warm, tropical and subtropical | Savanna and wet lowland forests (Scott,

1982).
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Pinaceae Pinus

High rainfall areas
Palgrave, 2002).

(Coates

Exotic Conifer used for timber plantations
(Coates Palgrave, 2002).

Poaceae undiff.

High rainfall , warm tropical and
temperate indicator (Fitchett and
Bamford, 2017)

Grassland/Savanna (Scott 1999).

Poaceae Zea mays

Summer rainfall, tropical

Sunny environments, ubiquitous, ecosystem

1982).

environments (Peterson, 2013). margins, moderately  distributed  sites
(Peterson, 2013)
Podocarpaceae Moist/wet conditions. Moisture | Large pollen grain production. Wind
Podocarpus dependant trees (Scott 1999a) dispersal. Easily overrepresented in the pollen
spectra. Montane forest. (Scott, 1982).
Pteridophyte Wet, moist conditions (Scott, Ferns (Scott, 1982).

Salicaceae Salix

High rainfall areas, moist to wet
conditions, large water

(Kuzovkina and Quigley, 2005).

source

Introduced species planted along rivers, they
have become naturalised and are invaders

along water courses (Coates Palgrave, 2002).

Thymelaeaceae

Passerina

Cool drier sub-humid conditions
and WRZ (Scott, 1982; Scott 1999).

Highveld ericoid shrubs, mountain crests of
the escarpment (Scott, 1982).

This is unexpected since Podocarpus is also found in the middle and lower catchment region,
especially near the river mouth. It is possible though that the absence of Podocarpus in these
sites is due to the extensive illegal collection and tree removal of yellowwoods by residents in
nearby local villages and commercial loggers that occurs in this area (DWS, 2017). Podocarpus
trees could have been subsequently removed for fuel wood harvesting, medicinal uses and
commercial logging (Madikizela and Dye, 2003; Gess, 2012). It is also likely that the absence

of Podocarpus could be due to the size of the pollen grain counts.

Middle Catchment
This middle catchment falls within a matrix of valley bushveld, southern tall grassland and
Ngoni veld, which characterise the savanna biome (Acocks, 1988; Mucina and Rutherford,
2006). The warmer and drier condtions in this part of the catchment are characterised by a
mixture of herbs and shrubs, grasses and trees (exotic and indigenous). Grasses remain the
dominant palynomorph in the middle catchment, however, there is a substantial representation
of tree and woody shrub vegetation compared to the grassland biome and IOCB. Grasses are
most frequent in the Mzintlava River, Thina River, and iTsitsa which coincides with high

norm31 ratios and long n-alkane chain lengths (nCs1 to nCss) (Carr et al., 2014). A strong grass
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signal originates from the upper Mzintlava River tributary which could be due to draining a
grassland-rich environment characterised by highland sourveld, Dohne sourveld and Ngoni
veld, compared to the other tributaries (Acocks, 1988). n-Alkane analysis of RBS samples
from the Mzintlava River yielded chain lengths of nCss, which is often associated with grasses

and is the longest recorded chain length for the catchment (Vogts et al., 2012).

Cyperaceae and Liliaceae are not as frequent in this section of the catchment compared to the
grassland biome and IOCB. 6D29-31 isotope analysis of RBS sediment organic matter showed
that compared to the upper and lower catchment, the middle catchment likely experiences
reduced rainfall and increased temperatures and higher evaporation rates indicated by enriched
dD29-31 (Vogts et al., 2016). Since Cyperaceae and Liliaceae prefer sunny moist to wet habitats
as opposed to dry and warm environments (Scott, 1999), it is likely that the general increased
dryness due to increased temperature and evaporation could account for the reduced frequency.
The same general trend is evident in the pteridophyte vegetation, except for a sudden spike in
monoletes frequency at in the Thina River. This spike could be due to the presence of Pinus
forestry plantations in the Thina River, and the canopy cover the plantations provide could
provide an ideal moist and shady environment for this plant type to persist (Della and
Felkenberg, 2019). Herb and shrub palynomorphs are well represented in the savanna biome.
Of particular interest, Amaryllidaceae, Rhus, Senecio, Tubuliflorae, Vernonia, Cheno-Am,
Acalypha and Euphorbia are significantly well represented compared to the upper catchment.
The succession from grass to woody shrub and arboreal dominated vegetation, reflects the
major vegetation change from uperr catchment grassland to a warm and dry savanna in the
middle catchment (Scott, 1982).

The arboreal signal is characterised by llex mitis and Acacia in the iTsitsa and Thina River, and
Combretum, Morella, Acacia and Podocarpus in the Thina River, lower Mzimvubu River and
Mzintlava River. There is a spike in frequency at MZ3 (iTsitsa) for Acacia type | which
coincides with a high frequency of Pinus and llex mitis at the same site. It is interesting that a
dry weather indicator tree such as Acacia and a moisture dependent, wet indicator tree such as
Ilex mitis occupy the same area. It is possible that a generally wet climate and high rainfall at
the river mouth provides a suitable environment for Ilex mitis to persist along the banks of the
lower Mzimvubu River (Scott, 1982) (Table 5.1). In addition, the presence of Pinus at the river
mouth which is also widely used for timber plantations, infers that small forestry timber

plantations occur at the river mouth (DWS, 2017). Therefore, it is likely that the presence Pinus
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palynomorph represent timber forestry plantations, and the presence of llex mitis could be due

to the high rainfall and generally wet conditions at the river mouth (DWS, 2017).

Generally, the lower Mzimvubu River and Mzintlava River in the middle catchment yielded a
higher frequency of arboreal taxa compared to the iTsitsa Riverand Thina River. This is to be
expected since the iTsitsa and Thina River, despite being located in the savanna biome, drain
predominantly grassland type vegetation in the upper catchment. The lower Mzimvubu River
and Mzintlava River drain from indigenous forested areas as well as commercial forestry
plantations in the upper catchment and typically represent a more savanna-type signal
compared to a grassland signal in the iTsitsa andThina River. Pinus is less common in the
IOCB and upper catchmet, but more common in the middle catchment. Combretum, Acacia,
Morella and Podocarpus, which define the lower Mzimvubu River and Mzintlava River, are
characteristically dry, warm sub-humid climate indicator taxa (Scott, 1982) (Table 5.1). §!3Czo.
31 and 6D29-31 RBS isotope data from the lower Mzimvubu River and Mzintlava River also
indicate a trend of drying, warmer temperatures and increased evaporation. Zea mays pollen
grains were recorded in the Thina River and Mzintlava River, indicating the presence of
agricultural cereal crops, which coincide with is commercially grown maize in sections of the
Mzintlava River (Kokstad), Mzimvubu River (Cedarville), and the river mouth (Port St. Johns).
These areas form the agricultural hub for maize production for the former Transkei region
(DWS, 2017).

Lower catchment

Compared to the upper and middle catchment, the river mouth shows a well-mixed signal of
grasses, sedges, herbs and trees (exotic and indigenous). Dune forest with sporadic patches of
grasses and herbaceous shrub-like succuelent vegetation characterise the I0CB (lower
catchment) (Mucina and Rutherford, 2006). Grasses remain the dominant palynomorph,
however, grasses were not as well represented in this section of the catchment compared to the
upper and middle catchment. Aquatic taxa such as Cyperaceae and Liliaceae have a significant
presence in the lower catchment compared to the middle and upper catchment, but fern spores
decrease in abundance drastically in the lower catchment. This trend is different than expected
as high sedge and Lilaceae frequencies coincide with high fern spore frequencies for both the
middle and upper catchment. The lower fern spore frequency in the lower catchment could be
due to brackish nature of the river mouth, as salt content increases, fern spore frequencies
decrease (Della and Felkenberg, 2019).
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Conversely to the aquatic and fern spores, herb and shrub vegetation are most frequent in the
lower section of the catchment compared to the upper and middle catchment. Rhus, Senecio,
Tubuliflorae, Vernonia, Helichrysum, Cheno-Am, Acalypha, Euphorbia and Sesbania define
the herb and shrub signal for the lower catchment. Cheno-Am was found in higher frequencies
at the river mouth compared to the river confluence, which could be explained by some Cheno-
Am taxa being halophytic and accustomed to brackish water (Scott, 1999). The presence of
Euphorbia and Acalypha are expected as succulent shrub like vegetation is commonly
associated with I0CB vegetation (Mucina and Rutherford, 2006; Scott, 1999).

There is a marked lower frequency of Ericaceae and Passerina at the river confluence and the
river mouth compared to the middle and upper catchment. Both palynomorphs prefer cool, dry
sub-humid conditions (Scott, 1999) (Table 5.1), which are not characteristic of the lower
catchment IOCB (Mucina and Rutherford, 2006). These palynomorphs, despite being widely
distributed, prefer high altitude mountainous areas (Coates Palgrave, 2002) (Table 5.1).
Therefore, it is likely that the presence of Ericaceae and Passerina at theriver mouth, indicate
that the pollen grains have been transported from the upper Mzimvubu River and Mzintlava

River tributaries and deposited at the river mouth.

Arboreal palynomorphs show a similar diversity in the lower catchment compared to the
savanna biome, however, there is a reduction in overall arboreal palynomorph abundance and
an increase in grasses and herbs and shrubs. Ilex mitis, Cyathea, Acacia, Morella, Borassus and
Podocarpus define the arboreal signal for the lower catchment. The sandy, well drained nature
of the soil in the lower catchment could provide an ideal habitat for Podocarpus, Cyathea and
Morella palynomorphs (Scott, 1999) (Table 5.1). Wet and moist conditions could enable
moisture dependent trees such as Illex mitis and Borassus to persist in the lower catchment
region. Pinus and Salix are recorded in the river mouth and confluence, with the confluence
yielding higher overall frequencies compared to the iver mouth. Salix was not recorded in the
upper and middle catchment, indicating that its source regions are located near the river
confluence and the river mouth. However, personal observation during the sampling campaigns
showed that some Salix trees grew along the upper Mzimvubu River stream banks (Jordaan,
2005). Zea mays pollen grains were recorded in the river mouth and confluence, with the
confluence showing a higher frequency. This is unexpected as large scale commercial maize
farms are not present in this section of the catchment. However, according to DWS (2017),
maize production is present in the river confluence and Port St. Johns areas on a smaller

subsistence based scale.
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A discrepancy was found between palynomorph frequencies analysed at the river confluence
and the river mouth, which could be due to the presence of a manmade wier at the river
confluence. The weir could inhibit the transport of pollen grains, n-alkane lipid biomarkers and
sedimentary elemental compounds downstream to the river mouth. Modern fossil pollen
assemblages were analysed by Xu et al., (2016), they found that anthropogenic pressures had
a significant impact on pollen assemblages and distributions due to land use transitions and
vegetation changes. Often the nature of these activities such as agriculture, land use change,
water impoundments and vegetation removal have substantial impacts on vegetation
composition of an area and ultimately the hydrologic, sediment and vegetation signature
transported in the river (Xu et al., 2016). This effect was seen at the confluence, wherein the
pollen, n-alkane and inorganic XRF signals represented the diversity of source regions within
the catchment compared to the river mouth. In light of this, the confluence would be a better
representation of catchment vegetation composition compared to the mouth, which is likely

representing the local signal.

5.2.2 Leaf-wax derived long chain n-alkane

n-Alkane homologue distribution
The Mzimvubu catchment maximises at the nCs1 n-alkane homologue for the three seasons,
followed by nC29 and nCz7. Short n-alkane chain lengths were not common in the Mzimvubu
Catchment, indicating that terrestrial higher plants contributed the most to the sedimentary n-
alkane signal (Vogts et al., 2012). Both RBS and SPM consistently maximise at nC27 and nCs1
for the three seasons which is to be expected for an environment characterised by grassland,
savanna and I0CB vegetation (Poynter et al., 1989). Typically, higher plans occur in the nCzs
to nCss n-alkane homologue range (Chibnall et al., 1934; Eglinton and Hamilton, 1967).
Within this range, chain lengths such as nC27 and nCz9 have been proposed to irignate from
arboreal and shrub-like vegetation, compared to longer chain lengths (nCs1 and nCss) originate
from herbs and grasses (Shwark et al., 2002). However, using n-alkane chain length
distirbuiotns to desicimrinate between grass and woody vegetation should be done cautiously
due to large variations within plant groups (Bush and Mclnerney, 2013). Despite this, other
studies have confirmed it is still possible to utilise n-alkane chain length distributions as a semi-
quantifiable proxy for vegetation groupings, especially when compared with other vegetation

and climate proxies (Vogts et al., 2012; Chavalier et al., 2015).

Furthermore, when n-alkane chain length data were compared with pollen and norm31 data,

occurrences of nCz7 and nCa1 coincided with the presence of arboreal/shrub vegetation and
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grasses respectively at the same sites. High norm31 values coincided with longer n-alkane
(nCs1 ad nCss) chain lengths in the upper Mzimvubu River and Mzintlava River tributaries,
whereas lower norm31 ratios coincided with shorter n-alkane chain lengths (nC27 and nC2o)
(Chevalier et al., 2015; Carr et al., 2014; Zech et al., 2012). There is a transition from grassland
type vegetation in the upper catchment towards savanna vegetation in the middle catchment.
Dry season RBS and SPM samples contribute a longer n-alkane chain length (nCs1and nCss),
compared to the intermediate and wet season (nCz7). These results are in line with previous
studies, for example, Vogts et al., (2009) who stated that longer chain lengths are synthesised
in warmer temperate regions and can represent a predominance of grasses (Rommerskirchen
et al., 2006; Schefup et al., 2004), whereas moderate to shorter chain lengths are indicative of
trees and shrub-like vegetation (Vogts et al, 2009; Carr et al. 2014; Weijers et al., 2009).

The range of short-to-long n-alkane changes for the dry season is less compared to that of the
intermediate and wet season. For example, dry season homologue chain lengths ranged from
nC29 to NnCs1, Whereas wet season homologues ranged from nCz7 to nCss for RBS and SPM.
This could be due to the wet season having more divers organic matter signals as different plant
types in the catchment experience their flowering season during November (wet season)
(Brewer et al., 2013). A reduced norm31 ratio is expected during the wetter months as this
coincides with the start of the growing season (September — November) for arboreal taxa,
agricultural crops and pine plantations (DWS, 2017). Although arboreal n-alkane contributions
should ideally be low during the dry (non-growing) season, the signal would still be stored in
RBS samples. Moreover, trees have a large spatial coverage and leaf biomass compared to
grasses, and therefore would still contribute to the n-alkane signal (Diefendorf and Freimuth,
2017). However, due to the quantity and widespread distribution of grasses in the catchment
during this season, it is likely that the grass signal overprinted the arboreal signal, thus resulting

in a predominantly grass dominated n-alkane composition (Diefendorf and Freimuth, 2017).

CPl2s-33
CPlz2s-33 values for RBS and SPM samples yielded predominantly odd-over-even chain lengths
for the three seasons, which indicates that n-alkane organic matter in river sediment generally
originated from terrestrial higher plants (Bray and Evans, 1961; Cranwell, 1984; Boot et al.,
2006). RBS and SPM vyielded similar fluctuations in CPI values between the tributaries,
however, SPM on average showed a consistently lower CPI compared to RBS. Reduced CPI
values are common in areas of increased temperature and rainfall as these climatic factors

enable high levels of erosion and organic matter degradation due to microbial activity in soils.
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These findings corroborate with a finding by Richey et al., (1990) wherein lower CPI values
are likely as a result of biodegradation due to microbial processes in tropical soils. Therefore,
low CPI values are unlikely to be representing the effects of precipitation induced erosion in
the Mzimvubu Catchment as well as possibly anthropogenically induced soil erosion by
agricultural activities and land use changes and biodegradation of organic compounds (Richey
et al., 1990).

Municipal reports state that sediment yielded are the highest in the Mzimvubu River compared
to any other tributary, due to easily weathered parent rock material as well as improper land
use practices (DWS, 2017). Reduced CPI values consistently originate from the Mzintlava
River and river mouth samples which are are underlain by easily weathered Ecca rock
formations (Madikizela and Dye, 2003; Gess, 2012), located in areas of high anthropogenic
activities (Madikizela and Dye, 2003). The high sediment yield entering the river from
weathering and erosion processes can contribute to the reduced CPI values. Seasonally, the dry
and intermediate seasons yield higher CPI values, which gradually decrease towards the wet
season. Despite the fact that vegetation biomass is higher during the wet season, the lower CPI
values could indicate soil erosion processes due to increased precipitation and easily weathered
underlying parent rock material (Bouchez et al., 2014; Haggi et al., 2016; Sojinu and Shittu,
2018).

In contrast, high CPI values consistently originate from the Thina River and upper Mzimvubu.
River These tributaries are surrounded by a high density of arboreal and shrub-like vegetation.
RBS shows a weak positive correlation to temperature and precipitation which means that as
temperatures and precipitation increase, so does CPI for RBS samples. Since this correlation
occurred during the dry and intermediate season, which is not the growing season for majority
of plant types in the catchment, it is likely that another factor is causing an elevated CPI value.
It is possible that due to reduced rainfall during these seasons and lack of anthropogenic
induced erosion, the vegetation signal, although low, could be the main contributor of the CPI
sediment organic matter (Volkman et al., 1992). Extensive pine plantations, verified by RBS
Pinus pollen grains, are found on these river banks. These plantations persist during dry and
intermediary seasons within the catchment (DWS, 2017) and could also contribute to elevated
CPI values. Moreover, both rivers flow over the mudstones and shales of the Clarens and Elliot
rock types which are less prone to weathering and erosion, which likely results in reduced

sediment yields in the adjacent or overflowing rivers (Catuneanu et al., 2005; Gess, 2012).
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613C29-31

RBS and SPM samples from the Mzimvubu Catchment featured a wide range of vegetation
compositions inferred by pollen data and lipid biomarker data, and sediment particle sizes over
each season. §'3Cz9-31 values range from —27.8%o to —32.1%o which, according to various
authors, is representative of an environment characterised by grasses, trees and shrubs
(Lockheart et al., 1997; Eglinton and Hamilton, 1967; Vogts et al., 2009, 2012; Wang et al.,
2015; Boot et al., 2006; Rieley et al., 1991). The lowest §'3C value for the catchment is —27.8%o
indicating that catchment vegetation is predominantly Cs vegetation (\Vogts et al., 2009). Ca
vegetation typically yields 83C values from —14%o to —20%o, however, enriched §3C29.31
values like these were not recorded in the catchment (Vogts et al., 2009). In addition, the
dominance of the nC29 and nCs1 n-alkanes infers that the vegetation is predominantly Cs
vegetation. It has been previoiusly shown that a high abundance of nCs1 and nC29 n-alkanes
indicate Cs plants rather than C4 plants (Garcin et al., 2012). Futhermore, the overall signal
indicates a mixture of Cs grassland and savanna type vegetation based on the dominance of the
nCs1, nC29 and nCz7 n-alkane homologues (Vogts et al. 2012; Lockheart et al., 1997;
Diefendorf et al., 2010). Although specific taxon based n-alkane carbon stable isotope values
were not established for the catchment vegetation, the sediment n-alkane §'3Cae.31 values
corroborate with the general vegetation composition comprising of grassland, savanna and
IOCB defined by Mucina and Rutherford (2006) and Acocks (1988). Depleted 5'°C values for
RBS samples occur in the iTsista, upper Mzimvubu River and Thina River rivers, and it is
likely that these §*C29.31 values are indicating Cs grasses as they dominate the typical Cz 13Czo.
s1range (O’leary, 1988; Vogts et al., 2009; Bi et al., 2005). We can assume that the depleted
513C29-31 signal should coincide with longer n-alkane chain length distributions and the presence
of grass type vegetation over arboreal indicated by a high norm31 ratio (Chevalier et al., 2015;
Carr et al., 2014).

There is a shift shorter chain lengths (nCz7 and nC29) during the wet and intermediate season
could be due to pollen production of plants during the flowering season. Podocarpus for
example, is known to produce large a mounts of pollen during its flowering season (Scott,
1999), and some species of Combretum and Sesbania have been known to flower throughout
the year (Jordaan, et al. 2011). The presence of these palynomorphs in the Mzimvubu River,
Thina River and iTsitsia could account for the shorter n-alkane chiain lengths. Despite this, the
overall n-alkane chain length signal is dominated by the nCs1 for these three tributaries. A

predominantly grass environment is further shown through high norm31 ratios for the iTsitsa,
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Thina River and Mzimvubu river. Pollen data (Figure 4.3) shows that Poaceae is the dominant
taxa for the iTsisa and Thina River, however not for the Mzimvubu River. It is possible that
the arboreal taxa signal which could originate from Acacia and Pinus timber plantations in the
Mzimvubu River (DWS, 2017), could account for the marginally reduced grass signal and

elevated arboreal signal.

813C enrichment occurs in the Mzintlava River, Kinira River and river mouth, however these
rivers are associated with increased levels of erosion, particularly the Kinira River River which
is characterised by sandy soil profiles. Therefore, the enrichment at these sites is likely due to
an additional minor source. Some studies show petrogenic source to sediment organic matter
as well as the presence of degraded and of n-alkane plant wax lipids can enrich the §**C signall
(Bouchez et al., 2014). A study conducted by Haggi et al., (2016) found that petrogenic souring
of n-alkane organi matter to be a likely cause of §*3Czg-31 enrichment in river bed sediments. It
is also possible to infer that enrichment could be due to the contribution of some Ca plants (Still
and Powell, 2010; Chevalier et al., 2015). A Ca4 should be accompanied by an increase in n-
alkane chain lengths, which is evident for the Mzintlava River (nCs3) and Kinira River (nCs1
and nCass), however not for the river mouth (nC27 and nCs1) (Rommerskirchen et al., 2003;
Hamilton et al., 2004). Since no taxon-specific n-alkane chain length data exists for the
catchment, pollen data was utilised in an attempt to verify this pattern. For example, aquatic
pollen taxa such as Cyperaceae and Liliaceae are prevalent in Thina River, upper Mzimvubu
River and Mzintlava River, and Cyperaceae is known to have both Cs and C4 plant types which
could account for the marginal enrichment (Scott, 1999). In addition Zea mays pollen grains
were identified in these tributaries, and maize is known to be a Ca cereal crop, therefore

indicating that the 5'*C29-31 enrichment could also be caused by Cs maize crops.

However, since the most enriched §'Cz29-31 value for the catchment is —27.8%o, this does not
fall within the typical Ca4 grass or cereal crop carbon isotope range (—14%o to —20%o0) (Vogts et
al., 2012). Therefore, the carbon isotope signal for these tributaries is also representing an
additional petrogenic source of §*Cz¢-31, or Cs forest. A commercial pine timber plantations
are present along the Mzintlava River and river mouth. Combretum and Acacia dominated the
nCz9 n-alkane chain length, and these two palynomorphs were recorded in the Mzintlava River
and river mouth (Vogts et al., 2009). Although the specific carbon isotope values of these
arboreal taxa are unknown, it is likely that their presence in the tributaries are the cause of the
marginal §3Cz9.31 enrichment (Vogts et al., 2009, 2012, 2016; Scott and Vogel, 2000;
McDuffee et al., 2005; Badewien et al., 2015)
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0D29-31
The Hydrogen that enters plant tissue durig photosynethsis originates from soil water, which
ultimately comes from precipitation (Session et al., 1999; Sachse et al., 2012). Therefore,
changes in hydrogen isotope compositions of plant waxes can reflect isotopic shifts in
precipitation. Generally, the upper catchment shows 6D29-31 depletion (Figure 5.1 blue dots)
and the river mouth show 6D29-31 enrichment (Figure 5.1 yellow/red dots). However, the middle
catchment yielded more enriched 8Dz2¢-31 values compared to the river mouth (Figure 5.1
yellow/red dots). Throughout the tributary, depleted 6D29-31 values occur in the northeast and
northweset tributaries (Kinira River, uppr Mzimvubu River, Mzintlava River), and 8D29-31

enrichment towards the southeast tributaries (iTsitsa).

Variations within 6D29-31 values of RBS sediments, indicate that depletion and enrichment
change with increasing and decreasing elevation, distance from the sea and precipitation
amount. These are known as isotopic “effects” (Herrmann et al., 2017; Sachse et al., 2012).
The altitude effect is shown by how 6D exhibits a strong inverse relationship to elevation for
the dry, intermediate and wet season. The highest elevation sites within the catchment
consistently correlate with the most depleted 8D signals, and the lowest altitudes coincide with
the most enriched 4D signals (Herrmann et al. 2017; Dansgaard, 1964). As elevation changes,
so does ambient temperature decrease. 8D has a positive correlation to temperature, inferring
that as temperatures and aridity rise, so do 6D values become more positive (Gat, 1996). Linked
to changes in altitude, is the change in the 6D signal with distance from the sea (Continental
effect) (Ponton et al. 2014; Herrmann et al., 2017; Dansgaard, 1964). Sample sites and
tributaries in close proximity to the ocean, namely the river mouth and iTsitsa, are 8D enriched.
Conversely, sample sites and tributaries which are furthest from the sea namely, the Mzimvubu
River and Mzintlava River, are 6D depleted. This trend occurs when a precipitating system
moves inland from the coast, isotopically heavier rain water is preferentially “rained-out”
closer to the coast (Sachse et al. 2012). The resulting precipitation will then be isotopcailly
depleted the further inland the system moves, as there is less “heavy” isotope (Schefuf et al.
2005). 6D values of RBS samples also reveal changes in catchment hydrology, specifically
precipitation intensity and amount (amount effect) (Dansgaard, 1964; Feakins et al., 2016).
Tributaries with depleted dD29-31 signals namely the Mzimvubu River, Mzintlava River and
river mouth, are located in high rainfall areas (Hahn et al., 2018), and tributaries with enriched

dD2¢-31 signals such as the iTsitsa, coincide with areas of reduced rainfall.
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Figure 5.1: 0D29-31 of RBS samples averaged together for the three seasons.

The 6Da2¢-31 composition of n-alkane in RBS sediment reflect catchment precipitation
distribution. High precipitation is recorded at the river mouth which coincides with a moderate
depleted 6D29-31 signal (—137%o). The middle catchment sites show more enrichment to the
river mouth, with an average 6D29-31 0f —129%o. This is interesting as it is typical for
precipitation to become more iostopically depleted with increasing distance from the seas
(continental effect). However, this can be explained by recorded reduced rainfall and relative
humidity as well as increased evaporation and temperatures compared to the lower and middle
catchment (DWS, 2017). A study conducted by Herrmann et al., (2017) showed 6D29-31 isotopic
compositions of plant waxes may become enriched in soil and leaf water during periods of low
humidity and increased aridity (Krull et al., 2006; Liu et al., 2006). This indicates that plant
physiology and plant types play an important role in determining 6D29-31 enrichment and
depletion (Kahmen et al., 2013; Liu and Yang, 2008; Feakins and Sessions, 2010). In contrast,
Niedermeyer et al., (2016) put forward that this secondary enrichment should only have a
minor influence on the 6D29-31 signal of RBS sediments. Similarly, Hahn et al., (2018) found
that evapotranspiration has no major implication effects on the 3D signal and that 6D values of

plant wax from arid areas cannot be clearly distinguished from humid areas. However, it was
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found that secondary enrichment in the Mzimvubu Catchment could be attributed to vegetation
composition, as the enrichment occurred in a savanna vegetation biome dominated by trees and
shrubs rather than Cs grasses and maize crops. Another possible explanation for 6D29-31
enrichment, is that 5D29-31 enrichment could also be attributed to reduced organic matter content
as a result of higher contributions of petrogenic compounds (Haggi et al., 2016). Petrogenic
compounds have been found to be more 6D enriched compared to organic material
(Schimmelmann et al., 2006). Enriched 8D29-31 signals orignited from the iTsitsa Riverand
Kinira River, which have been characterised by high sediment yields due to increased soil
erosion, therefore, making it likely that petrogenic contributions to RBS samples and 6D29-31
enrichment (Li et al., 2011).

5.2.3 Element Ratios

Three Elemental ratios namely, Ti/Al, Fe/K, and Al/Si represented important sedimentological
and climatological dynamics within the Mzimvubu Catchment (Weltje and Tjallingii, 2008).
Elevated Fe/K and Al/Si ratios indicate high levels of weathering in the northern tributaries
(upper Mzimvubu River and Mzintlava River) (Govin et al., 2012). Wilke et al., (1984) showed
that global patterns of Fe/K distributions along the Atlantic continent showed elevated values
in surface sediments from tropical areas such as Africa and Braxil, and low Fe/K values from
drier regions. Therefore, the results of this study are in line with Wilke et al., (1984), as elevated
Fe/K values were found in northern drier parts of the Mzimvubu Catchment and reduced Fe/K
values in the southern wetter parts of the catchment (Figure 5.2). Moreover, high Fe/K ratios
could also be attributed to the presence of intensive agricultural activities which often lead to
surface sediment removal and erosion of sediment into adjacent rivers (DWS, 2017). It is also
possible that iron phosphates from pesticides and fertilisers, which are commonly added to
crop soils, enter into a river systems under high intensity rainfall events, therefore causing an

increase in the Fe content of the river sediment (Ekstrom et al., 2016).

Furthermore, high Al/Si values in the northern tributaries were indicative of high levels of
erosion and sedimentation (Figure 5.3). These results align with Govin et al., (2012), wherein
high Al/Si ratios from Atlantic sediments represented the input of highly weathered fine
material from humid areas in tropical Africa. Al/Si and TI/Al were also good indicators of soil
particle grain size, as high Al/Si and Ti/Al values indicate fine grained material, and low values

indicate coarse grained material (Govin et al., 2012; Haggi et al., 2016).
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Figure 5.2: Fe/K RBS and SPM samples averaged together for the three seasons.

As with Al/Si ratios, Ti/Al ratio values represent particle grain size distributions within the
upper Mzimvubu Catchment (Figure 5.4). Ti/Al values are lowest at the river mouth and
highest at the Mzintlava River, which could imply that the river mouth is receiving fluvial input
of large grained soil particles from the rest of the catchment and the Mzintlava River is
receiving the fine grained particles transported via aeolian processes from the Indian Ocean.
This study is different to previous studies which found a high correlation between high Fe/K
and Al/Si ratios and humid climate conditions (Govin et al., 2012). Fe/K and Al/Si rations
reflected the fluvial input of highly weathered material antropogenically induced soil erosion

rather than precipitation.
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Figure 5.3: Al/Si ratios for RBS and SPM samples averaged together, for the three
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Figure 5.4: Ti/Al RBS and SPM averaged together for three months.

109



5.3 THE RBS SIGNAL VERSUS THE SPM SIGNAL

Both RBS and SPM samples were extracted from the Mzimvubu Catchment to compare and
contrast the nature of the signals stored within. Due to the difference in the amount of sediment
obtained from RBS samples compared to SPM samples, it was important to establish whether
or not the two sample types reflect similar signal compositions and characteristics for future
palaeoreconstruction studies, and potentially which one is better suited to these types of studies.
RBS was chosen as the preferred sample type as there was enough sample sediment to perform
multiproxy analyses, namely pollen, organic geochemistry and inorganic geochemistry
analysis. SPM samples would be the preferred sample type for modern provenance studies,
however, the overall sediment yield for SPM was very low and thus made it difficult to perform
comparative multiproxy analyses. That being said, RBS and SPM data were obtained for n-
alkane homologue distribution, CPI, §!3C, and norm31, however not for D analysis, pollen
and XRF. This section will investigate the similarities and discrepancies between RBS and

SPM samples for n-alkane homologue distribution, CPI, norm31 and §'3C data.

5.3.1 n-Alkane homologue distribution

For the most part, RBS samples reflect the SPM sample n-alkane homologue distribution
dynamics, however some exceptions in the specific characteristics of the measured signal were
found. RBS samples yielded on average much lower n-alkane sediment concentrations
compared to SPM for the three seasons (Ponton et al., 2014; Burdanowitz et al., 2018; Bouchez
et al., 2014; Galy et al., 2011). RBS and SPM samples differed slightly regarding specific
homologue chain length signal characteristics. For example, Both RBS and SPM maximised at
nCz7, nC29 and nCaa for each season. However, RBS revealed a more consistent longer chain
(nCs1) signal compared to SPM which was dominated by moderately shorter chain lengths
(nC27 and nC29) over the three seasons (Galy et al., 2011; Bouchez et al., 2014). In addition
norm31 RBS values did not show as much variation between the seasons compared to SPM
norm31 values. RBS norm31 values show more variation between the sample sites compared
to SPM norm31 values. Since high norm31 ratios are indicative of grasses and lower ratios
trees and shrubs (Carr et al., 2014, Vogel, 1978; Chevalier et al., 2015), it is possible to infer
that RBS is showing a stronger grass signal compared to SPM which is showing a mixture
between grasses, trees and shrubs. RBS and SPM samples yielded similar fluctuations in CPI
values across the sites and seasons, however, on average SPM shows much lower CPI values

compared to RBS CPI values. Therefore, SPM is representing a more diverse range of source
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regions of organic matter compared to RBS, as well as a more modern signal over shorter time
periods (Hahn et al., 2018; Haggi et al., 2016). The lower CPI SPM values could also indicate
that SPM is representing a more degraded CPI signal compared to RBS samples (Hahn et al.,
2018).

5.3.2 XRF elemental ratios

RBS and SPM Fe/K ratios reflect similar fluctuations within the tributaries. The SPM average
shows a more reduced Fe/K signal compared to RBS for the three seasons (Figure 5.2 blue
dots). This could imply that RBS samples are reflecting a signal that has accumulated over a
time period, whereas SPM reflects the immediate prevailing climate and high sediment yield
or pollution levels within the tributaries. An additional note to consider is that SPM could
eventually form part of the RBS signal overtime, and RBS sediment could be re-worked back
into the moving water column under turbulent episodes. RBS and SPM samples reflect similar
fluctuations in Al/Si signals within the catchment. Overall, RBS yielded lower Al/Si ratios
compared to SPM, which implies that RBS samples are revealing a coarser grained signal and
drier climate compared to SPM samples could be representing finer grained particles, which
are easily carried in the suspension load of a river, during humid climate conditions (Govin et
al. 2012). This trend is seen in the change from high ratios during the dry and intermediate
season, to lower ratios during the wet season. RBS and SPM samples reflect similar patterns
of elevated and reduced signals within the catchment. RBS yielded much lower Ti/Al ratios
compared to SPM samples, which implies that Ti/Al ratios are reflecting the fluvial deposition
of larger coarse grained particles, and SPM samples reflect the aeolian deposition of finer
grained soil particles. Finer grained particles are easily carried by wind currents as well as in
the suspension load of a water course, whereas, larger soil particles would be readily deposited

in the river sediments (Rommerskirchen et al., 2003; Huang et al., 2000; Govin et al. 2012).

5.4 SIGNAL PROVENANCE

This section will evaluate the source regions, transport pathways and deposition dynamics of
pollen, n-alkane homologues and inorganic elemental compositions within the Mzimvubu
Catchment. Each section will outline the possible origins of the specific organic and inorganic
signals within each tributary of the catchment over the three seasons. The effect that various

environmental parameters may have in determining proxy provenance will be investigated.
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5.4.1 Pollen

The Mzimvubu Catchment is located in a high rainfall area which results in high sediment
yields entering into the tributaries, and increased water flow velocities which pose significant
threats to the deposition and preservation of pollen and other organic matter compounds such
as leaf-wax derived long chain n-alkanes (Carrion, 2002; Collins et al., 2013). The issue of
taphonomy is an important effect to take into consideration when determining sediment organic
matter provenance within fluvial systems (Delcourt and Delcourt, 1980; Clement et al., 2017).
Due to the dynamic and turbid nature of fluvial systems, it is likely that overall organic matter
and subsequent pollen grain and n-alkane wax biomarkers preservation will be poor. Similar
results were found by Brewer et al., (2013) and Brown et al., (2007) wherein modern pollen
grain damage and degradation were linearly correlated to an increase in stream turbidity,
velocity, re-oxygenation and mixing (Carrion, 2002). In addition, a study conducted by
Delcourt and Delcourt (1980) found that pollen abundances and influx are as much as a result
of the dispersal characteristics and depositional processes, as they are of the prevailing

vegetation from which they originated.

Pollen data from RBS samples of major tributaries showed the results of some of these effects,
wherein, sample sites with elevated levels of turbidity and sandy deposition environments
produced overall lower n-alkane concentrations and pollen grains counts, and degraded pollen
grains (Clement et al., 2017; Delcourt and Delcourt, 1980). Sample sites with reduced stream
turbidity, clay-rich and high vegetation biomass yielded high n-alkane concentrations and
pollen grain counts which were well preserved (Delcourt and Delcourt, 1980). Norm31 ratios
were correlated to pollen and it was found that elevated norm31 ratios, which broadly represent
grass-dominated environments (Chevalier et al., 2015; Yu et al., 2016), also represented the
southern tributaries (Thina River and iTsitsa). Elevated norm31 ratios coincide with elevated
CPI and n-alkane concentrations, which are usually associated with increased vegetation
biomass (Chevalier et al., 2015 Boot et al. 2006). In comparison to the river mouth, pollen data
showed that the grassland biome (upper catchment) contributed the highest long chain n-alkane
homologues (nCss) compared to the IOCB (river mouth) which represented a mixture of
moderate chain lengths (nCz9), and the savanna biome (middle catchment) which is dominated

by shorter chain lengths such as nCzz..

Cooler conditions characterise the Kinira River, upper Mzimvubu River and Mzintlava River
rivers in the northern section of the catchment (Rowntree et al., 2017; Mucina and Rutherford,

2006). Pollen data yielded Common taxa found in these tributaries are Cyperaceae, Liliaceae,
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fern spores, Passerina, Ericaceae and moisture dependent trees such as llex mitits, Combretum
and Podocarpus. Ultimately, pollen data combined with reduced norm31 ratios and low CPI
values coincides with the presence of arboreal and shrub-like vegetation in the northern section
of the catchment (Chevalier et al., 2015; Carr et al., 2014). A high norm31 ratio coincided with
warmer climate conditions and a high frequency of grasses in the south and south west section
of the catchment (Chevalier et al., 2015).
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Figure 5.5: Average norm31 RBS and SPM values for the three seasons.

5.4.2 Stable 8'3Cp9-31 and 8D32e-31 isotope compositions of n-alkane plant waxes

Moderately enriched &'3Cz9.31 signals can be traced to the northern tributaries (upper
Mzimvubu River and Mzintlava River) of the catchment. This enrichment could be due to the
presence of agricultural C4 cereal crops such as Zea mays, which is a Cs plant (Peterson, 2013).
Cyperaceae, whose pollen are present in high frequencies in the upper catchment, include both
Cs and Ca4 plant types. Although it was not possible to identify Cyperaceae beyond the family

level, it is likely that C4 components do persists in this environment. Other studies also found
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that local riverbank vegetation such as Cyperaceae, has an influence on the §**Czo-31 isotope
composition of river sediments (Hahn et al., 2018). Salix has been reported to have on average
513C29.31 isotope value of —25.5%o compared to other arboreal taxa (Wang et al., 2015), and
since Salix trees were observed along the banks of the upper Mzimvubu Riverand Mzintlava
River, it is possible that a subsequent §*C29.31 secondary enrichment could occur in river bed

sediments.

513C29-31 data coincides with pollen and norm31 data, which shows that arboreal and shrub-like
plants are dominant in the upper Mzimvubu River and Mzintlava River tributaries. The effect
of climate gradients on &3Cz29.31 values should also be taken into consideration. For example,
Herrmann et al., (2016) found that vegetation biomes within southern Africa followed climate
gradients and grasses were found to dominate warmer conditions, whereas woody vegetation
dominated colder and moisture conditions (Rommerskirchen et al., 2003). Vegetation of the
Mzimvubu Catchment followed similar climate gradient trends wherein, woody vegetation
(ex mitis, Podocarpus, Acacia, Pinus) tended to dominate the colder, moisture environments
in the northern tributaries, and grasses (Poaceae) and shrubs (Rhus, Cheno-Am, Acalypha)

dominated the warmer environments.

Similar to §'3C29.31, D2¢-31 showed that enrichment and depletion are specific to different
tributaries within the catchment, and broadly reflects the prevailing hydrological and
precipitation dynamics within the catchment (Feakins and Sessions, 2010; Vogts et al. 2016).
Generally, dD29-31 depleted values occurred in tributaries characterised by cooler areas and
enriched 8D2¢-31 values occurred in warmer more arid tributaries. Similar trends were
demonstrated by Schefuf et al., (2005) where deuterium enriched soil water, occurs under more
arid conditions. dD2¢-31 shows these isotopic effects, except for the sudden enrichment in the
middle catchment compared to the river mouth and upper catchment. Generally, the river
mouth should show an averaged value of the all the tributaries which flow, and should show a
relatively enriched signal compared to the inland sample site in the upper tributaries. With
increasing distance from the river mouth and increasing altitude, 6D2¢-31 should become more
isotopically depleted (Gofiantini et al., 2001). However, the middle catchment sample sites
show 6Dz29-31 enrichment. This could be due to reduced precipitation in the middle catchment,
resulting in drier and warmer conditions. Therefore, the increasing aridity, could result in an
enriched dD29-31 signal in plant wax lipids (Schefuf et al., 2005. 2011; Feakins and Sessions,
2010).
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Other potential factors controlling 8D29-31 0f plant wax in river bed sediments are large scale
climatic systems like precipitation amount (amount effect), the movement of a moisture system
from the ocean inland (continental effect), attitude effect and the condensation with altitude
effect (temperature effect) (Herrmann et al., 2017; Niedermeyer et al., 2016). Analysing 6D2o-
31 within sediment samples over three seasons showed that the dry season on average was more
enriched compared to the wet season. This could be due to the fact that the dry season receives
on average less rainfall amount compared to the wet season, which receives more (rainfall
amount). Similar findings occurred in a study conducted by Niedermeyer et al., (2016), where
dD29-31 depleted values were found in sediments in high rainfall seasons and 6D enrichment in
sediments occurred in areas of low rainfall seasons (Gofinatini et al., 2001). 8D2¢-31 values
showed that despite the river mouth receiving the highest annual precipitation compared to the
other sites, the dD29-31 signal is still relatively enriched compared to the other sites further
inland. This could be due to the continental effect wherein there is preferential rainout of the
heavier hydrogen isotopes at the river mouth leading to 6D29-31 enrichment (Gofiantini et al.,
2001; Galy et al., 2011). As is seen with 8D29-31 enrichment occurring in tributaries closer to
the coastline such as the iTsitsa, and dDz29-31 depletion within the upper Mzimvubu River and
Mzintlava River which are furthest from the coastline. Similar 6D29-31 trends were found in
Hahn et al. (2018) and Ponton et al., (2014), wherein coastal areas with a lower altitude
produced more enriched 6D2¢-31 Signals and inland areas at higher altitudes were more depleted

0D29-31 signals.

5.4.3 Element Ratios

Three element ratios namely Fe/K, Al/Si and Ti/Al were used to investigate the movement of
sediment, weathering and soil erosion processes and in turn the prevailing climatic conditions
that drive these processes, within each major tributary (Bertrand et al. 2012; deSouza et al.
2017). These elevated signals indicative of high weathering processes, were found in the upper
Mzimvubu River, Mzintlava River and Kinira River rivers for each season. It is likely that the
erosion-prone underlying rock strata and intensive agricultural activities that lead to soil
erosion, contributed to the elevated Fe/K values for these tributaries. These rivers flow over
Ecca and Adelaide rock groups which comprise of easily weathered and eroded sandstones and
mudstones which form coarse grained sand partciles and are often eroded into the adjacent
river(s) during rain events (Rowntree et al., 2017). Reduced Fe/K ratios were found in the
Thina River and iTsitsa Riverrivers which flow over Mudstones and Shales of the Clarens and
Elliot rock formations and Basalts of the Suurberg rock group (Rowntree et al., 2017,
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Madikizela and Dye, 2003). These rock types are not as easily weathered and can result in less
sediment being transported into rivers. Thus, variations in high and low Fe/K ratios can indicate
the transition between high refill humid areas and low rainfall arid areas, underlying rock strata,

as well as particle grains size, weather and erosion processes.

Compared to Fe/K, Al/Si is better at representing climatic conditions and soil particle size
within the catchment. Elevated Al/Si ratios indicate highly weathered fine material originating
from humid regions (Liu et al., 2017). These elevated signals were located in the Mzintlava
River and river mouth for both RBS and SPM samples. The Mzintlava River and river mouth
receive high precipitation compared to the other tributaries. Al/Si does not accurately represent
underlying rock strata compared to Fe/K rations. Conversely, reduced Al/Si ratios indicate less
weathered and larger coarse grained particles from drier regions suchas the Kinira River and
iTsitsa Riverrivers. These tributaries are characterise by higher temperatures and reduced
precipitation which could indicate a shift to a drier and warmer climate in the south section of

the catchment.

Similarly, Ti/Al represents the prevailing sediment processes and the climate conditions that
drive them. Generally, high Ti/Al ratios indicate the input of fine grained aeolian dust particles
(Govin et al. 2012; Lopez et al., 2006). The highest Ti/Al ratios occurred in the upper
Mzimvubu River and iTsitsa Riverwhich are in close proximity to the ocean, and thus easily
affected by the south easterly trade winds that blow inland from the Indian Ocean. These winds
carry dust particles from various locations, which can be transported and deposited into rivers
and lakes inland. Reduced Ti/Al ratios indicate the fluvial input of larger coarse grained particle
sizes (Govin et al. 2012; Chen et al. 2013). During seasons of high rainfall, sediments are
transported in abundance to ocean sediments (Niedermeyer et al., 2016; Huang et al., 2000).
Therefore, the iTsitsa Rivercould be representing the input of aeolian dust particles from south

easterly trade winds (Liu et al., 2017).

5.5 IMPLICATIONS FOR FUTURE PALAEOENVIRONMENTAL RESEARCH

This section will investigate whether the proxies measured in the Mzimvubu Catchment
provide viable and reliable environmental and climatological data for future
palaeoreconstruction studies. Pollen, leaf-wax derived long chain n-alkanes and inorganic XRF
element analysis will be compared and contrasted in their ability to represent modern

vegetation, sediment and hydrological conditions within each tributary of the Mzimvubu
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Catchment. Proxies have been integrated and compared together to identify similarities in
trends and patterns and the overall signal provenance and characteristic of the signal being

transported.

5.5.1 Palaeo-considerations
Utilising leaf wax n-alkane distributions, pollen grains and inorganic elemental compounds

from sediment archives for both modern analogue and palaeoreconstruction studies is an
effective tool for establishing past and present vegetation, hydrologic and sediment dynamics
within a system (Carr et al., 2014). However, leaf wax n-alkane concentration production as
well as distributios are non-linear which can affect interpretations (Diefendorf et al., 2011).
This should be taken into consideration for studies conducted in areas where potential source

regions are poorly understood such as the Mzimvubu catchment (Boom et al., 2014).

Modern studies which aim to estimate the changing presence, absence and distribution of plant
types in terrestrial environments should consider that fluctuations in organic and inrognic
proxies are affected by plant physiology, plant functional type, climate factors and seasonality
(Carr et al., 2014; Castaneda et al., 2009; Bai et al., 2008). It was found that n-alkane 5'3C2g-31
and 6D29-31 compositions in sedimentary records are also affected by soil erosion, which are
driven by precipitation processes (Weijers et al., 2000; Vogts et al. 2009; Herrmann et al.,
2017). These taphonomic processes are more common in fluvial systems and contribute to the
degradation of organic and inorganic compounds in sediment records (Bliedtner et al., 2018).
This was found to be the case for the Mzimvubu Catchment, wherein degraded pollen grains
were found in high velocity and turbid tributaries. In addition, some studies have promoted the
incorporation of the effect of anthropogenically induced land use changes such as land cover
transformation, development and agricultural land transformation as these affect the overall
structure and composition of a proxy signal (Still and Powell, 2010). For example, changes in
land use such as a transition from grassland to forestry plantations or the cutting down of C3
shrublands into C4 grasslands (Still and Powell, 2010). In the case of the Mzimvubu catchment,
agricultural activities, which take the form of crops (maize for example) and timber plantations,
can result in the overrepresentitivty and underrepresentivity of certain signals during different

Seasons.

The spatial integration of n-alkane plant waxes into sedimentary records represents a wide
variety of potential source regions which can complicate interpretations (Ponton et al., 2014;
Galy, 2011). Therefore, when utilising 5*C29-31 values as proxies of Cs and Ca vegetation, it

is important to consider that Ca4 plant types are mostly grasses (Vogts et al., 2009). Since most
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grasses use Cs photosynthetic pathways, this can complicate the establishment of source
regions (Cerling et al., 1993; Diefendorf and Freimuth, 2017). Similar results were
demonstrated by Bush and Mclnerney (2013) and Niedermeyer et al., (2016) wherein plant
functional types, n-alkane distributions, canopy position and distribution and the large
variability in n-alkane concentration skewed the establishment of plant wax provenance.
Therefore, utilising n-alkane plant wax data without the comparison of other proxy information

to validate, is inadvisable.

Various authors have provided tools for overcoming these challenges, such as establishing
ecosystem classifications of forest regions, woodlands and grassland within the study area and
determine the appropriate ranges of 8D29-31, §*3C2¢.31 for each classification (Cerling et al.,
1993). In addition, changes in n-alkane homologue distributions effects can be accounted for
in end-member models (Zech et al., 2012). These models use modern plant samples and
sediment samples from from sites with diverse, tree, shrub and grass compositions. Correcting
for these factors in vegetation composition can be achieved by analysing n-alkane distributions
in specific taxa (Collins et al., 2013; Yang et al., 2011). Such taxon-specific fractionation
studies can provide the necessary information required for effective palaeoreconstruction

studies in southern Africa.

Conversely, we found the multiproxy approach suitable for determining and comparing proxy
provenance within the catchment. This study found a strong correlation between *3C2¢-31 and
dD29-31 (r=0.70749) and between the three elemental ratios, therefore indicating that stable
carbon and hydrogen isotope values can be used to reconstruct modern and past vegetation and
hydrologic dynamics. In addition, elemental ratios are good indicators of grain size
distributions and sedimentological processes within a fluvial system (Govin et al., 2012).
Norm31 values also showed positive correlations to 8'3Cze.31 data throughout the season
inferring that norm31 and §'3C29.31 can be used comparatively when investigating vegetation
compositions base don n-alkane distribtuions (Cheavlier et al., 2015). Norm31, 6D2¢-31 and
Fe/K also showed strong correlations to CPl2s-33. This indicates that the hydrologic processes
within the catchment drive sedimentological dynamics as well as vegetation composition
which ultimately affect n-alkane degradation and concentration within sediment samples. With
further investigation and comparison to other proxies, n-alkane data can become a valuable
proxy for plant group types and vegetation composition (Bush and Mclnerney, 2013). The use

of §13C29.31, 8D29-31, grain size and pollen samples enabled the effective reconstruction of past
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vegetation compositions, hydrological dynamics and changes in aridity (Feakins et al., 2016;
Diefendorf and Freimuth, 2017).

5.6 LIMITATIONS OF THE STUDY

Results of pollen, n-alkane plant wax, and XRF analysis are quantitative, however, they are
interpreted qualitatively and subjectively and thus require careful consideration. This section
will discuss the potential limitations associated with the interpretation of the pollen and n-
alkane data, while offering solutions to these problems. Problems of representivity, selective

preservation, and interpretation of conflicting indicators will be discussed.

5.6.1 Sample Design

Time and spatial constrains
One of the most important considerations when investigating the characteristics and dynamics
of hydrology, sediment and vegetation signals, are the issues of spatial and temporal
representivity. This is difficult to quantity for study sites that span large geographic areas or
unfavourable terrain. As a consequence, as much of the spatial extent of an environment should
be sampled as well as consideration for the most appropriate sampling seasons. For the purpose
of this study, samples were extracted from three parts of each tributary (upper middle and
lower) including the river mouth, as well as being sampled over three consecutive seasons. One
issue with sampling down course of a tributary is that, proxy data will almost always reflect
signal transported from further upstream, and not necessary represent the local vegetation.
Despite this, this approach provided a fairly successful method for capturing the full spatial

extent of the catchment, and the seasonal changes therein.

Sample design
Four types of samples were extracted at each site namely, RBS, SPM, DPS and water isotope
samples. SPM samples remained too small to conduct a full range of proxy analyses, compared
to RBS samples. One limitation of this, is that SPM samples are a better reflection of the
modern vegetation composition, climate dynamics and other factors such as anthropogenic
impacts. It was found that SPM consistently showed more variation in proxy signals over the
three seasons, in the sense that more of the catchment vegetation was reflected in SPM
compared to RBS. RBS samples, however, provide more bulk sample sediment to work with,
and thus more proxy analyses can be utilised. A limitation of using RBS samples is that they
are not representative of the modern catchment composition. One such method to overcome

this issue is to allow for longer SPM sampling times, and to suspend the sampling equipment
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10 to 40 cm below the surface of the water. Using filters attached to sampling equipment would
also be ideal for collecting SPM material this could reduce processing times in the laboratory
after sample colleting in the field. Or, alternatively to sample at subsequent depths from the
water surface to the river bed to capture the full extent of the particulate matter being

transported in the water column.

5.6.2 Pollen
Representivity

Pollen samples are a combination of both regional and local taxa, which can complicate
interpretations. Pollen data were extracted to create a modern picture of the general vegetation
compositions and climate conditions. It was found that RBS pollen data provided an accurate
description of these conditions. Since stable 8*C and 5D29-31 analysis was conducted on river
sediment, rather than specific plant types where Cs or Cs is known, pollen data was used to
verify these isotope values and n-alkane indices such as CPl and norm31. It was found that the
RBS pollen samples were sufficient enough to aid in the interpretation of stable isotope values

for the Mzimvubu Catchment.

5.6.3 Stable isotopes
013C29.31

513C isotope values can often confound vegetation representivity, as it may only represent

vegetation growing in a specific location. Interpretation of §*3C in an environment with
Cyperaceae is further complicated by the existence of Cs and C4 Cyperaceae. This limits the
ability of the analyst to distinguish between arboreal and non- arboreal vegetation. Zea mays is
also present in the catchment due to the presence of maize agriculture in the Mzintlava River,
upper Mzimvubu Riverand Thina River rivers. Despite these limitations, pollen data was used

to determine the presence of these conflicting taxa to interpret the 5!3C signal more accurately.

5.7 CONCLUSION

This study provided the first characterisation of the vegetation, sediment and hydrological
signals transported within the sediment of the Mzimvubu Catchment. The catchment is
characterised by a Catena of grassland, savanna and IOCB vegetation compositions whcich are
driven by prevailing climatic conditions. Changes in vegetation and hydrological dynamics are
confirmed by changes in pollen, 3*3C and 8D29-31 isotope values for each tributary. 8D29-31

represents precipitation dynamics but not isotope composition of precipitation. RBS and SPM
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sediment are accurate representations of these changes. It was found that RBS should be
considered when looking at long term regional changes of vegetation, hydrological and
sediment changes. SPM should be the preferred sample type when analysing modern catchment

dynamics and prevailing vegetation and climate systems.
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CHAPTER SIX

CONCLUSION

6.1 INTRODUCTION

This chapter will synthesise the modern surface sediment characteristics of the Mzimvubu
Catchment, thus highlighting the most pertinent results of the study. Through the application
of a multiproxy approach, utilising pollen, organic and inorganic proxies, we were able to
enhance the current understanding of the prevailing environmental and climatic data in the
Eastern Cape region, therefore contributing to the paucity of data for this region. The aim and
objectives of the research will be reviewed to establish whether these have been addressed and
achieved, and lastly, based on the limitations and results of this research, to evaluate the success

of the study and to make future recommendations.

6.2 SYNTHESIS OF PERTINENT FINDINGS

6.2.1 Pollen
Seasonality

A summary of modern pollen seasonal assemblages for the Mzimvubu Catchment in Figure
4.1. Figure 4.2 illustrates the spatial distribution of palynomorph assemblages across each
sample site. It was found that pollen assemblages mirrored various taxa seasonal production
trends and flowering seasons complicating interpretations. This study concludes that
seasonality over a short time scale is not significant enough to show major trends in vegetation
transitions and compositions (Brewer et al., 2013). However, the effect of seasonality and
flowering times of plant taxa should still be taken into consideration in modern pollen studies

to account for potential over and underrepresentation of specific taxa (Brown et al., 2007)..

Biomes
Palynomorph abundance represent the three major biomes of the Mzimvubu Catchment,
defined by Mucina and Rutherford (2006) and Acocks (1988) namely, a grassland biome in the

upper catchment, savanna vegetation in the middle catchment and the IOCB at the river mouth.

Upper — The upper catchment is defined by a mixture of grasses, sedges, fern spores, Rhus,
Tubuliflorae, Ericaceae, Themealaceae, Acacia, Pinus and Ilex mitis. As is to be expected for

the grassland, Poaceae is the dominant palynomorph which indicates the presence of open
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grassland vegetation (Scott, 1999). Since the regions is characterised by cool wet conditions,
grasses are likely to be Cs grasses rather than Cs grasses (Acocks, 1988; Scott, 1982, 1999;
Vogts et al., 2012). §*3C values show depletion in the upper catchment and therefore could be
representing Cs grasses or forested areas (Schefuss et al, 2011). §*3C enrichment is present at
MZ9 (Kinira River) and MZ8 (Thina River), which could indicate the presence of C4 sedges,

Ca Zea mays or petrogenic sources of degraded n-alkane plant matter. .

Middle - This section of the catchment is defined by the savanna biome (Mucina and
Rutherford, 2006) with transitions between valley bushveld, southern tall grassland and Ngoni
veld (Acocks, 1988). Grasses remain the dominant palynomorph here, however, there is a
substantial representation of tree and woody shrub vegetation. 6D29-31 isotope analysis showed
enrichment in the middle catchment which could indicate reduced rainfall and increased
temperatures and higher evaporation rates, (Diefendorf et al., 2010; Vogts et al., 2016).
Cyperaceae and Liliaceae are not as frequent in the middle catchment compared to the
grassland biome and IOCB. Since Cyperaceae and Liliaceae prefer sunny moist to wet habitats
(Scott, 1999), it is likely that the general increased dryness due to increased temperatureand
evaporation, demonstrated by enriched dD29-31 values, could account for the reduced frequency.
The succession from grass dominated environment to woody shrub and arboreal dominated
vegetation, reflects the major vegetation change from grassland to a warm and dry savanna in
the middle catchment (Scott, 1982). Pollen assemblages also showed the effects of agricultural
activities as Zea mays pollen grains were recorded in the Thina River and Mzintlava River
tributaries. This finding corroborates with previous studies (Madikizela and Dye, 2003) and
Municpal reports (DWS, 2017) which state that maize is commercially grown in lower sections
of the Mzintlava River (Kokstad) and Mzimvbu (Cedarville) river, and the river mouth (Port
St. Johns). Maize is also grown on a smaller subsistence scale in the lower section of the Thina
River river (Mount Fletcher) (Madikizela and Dye, 2003). These commercial and subsistence

croplands were observed along these tributaries during sampling campaigns.

Lower - The IOCB is dominated by dune forest with sporadic patches of grasslands and
herbaceous shrub-like succulent vegetation (Mucina and Rutherford, 2006). Pollen data
coincides with this and revealed well-mixed signal of grasses, sedges, herbs and shrubs and
some trees (exotic and indigenous). Aquatic taxa such as Cyperaceae and Liliaceae have a
significant presence in the IOCB, however, fern spores are absent. This could be due to the

brackish nature of the river mouth and estuary (Della and Felkenberg, 2019). The presence of
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Euphorbia and Acalypha are expected as succulent shrub like vegetation is commonly
associated with I0CB vegetation (Mucina and Rutherford, 2006; Scott, 1999).

6.2.2 n-Alkane distribution and isotope compositions

Fluvial sediment samples were used to reconstruct the local vegetation composition, sediment
and hydrologic dynamics of the Mzimvubu River, using the following proxy methods:
compound specific carbon (5'3C) and hydrogen (5D) isotope ratios and n-alkane abundance

and distribution.

Stable carbon isotope (0*3C29-31)
513C provided insight into changing vegetation compositions and contributions of Cs versus
Ca4. RBS n-alkane sediment samples maximized at the nCsz1 nCz9 and nCz7 homologue which is
to be expected for an environment characterised by grassland, savanna and IOCB vegetation
(Poynter et al., 1989). Shorter chain lengths were not common in the Mzimvubu Catchment,
indicating that terrestrial higher plants contributed the most to the sedimentary n-alkane signal
(Vogts et al., 2012). When n-alkane chain length data were compared with pollen and norm31
data, it was found that occurrences of nCzr and nCs1 coincided with the presence of
arboreal/shrub vegetation and grasses respectively. Furthermore, high norm31 values
coincided with longer (nCsz1ad nCss) chain lengths in the upper Mzimvubu River and Mzintlava
River tributaries, whereas lower norm31 ratios coincided with shorter n-alkane chain lengths
(nC27 and nCz9) (Chevalier et al., 2015; Carr et al., 2014). §*3C, n-alkane distributions and
pollen data revealed a transition from grassland in the upper catchment towards savanna
vegetation in the middle catchment, is also accompanied by an average §'3C value of -29 %o

indicating that the predominant vegetation is likely to be Cs (Vogts et al., 2009).

Conversely, 8*3C enrichment occurs in the Mzintlava River, Kinira River and river mouth.
Fe/K, Al/Si ratios determined that these rivers are associated with increased levels of erosion.
Therefore, the enrichment could be due a petrogenic source to sediment organic matter as well
as the presence of degraded and of n-alkane plant wax lipids (Bouchez et al., 2014). It is also
possible to infer that the enrichment could be due to the contribution of C4 Cyperaceae and Zea
mays plant types (Still and Powell, 2010; Chevalier et al., 2015; Hamilton et al., 2004), which
is evident for the Mzintlava River (nCs3) and Kinira River river (nCs1 and nCss) (Scott, 1999).

Stable hydrogen isotope (0D29-31)
This study concluded that hydrogen isotope values are driven by the continental effect and
altitude effect rather than the amount effect (Sachse et al., 2012; Gat, 1996; Collins et al.,
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2013). Variations within 6D2¢-31 values of RBS sediments, show the highest elevation sites
within the catchment consistently correlate with the most depleted 6D29-31 signals, and the
lowest altitudes coincide with the most enriched 6D signals (Herrmann et al. 2017; Dansgaard,
1964). (Sachse et al. 2012). This held true apart from one exception, which is that the middle
catchment showed marginal 6D2¢-31 enrichment compared to the river mouth. The enrichment
could be due to increased aridity resulting from reduced rainfall and increased seasonality of
rainfall indicative of a savanna biome (Mucina and Rutherford, 2006), as well as reduced
organic matter content resulting from high concentrations of petrogenic compounds

(Schimmelmann et al., 2006).

CPl2s-33- values yielded predominantly odd-over-even chain lengths, therefore, indicating that
n-alkane organic matter in river sediment originated from terrestrial higher plants (Boot et al.,
2006) (Bray and Evans, 1961; Cranwell, 1984). Reduced CPI values for sediment are common
in areas of increased temperature and rainfall as these climatic factors enable organic matter
degradation in soils. These findings corroborate with a statement of Richey et al., (1990)
wherein lower CPI values are likely as a result of biodegradation due to microbial processes in
tropical soils. Therefore, since the low CPI values for SPM samples are unlikely to be caused
by microbial activity, SPM could be representing the effects of precipitation induced erosion
in the Mzimvubu Catchment as well as anthropogenically induced soil erosion by agricultural

activities and land use changes (Richey et al., 1990).

6.2.3 XRF elemental ratios

Elemental ratios Ti/Al, Al/Si and Fe/K represented important sedimentological, erosional and
climatological dynamics within the Mzimvubu Catchment (Weltje and Tjallingii, 2008; Zhao
et al., 2015). High levels weathering and the fluvial input of fine material were shown through
elevated values of Fe/K and Al/Si. In the northern tributaries (Govin et al., 2012). High Fe/K
ratios were also attributed to the presence of intensive agricultural activities (iron phosphate in
pesticides and fertilisers) and anthropogenic soil erosion (Ekstrom et al., 2016; DWS, 2017).
It was also concluded that underlying rock strata affects elemental ratios, wherein The
Mzimvubu River and Mzintlava River are also characterised by Fe-rich sandstone, shale and
mudstones of the Ecca formations, it is likely that the underlying rock, and subsequent
weathering of these rock strata contributes to the elevated Fe/K ratio (Gess, 2012).
Furthermore, Al/Si was found to be a good indicator of soil particle grain size. High Al/Si
values indicated fine grained material, and low Al/Si values indicated coarse grained material

(Govin et al., 2012). As with Al/Si ratios, Ti/Al ratio values also represented particle grain size
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distributions within the upper Mzimvubu Catchment. Elevated Ti/Al ratios are indicative of
fine material or the aeolian input of dust particles. Reduced Ti/A ratios are an indication of the
fluvial input of coarser large grains soil particles. Ti/Al values are lowest at the river mouth
and highest at the Mzintlava River, which could imply that the river mouth is receiving fluvial
input of large grained soil particles from the rest of the catchment and the Mzintlava River is

receiving the fine grained particles transported via aeolian processes from the Indian Ocean.

6.3 FUTURE RESEARCH RECOMMENDATIONS

Taphonomy is a key concern in modern provenance studies as some organic data were lost and
others preserved in river bed and suspended sediment samples (Walling et al., 1999; Wakeham
et al., 1997). The dynamic transport routes and turbid the nature of depositional environment
resulted in organic compounds often being a result of sediment fraction characteristics, as much
as it represents the vegetation it passes through (Govin et al., 2012). Erosional processes and
reworking in lacustrine (Tierney et al., 2008), marine (Schefuf et al., 2005, 2011) sediments
altered the isotope composition of plant biomarkers. This was seen when §3C and §D29-31
enrichment coincided with elevated levels of sediment and erosion, thus indicating the input of
petrogenic sources and degraded n-alkane data over terrestrial plant matter (Bouchez et al.,
2104; Herrmann et al., 2016).

When investigating provenance in modern systems, various anthropogenic effects such as
water impoundments (dams) should be considered (Xu et al., 2016). A discrepancy was found
between palynomorph, n-alkane and inorganic frequencies analysed at the mouth compared to
the river confluence where there is a man-made weir. An impoundment such as a weir could
inhibit the transport of pollen grains, n-alkane lipid biomarkers and sedimentary elemental
compounds downstream to the river mouth. In light of this, the confluence would be a better
representation of catchment vegetation composition compared to the mouth. This is an
important consideration for future palaeoreconstruction studies in the area, as the proxy trap
could skew proxy provenance dynamics. Moreover, the effect of agricultural corp lands and
land use change to anthropogenic pressures can significantly alter n-alkane isotope
compositions and signatures. The effect of agricultural crops on carbon isotope signals was
evident in the northern tributaries, wherein C4 Zea mays enriched the 8*3C signal, despite the

general area yielding generally consistently depleted signals throughout the seasons. Land
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transformation, erosion and degradation resulted in the addition of degraded organic plant wax

lipids from petrogenic sources into river sediments (Vogts et al., 2009).

6.4 REVIEW OF AIM AND OBJECTIVES

The aim of this research was to investigate contemporary fluvial sediment provenance
dynamics of the Mzimvubu Catchment, Port St johns, South Africa. This was achieved by
addressing several specific objectives:

i. To determine whether river sediments contain pollen and plant biomarkers

representative of the dominant contemporary vegetation.

Pollen data were interpreted by analysing the presence or absence of different taxa, whose
modern environmental climate tolerances are known. Modern pollen sediment samples yielded
pollen assemblages representative of grassland, savanna and IOCB as defined by Mucina and
Rutherford (2006) and Acocks (1988). Variations in norm31 and n-alkane distributions mirror
transitions between grass dominated areas and forested areas. §**C variations indicate a mixture

of Cs grasses, Cs arboreal vegetation and contribtuions of C4 Cyperaceae and Zea mays.

ii.  To characterise the pollen, organic matter and sediment signal transported in the
Mzimvubu Catchment.

This objective involved the creation of pollen slides from fluvial river bed sediment to establish

palynomorph abundance and assemblage and ultimately vegetation composition within each

tributary. n-Alkane concentrations and distributions and stable carbon and hydrogen isotopic

compositions of n-alkane homologue were established through geochemical analysis.

Elemental data were established through XRF analysis and the dominant element compositions

for each site were found.

iii.  To determine sediment provenance across the Mzimvubu Catchment by relating

proxy data to environmental characteristics.

Pollen assemblages seemed to follow general climate gradients for the catchment. Grasses and
aquatics dominated cooler moister environments in the upper catchment, whereas hardier
shrubs and trees dominated the middle catchment characterised by increased aridity,
evapotranspiration and reduced rainfall. The lower catchment exhibited coastal dune forest and
shrub like vegetation typical of the IOCB (Mucina and Rutherford, 2006).
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The environmental and climate indicators derived from pollen data were compared and
correlated to 8*3C29.31, §D20-31 and norm31 data so that a stronger modern analogue of the
environment, vegetation and cliamte could be developed. 8*3C2¢-31 and 5D29-31 were conducted
on 32 fluvial river bed sediments. 6**C provided data on the compositions of Cs and Ca
vegetation from the upper catchment to the river mouth, which allowed for inferences to be
made about climate conditions. Depleted values coincide with cooler and wetter conditions and
enriched §**C values coincide within warmer and drier conditions in the southern tributaries
(Ehleringer and Cooper 1988; Scott and VVogel 2000).

Elemental inorganic data provided the opportunity to establish regions of intense weathering,
erosion and fluvial versus aeolian input. Element compositions were relatively good indicators
of erosional processes, grain size and anthropogenic activities, and poor indicators of climate
conditions. When inorganic elemental compositions were correlated to 6*3C and 5D2¢-31 values,
high sedimentation rates due to elevated petrogenic sources of organic material, coincided with
enriched 8D29-31 and §13C29.31 values (Bouchez et al., 2014). §D29-31 enrichment coincided with
low elevation areas in close proximity to the sea (Continental and altitude effect) and deleted
values in high altitude areas. Therefore, 6D29-31 represented rainout effect in the Mzimvubu
catchment. dD2¢-31 showed a positive correlation to precipitation and temperature and a

negative correlation to elevation.

A major advantage of multiproxy provenance studies is the unique contribution each proxy
make towards environmental and climatic reconstruction (Lotter, 2005), as each proxy is
subject to its own limitations and advantages, as evidenced by variations in 8*C, §D2¢-31 and

pollen records.

iv.  To determine whether element composition analysis are representative of the

surrounding geomorphology and contemporary land-use practices.

Elemental compounds were analysed individually at first and the most abundant element
compositions for each sample site. However, it was found that elemental ratios provided more
compressive insight into climate-vegetation-sediment relationships in the catchment. In some
instances in the northeastern tributaries, Fe/K and AL/Si ratios indicated high erosion rates due
to anthropogenic causes and underlying rock strata. Ti/AL was found to be an accurate

representation of grains size and aeolian versus fluvial input.

v. To discuss the implications for using terrestrial markers to interpret marine

sediments offshore of the Mzimvubu Catchment.
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We conclude that long chain n-alkanes from the Mzimvubu catchment represent a mixed signal
from the upper, middle and lower tributaries. These findings should be considered in the
interpration of proxy records used in marine sediment palaeoclimatological studies. The results
of this study have shown that 6*3C, 8D and XRF are accurate representatinso of the modern
catchment environmental and climatological conditions, and therefore can provide a modern
reference for marine sediment core interprations. In order to expand and increase the
understanding of vegetation, sediment and hydrological signals in the Mzimvubu catchment
and marine sediment cores extracted from its river mouth, future studies should focus on the

quantifying the contributions from different tributaries.

6.5 CONCLUDING REMARKS

This study has achieved its aims and has contributed to a more comprehensive understanding
of the modern vegetation, sediment and hydrological conditions in the Mmzimvubu catchment
of the Eastern Cape region. Proxy signals were influenced by various environmental,
physiological and taphonomic processes. These findings present the first comprehensive
multiproxy overview of vegetation, sediment and hydrologic provenance based on
palynomorph abundance, n-alkane isotopic distributions and elemental compound dynamics
within the Mzimvubu Catchment, which can aid the interpretation of marine sediment cores
for future palaeoclimatological and palaeoenvironmental research. Although 6D2¢-31 and
513C29-31 produced reliable spatial and temporal datasets, it is important to consider the need
for the multiproxy approach for this regions. Without supplementing *3C2g-31 and 8D29-31
values with elemental compositions and pollen assemblages, it would have been difficult to
account for and interpret §13C29.31 and 8D2¢-31variations. A cautionary measure should be taken
when analysing modern sediment samples, which is the effects of taphonomy, transport
processes and deposition environment and the effects these processes may have on terrestrial
biomarker transport and preservation. Terrestrial sediment samples were successfully used to
elucidate environmental and climate-vegetation relationships within the catchment to
overcome the paucity of long term continuous temporal records. The multiproxy provenance
approach presented here has shown that southern Africa is a suitable site for provenance based

research and palaeoenvironmental research.
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APPENDICES
APPENDIX A

Procedure for preparing pollen samples

Source: adapted after Faegri and Iverson (1989), Moore et al., (1991), Baxter (1996) and Finch
(2005).

Notes:

— Centrifuge at 4000 rpm for 3 minutes, unless otherwise specified.
— Use 100 ml profiled, sealable polypropylene tubes in a swing-out centrifuge.

— The temperature of the water bath should be maintained between 50-600C unless

otherwise stated.

— Label all samples clearly.

A. Measurement of Sediment

Each sample should contain 3cm? of wet sediment. Accurate sample volumes were obtained
be measuring out 10cm? of distilled water into a measuring cylinder and adding sediment until
the total volume in the measuring cylinder reached 13cm?.

B. Addition of pollen spike

1. Place pollen spike solution on a magnetic stir plate for at least 1 hour prior to use.
2. Add 1 ml of spike to each sediment sample using a graduated plastic syringe or
pipette.
C. Removal of humic acids and clay materials (Sodium hydroxide digestion)
1. Add 20ml 15% sodium hydroxide (NaOH) to each sample and stir.

2. Place samples in a heated water bath for 10 minutes and stir.
3. Wash and strain through a 180um sieve using distilled water.
4. Centrifuge and decant.

5. Repeat step 3 until supernatant becomes clear.

D. Removal of clastic material (Hydrofluoric acid digestion)

1. Add 20ml 10% Hydrochloric acid (HCI) in each sample. Stir, centrifuge and decant.
2. In a fume cupboard, add 20 ml concentrated (40%) HF, place in polypropylene
tubes in a heated water bath for three hours, stirring regularly.



F.

5.
6.

Seal centrifuge tubes, centrifuge for five minutes and decant.

Add 20 ml 10% HCI. Place sample in a heated water bath for 20 minutes, stirring
regularly.

Remove from water bath.

Stir, centrifuge and decant.

Acetolysis digestion of extraneous organic detritus

1. Add 20 ml glacial acetic acid. Stir, centrifuge and decant, making sure to discard as
much as the supernatant as possible to avoid remaining acetic acid from reacting
with the acetolysis mixture.

2. Add 20 ml acetolysis mixture (containing 9 parts acetic anhydride ([CHsCO]20): 1
part concentrated sulphuric acid [H2SO4]). Place in a heated water bath for 10-15
minutes, stirring regularly.

3. To stop the reaction, remove from water bath and place in cold water for a few
seconds. Stir, centrifuge and decant.

4. Add 20 ml glacial acetic acid. Stir, centrifuge and decant.

5. Add 9 ml distilled water and 1 ml 10% NaOH to neutralise sample.

6. Rinse three times with distilled water, add two drops of safranine stain to the last
rinse and place into a labelled 30 ml storage vial.

Mounting

1. Allow the processed solution to settle overnight in a refrigerator. Using a glass
pipette, remove the clear liquid so as to concentrate the pollen.

2. Place a single drop of Aquatex mounting solution on a sterile glass microscope
slide.

3. Use a micropipette or a blunt toothpick to extract approximately three drops of the
pollen solution. Add to the Aquatex, using a toothpick to mix the pollen suspension
evenly within the Aquatex.

4. Place a coverslip over the Aquatex suspension and let the mixture spread to all
edges. This may be aided by applying light pressure with a dissecting needle.

5. The slide should be allowed to stand for at least four hours prior to counting, to

allow the pollen to disperse evenly across the slide.



APPENDIX B

n-Alkane separation of samples

nCio-35 concentrations were calculated for 32 RBS samples. The samples were ground and

homogenised using a pestle and mortar first followed by a ball mill (650 rpm, 30 seconds per

sample) for the dry, intermediate and wet sample campaigns. The total sum of odd n-alkanes

was calculated for each sample site for each sample campaign (Schefuf et al., 2005; Schefuf3
etal., 2011; Hahn et al., 2017).

A. Sample extraction with ASE

=

o 0ok~ NP O~ D

1. Dried and ground sediments are added into ASE cells, thereafter add 100l of
standard mixture.

2. DCM:MeOH = 9:1(esi1 (1000 psi, 3 cycles, five minutes for each sample).

3. Concentrate extract by transferring into a round-bottom flask, then “roto-
evaporate’ until almost dry.

4. Transfer the samples into 4 ml vials and let dry overnight.

Take off 5 % split of TLE

Label GC vial (Sample name and depth and 5%TLE), put into a combusted spring and

100 pl insert.

Add 1000ul DCM to TLE using blue Eppendorf pipette, and vortex.
Take off 50ul with small Eppendorf pipette and put into labelled GV vial.
Let both vials dry overnight.

. Saponification (breaks open the wax ester bonds)

Add 500ul of 0.1 M KOH-solution to the dry extract (“Hex”) in a 4 ml vial.

Close the lid (use Teflon tape to seal) and vortex.

Place onto a heater at 85°C for 2 hours and cover with Al-foil.

Prepare and label two new 4 ml vials (“neutral” and “acid”).

Add a bit of bidest water to samples to improve separation.

Add approximately 1 ml hexane to samples, close, vortex, and pipette hexane layer
into new 4 ml vials (“neutral”), repeat until vial is full.

Add two drops of concentrated HCI to saponified solvent (“Hex”)[es3].

Add approximately 1 ml hexane/DCM = 4:1 to sample, close, vortex, pipette the
upper layer into a new 4 ml vial (“acid”), repeat until vial is full.

Dry both extracts.
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The rest of the saponification can be thrown out (preferably rinse before as it could be
acidic).

Column separation of neutral fraction

Plug lower end of pipette with combusted glass wool, add 4-5 cm of combusted 10%
deactivated Silica, and pat the tip gently.

Prepare and label 3 new 4 ml vials (“apo”, “keot”, and “polar”).

Rinse the column with hexane twice and throw out the rinse solvent.

Place “apo” vial under the column.

Add ca. 0.5 ml of hexane to dry extract (“neutral”), vortex and pipette into column.
Rinse vial (“neutral””) with more hexane and put onto column until vial is full (“apo™).
Place “keto” vial under column.

Add 1 ml DCM to “neutral” vial and transfer onto column.

Rinse vial (“neutral”) with more DCM and put onto column until vial is full (“keto”).

. Place “polar” vial under column.
. Add 1 ml DCM/MeOH = 1/1 and put onto column until vial is full (“polar”).

. Dry all extracts, let column dry in waste container, dispose the solid phase in waste

and throw pipette into glass waste.

Removal of unsaturated components in alkane fraction (“apo*”’)

Plug lower end of pipette with combusted glass wool, add 4-5 cm of AgNQO3sSi, and
pat the tip gently.

Prepare and label new 4 ml vial (“apo™*”).

Rinse column with hexane and throw out rinse solvent.

Place “apo*” vial under column.

Add ca. 0.5 ml of hexane to dry extract (“apo”), vortex and pipette onto column.
Rinse vial (“apo”) with more hexane and put onto column until vial is full (“apo™*”).
Dry extract, let column dry in waste container, and dispose solid waste, through
pipette into glass waste.

Methylation of acid fraction

Add ca. 2 ml MeOH(iso)/12N HCI = 95/5 to “acid” fraction (2mIMeOH(iso)) + two
drops of (12n HCI).

Blow nitrogen into vial, quickly close cap and secure with Teflon tape.

Place onto heater at 50°C for ca. 12 hours (staying longer, e.g., overnight is no
problem).
Evaporate under Nitrogen to 1 ml.



5. Add ca. 1 ml of milliQ water (bi-distilled water).

6. Add approximately 1 ml hexane to samples, close, vortex, pipette hexane layer into
new 4 ml vial (“FA”), repeat until vial is full.

7. Dry extract (“FA”[es4]), throw out remaining phase (“acid”).

G. Clean-up of FA fraction

1. Plug lower end of pipette with combusted glass wool, add 4 cm of combusted Silica,
pat the tip gently, add ca. 0.5 cm of Na2SO4 (not combusted is ok).

Prepare and label new 4 ml vial (“FAME”).

Rinse column with DCM and throw out rinse solvent.

Place “FAME” vial under column.

Add ca. 0.5 ml of DCM to dry extract (“FA”), vortex and pipette onto column.
Rinse vial (“FA”) with more DCM and put onto column until vial is full (“FAME”).

N g s~ w Db

Dry extract (“FAME”), let column dry in waste container, dispose solid phase in
waste, throw pipette into glass waste.

H. Preparation for GC analysis

1. Carefully transfer fraction of interest (apo*, keto or FAME) with hexane in GC vial
with insert (repeat 2-3 times to be quantitative), blow down with N2 (careful to not
blow out the sample).

2. Fill with 100pl toluene.

3. Ready for GC analysis.

GC analysis

Saturated hydrocarbons containing n-alkanes were injected into a Thermo Scientific Focus gas
chromatograph equipped with a DB-5ms column (30 m X 0.25 mm, 0.25um) film thickness
(Agilent Technologies, Palo, Alto, USA) coupled to a flame ionisation detector (GC-FID). The
oven is held at 70°C for 2 min, then heated at a rate of 20°C min-1 to 150°C, and after with a
rate of 4° Cmin-1 to 320°C, and remained at this temperature for 16.5 min. n-Alkanes of
different chain lengths were quantified by comparing peak areas of the compounds to external
standard solutions and to the internal squalane standard added prior to ASE extraction.
Analyses of the external alkane standard with known concentrations of n-alkanes were
performed every 6 samples. Precision of compound quantification is about 5% based on the
standard analyses. The CPl2s-33 was calculated according to the following equation developed
by Bray and Evans (1961):

CPl23-33= 0.5 *(Ycodd23-33 / Y Ceven22-32 + > Codd23-33 / Y even24-34)



Cx represents the amount of each n-alkane homologue. n-Alkane Average Chain Length (ACL)

was then determined using the flowing equation by Poynter and Eglinton (1990):

ACL2s-35 = 25 X (NC2s) + 27 x (nC27) + 29 x (NC29) + 31 % (NC31) + 33 x (nCs3) + 35 X (NCss)

/ (nC2s + nC27 + nC29 + NCs1 + NCs3 + NCas)

The ratio between Caz9 and Cs1 n-alkanes (Norm31) was then calculated using the equation:
Norm31 = Cs1/ (C29+Cs1)

For Norm31 and ACL calculations, nCx represents the concentration of the n-alkane with x as

the carbon number.
0'3C and 6D isotope extraction

Sample fractions containing n-alkanes were used for compound-specific carbon and hydrogen
isotope analyses. Compound specific stable hydrogen isotope analyses of C2g and Cs1 n-alkanes
were carried out on a Trace GC (Thermo Fisher Scientific, Bremen, Germany) coupled to a
MAT 253 IRMS (Finnigan MAT, Bremen, Germany) via a pyrolysis reactor which operates at
1420°C. The PTV injector is maintained at 45°C and then heated to 340°C after injection. This
is done to transfer the sample on the GC column. The compounds are then separated on a Rxi-
5ms silica column. The GC is maintained at 120°C for 3 minutes then heated to 200°C with
30°Cmin‘t, then at 4°C min to 320°C and held there for 24 minutes. Deuterium (5D) isotope
were measured against a calibrated H2 reference gas. The §*3C of the n-alkanes were analysed
on a similar type of GC coupled to a MAT 252 IRMS via a GC/C Ill combustion interface
which operates at 1000°C. The GC and injector settings were similar to that used for isotope
calibration. Each sample was analysed twice except for a few samples were the n-alkane
concentration was too low (the concentration was determined on the GC machine remember).
The accuracy of the isotope measurements were assessed by analysing internal n-alkane

laboratory standards of known isotopic composition every six measurements.

XRF element composition analysis

The XRF element analysis of bulk RBS samples identified a total of 18 element compositions
from the 32 RBS samples across for the three sampling campaigns. XRF spectrometer
measurements were completed on 32 RBS using a PANalytical Epsolon3-XL XRF
spectrometer using energy dispersive polarisation X-Ray Fluorescence (EDP-XRF)
spectroscopy. 20 g of dried RBS sediment were weighed and placed into a Ball Mill at 650rpm

for 30 seconds. 4 g of the 20 g was then weighed and removed and utilised for XRF elemental

Vi



analysis. A minimum of 12g were extracted from each sample for Alkenone analysis. Element
composition profiles were performed using an Avaatech XRF Scanner at MARUM (University
of Bremen). The scanner is equipped with an Oxford Instrument 50W XTF5011 rhodium X-
ray tube, a Canberra X-PIPS silicon drift detector which runs at 50eV resolution and a Canberra
digital spectrum analyser (DAS1000). To detect different elemental groups, the vertical

resolution is set to 1cm with two generator settings.
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APPENDIX C

Table 3.1 Three types of sediment samples and one water sample collected for the three sampling campaigns.

Season Site River Latitude Longitude Location In Elevation | RBS | SPM | DPS 3%h And %0 Water Height Of Bridge
(S) (B) Catchment Samples
MZJ-1 Mzimvubu 29.52756 -31.59468 | Mouth 4 X X X 9m
MZJ-2 Mzimvubu 29.26517 -31.39581 | Confluence 113 X X X Weir
MZJ-3 iTsitsa 28.84483 -31.23697 | Middle 762 X X X X 9Im
MZJ-4 Thina River 28.89564 -31.07361 | Middle 780 X X X 10m
MZJ-5 Mzimvubu 29.06989 -30.85067 | Middle 826 X X X X 10m
DRY ['MzJ-6 | MzintlavaRiver | 29.32133 -30.80772 | Middle 890 X X X X Sampled under
bridge
MZJ-7 iTsitsa 28.45392 -30.94903 | Upper 1501 X X X X 9Im
MZJ-8 Tina 28.48103 -30.62989 | Upper 1368 X X X X Sampled under
bridge
MZJ-9 Kinira River 28.61550 -30.47114 | Upper 1357 X X X X 12m
MZJ-10 | Mzimvubu 29.05747 -30.40289 | Upper 1434 X X X X 9m
MZJ-11 | Mzintlava River | 29.42964 -30.56128 | Upper 1249 X X X 6m
MZS-1 Mzimvubu 29.52756 -31.59468 | Mouth 4 X X X 9m
MZS-2 Mzimvubu 29.26517 -31.39581 | Confluence 113 X X X Weir
MZS-3 iTsitsa 28.84483 -31.23697 | Middle 762 X X X X 9m
MZS-4 Thina River 28.89564 -31.07361 | Middle 780 X X X X 10m
MZS-5 Mzimvubu 29.06989 -30.85067 | Middle 826 X X X 10m
MZS-6 Mzintlava River | 29.32133 -30.80772 | Middle 890 X X X X Sampled under bridge
INT MZS-7 | iTsitsa 28.45392 -30.94903 | Upper 1501 X X X X 9m
MZS-8 Tina 28.48103 -30.62989 | Upper 1368 X X X X Under bridge
MZS-9 Kinira River 28.61550 -30.47114 | Upper 1357 X X X X 12m




XI

MZS-10 | Mzimvubu 29.05747 -30.40289 | Upper 1434 X X X X 9m
Site River Latitude Longitude Location In Elevation | RBS | SPM | DPS 6°h And 5% Water Height Of Bridge
(S) (E) Catchment Samples

MZS-11 | Mzintlava River | 29.42964 -30.56128 | Upper 1249 X Sampled downstream

MZN-1 | Mzimvubu 29.52756 -31.59468 | Mouth 4 X X X 9Im

MZN-2 | Mzimvubu 29.26517 -31.39581 | Confluence 113 X X X Weir

MZN-3 | iTsitsa 28.84483 -31.23697 | Middle 762 X X X X 9m

MZN-4 | Thina River 28.89564 -31.07361 | Middle 780 X X X 10m

MZN-5 | Mzimvubu 29.06989 -30.85067 | Middle 826 X X X 10m

MZN-6 | Mzintlava River | 29.32133 -30.80772 | Middle 890 X X X X Sampled under bridge
WET  ["MZN-7 | iTsitsa 28.45392 -30.94903 | Upper 1501 X X X 9m

MZN-8 | Tina 28.48103 -30.62989 | Upper 1368 X X X Under bridge

MZN-9 | Kinira River 28.61550 -30.47114 | Upper 1357 X X X X 12m

MZN- Mzimvubu 29.05747 -30.40289 | Upper 1434 X X X X 9m

10

MZN- Mzintlava River | 29.42964 -30.56128 | Upper 1249 X X X 6m

11




Pollen Raw Count Sheets

APPENDIX D

a. July sampling campaign (dry season)

PALYNOMORPH Mz MZ Mz MZ Mz Mz MZ Mz MZ MZ1 MZ1
1 2 3 4 5 6 7 8 9 0 1
Pollen Spike
AMARYLLIDACEAE undiff. 0 0 0 0 0 0 0 0 0 0 0
ANACARDIACEAE Rhus 18 20 0 4 0 0 14 13 2 2 19
AQUIFOLIACEAE llex mitis 0 7 0 1 0 0 0 0 0 2 1
ASTERACEAE Senecio 0 45 0 18 0 9 0 0 0 2 14
ASTERACEAE Tubuliflorae 66 29 0 8 0 1 0 40 0 18 9
ASTERACEAE Vernonia 0 0 0 0 0 0 0 1 0 6 5
ASTERACEAE Helichrysum 0 2 0 0 0 0 0 4 0 1 0
CHENO-AM 0 7 0 1 0 0 0 5 0 0 0
COMBRETACEAE 0 0 0 0 0 0 0 0 0 0 0
Combretum
CYATHEAECEAE Cyatheae 0 0 0 0 0 0 0 0 0 0 0
CYPERACEAE undiff. 71 68 0 49 0 3 9 28 0 45 25
ERICACEAE undiff. 0 0 0 0 0 0 0 0 0
EUPHORBIACEAE 0 1 0 11 0 0 0 0 0 1 5
Acalyphya
EUPHORBIACEAE Euphorbia 0 11 0 19 0 0 0 3 1 6 16
FABACEAE Sesbania 0 14 0 2 0 0 0 0 0 0 4
LILIACEAE undiff. 0 9 0 4 0 0 3 1 0 5 5
MIMOSACEAE Acacia Type | 6 8 0 3 0 0 0 0 0 4 1
MYRICAEAE Morella 0 0 0 1 0 0 0 0 0 0 1
MYRTACEAE Syzigium 0 0 0 0 0 0 0 1 0 0 0
PALMAE Borassus 0 5 0 1 0 0 0 0 0 0 0
PINACEAE Pinus 2 24 0 12 0 1 1 5 0 4 5
POACEAE undiff. 128 | 244 1 168 1 18 15| 225 16 126 81
POACEAE Zea mays 0 0 0 0 0 0 0 0 0
PODOCARPACEAE 0 94 0 0 0 0 0 0 0 1 0
Podocarpus
PTERIDOPHYTA Monoletes 0 0 0 7 0 0 0 2 0 1 1
PTERIDOPHYTA Triletes 0 12 0 14 0 1 0 10 0 6 1
SALICACEAE Salix 0 10 0 0 0 0 0 0 0 0 0
THYMELAEACEAE Passerina 0 4 0 0 0 0 0 0 0 11 1
ULMACEAE Celtis 0 10 0 0 0 0 0 3 0 0 7
UNDETERMINED 40 41 7 30 8 21 34 25 1 34 21
MAIN SUM 331 | 665 8| 353 9 54 76 | 366 20 275 222




b. September sampling campaign (intermediate season)

PALYNOMORPH MZ1 | MZ2 | MZ3 | MZ4 | MZ5 | MZ6 | MZ7 | MZ8 | MZ9 | MZ10
Pollen spike

AMARYLLIDACEAE undiff. 2 0 175 0 0 0 0 0 6
ANACARDIACEAE Rhus 4 21 14 16 16 0 0 24 0 1
AQUIFOLIACEAE llex mitis 0 1 0 0 0 0 0 0 2
ASTERACEAE Helichrysum 0 6 3 9 4 0 0 5 1 3
ASTERACEAE Senecio 16 27 24 33 14 0 0 11 2 4
ASTERACEAE Tubuliflorae 17 17 6 14 13 1 0 3 1 1
ASTERACEAE Vernonia 0 0 1 5 2 0 0 1 0 0
CHENO-AM undiff. 5 5 2 9 24 0 0 7 1 0
COMBRETACEAE 0 0 0 0 0 0 0 0 0 0
Combretum

CYATHEAECEAE Cyatheae 0 0 0 0 0 0 0 0 0 0
CYPERACEAE undiff. 34 22 41 17 31 0 5 97 13 15
ERICACEAE undiff. 0 2 1 11 5 0 0 9 0 2
EUPHORBIACEAE Acalypha 10 0 0 0 0 0 0 0 0 0
EUPHORBIACEAE Euphorbia 0 4 1 10 5 1 2 5 3 0
FABACEAE Sesbania 0 0 1 0 0 0 0 0 0 0
LILIACEAE undiff. 4 63 1 8 26 0 0 0 1 0
MIMOSACEAE Acaciea Type 5 8 11 6 16 0 0 16 17 1
i/IYRICAEAE Morella 3 0 0 1 4 0 0 0 0
MYRTACEAE Syzigium 0 0 0 0 0 0 0 0 0 0
PALMAE Borassus 0 0 0 0 0 0 0 0 1 0
PINACEAE Pinus 8 31 22 15 10 0 0 14 0 3
POACEAE undiff. 199 | 227 | 330 | 280 | 116 15 6| 369 27 69
POACEAE Zea mays 0 1 0 0 0 0 0 0 0 0
PODOCARPACEAE 0 9 0 28 9 0 0

Podocarpus

PTERIDOPHYTA Monoletes 4 11 1 120 2 0 0 4 0 0
PTERIDOPHYTA Triletes 0 0 0 0 5 0 1 2 0 0
SALICACEAE Salix 0 0 0 0 0 0 0 0 0 0
THYMELAEAEAE Passerina 0 0 0 0 0 0 0 0 0 0
ULMACEAE Celtis 0 0 1 0 0 0 0 0 0 0
UNDETERMINED 0 19 33 31 26 25 0 0 153 12
Main sum 311 | 474 | 493 | 788 | 328 42 14 | 567 | 220 119

Xi




¢c. November sampling campaign (wet season)

PALYNOMORPH MZ MZ Mz MZ Mz Mz MZ Mz MZ MZ1 MZ1
1 2 3 4 5 6 7 8 9 0 1

Pollen spike

AMARYLLIDACEAE undiff. 0 0 0 0 0 1 0 0 0 2 0
ANACARDIACEAE Rhus 8 1 2 3 0 5 0 0 0 9 31
AQUIFOLIACEAE llex mitis 0 1 1 1 0 1 0 0 0 2 0
ASTERACEAE Helichrysum 0 1 0 0 0 1 0 0 0 0 1
ASTERACEAE Senecio 7 0 4 0 0 8 0 0 0 28 0
ASTERACEAE Tubuliflorae 2 0 3 14 0 2 0 0 0 0 16
ASTERACEAE Vernonia 0 3 0 2 0 2 0 0 0 4 0
CHENO-AM undiff. 0 1 1 0 0 1 0 0 0 2 3
COMBRETACEAE 0 0 0 0 0 5 0 0 0 0 0
Combretum

CYATHEAECEAE Cyatheae 0 2 0 0 0 0 0 0 0 0 0
CYPERACEAE undiff. 7 5 5 16 0 15 0 0 0 25 24
ERICACEAE undiff. 0 0 0 3 0 3 0 0 0 0 5
EUPHORBIACEAE Acalypha 0 0 0 0 0 8 0 0 0 0 0
EUPHORBIACEAE Euphorbia 0 6 1 0 0 0 0 0 0 2 2
FABACEAE Sesbania 0 0 0 0 0 0 0 0 0 0 0
FABACEAE undiff. 0 0 0 0 0 0 0 0 0 0 0
LILIACEAE undiff. 0 1 0 3 0 0 0 0 0 6 1
MIMOSACEAE Acacia type 1 1 1 5 6 0 1 0 0 0 3 0
MYRICAEAE Morella 0 2 0 0 0 1 0 0 0 0 1
MYRTACEAE Syzigium 0 0 0 0 0 0 0 0 0 0 0
PALMAE Borassus 0 0 0 0 0 0 0 0 0 0 0
PINACEAE Pinus 0 1 4 5 0 5 0 0 0 4 9
POACEAE undiff. 66 56 22 100 0 142 0 0 0 82 7
POACEAE Zea mays 6 9 0 9 0 17 0 0 0 5 4
PODOCARPACEAE 1 0 0 0 0 5 0 0 0 4 1
Podocarpus

PTERIDOPHYTA Monoletes 0 1 1 2 0 1 0 0 0 0 5
PTERIDOPHYTA Triletes 0 0 0 0 0 0 1 0 0 0 2
SALICACEAE Salix 0 0 0 0 0 1 0 0 0 0 0
THYMELEAECEAE Passerina 0 0 0 0 0 0 0 0 0 1 0
ULMACEAE Celtis 0 0 0 0 0 0 0 0 0 0 0
Undetermined 0 15 3 13 22 0 19 0 0 0 14
Main sum 98 106 52 177 22 | 225 20 0 0 179 196
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APPENDIX E

Additional climatic, environmental and vegetation information for the Mzimvubu
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Legend

VELD TYPES After Acocks (1988)
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APPENDIX F

Additional pollen data
e

- Agquatics
- Pteridophytes
- Fynbos

|:| Grasses

|:| Herbs and Shrubs
- Neophytes
- Trees

1. Pollen biome pie charts for each sample
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2. Wet versus dry indicator species pie charts for each sample
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APPENDIX G
Proxy seasonal data

A. Average Chain Length (ACL) for the dry, intermediate and wet season.
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B. Carbon Preference Index (CPlz2s-33) for the dry, intermediate and wet season.
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C. Norma31 for the dry, intermediate and wet season.
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D. oD (Hydrogen isotope)for dry, intermediate and wet season.
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E. 6'3C (Carbon Isotope) for the dry, intermediate and wet season.
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F. FeK (Iron/Potassium)for the dry, intermediate and wet season.
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G. AISi (Aluminium/Silicon) for the dry, intermediate and wet season.
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H. TiAl (Titanium/Aluminium) for the dry, intermediate and wet season.
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1. All proxy correlation

APPENDIX H

RBS RBS RBS SPM SPM SPM RBS SPM RBS RBS RBS RBS RBS RBS SPM SPM SPM CPI CPI
Fe/K Al/Si Ti/Al Fe/K Al/Si Ti/Al Norm31 Norm31 dDyg oDz 0D79.31 613(:29 613C31 613(:29,31 613(:29 613(:31 613029,31 RBS SPM

RBS Fe/K 1

RBS Al/Si 0.389 1

RBS Ti/Al 0419 -0.041 1

SPM Fe/lK 1 0.389 0.419 1

SPM Al/Si 0.389 1 -0.041 0.389 1

SPM Ti/Al 0419 -0.041 1 0419 -0.041 1

RBS Norm31  0.132 0.140 0.208 0.132 0.140 0.208 1

SPM Norm31  0.303 0.186 0.119 0.303 0.186 0.119 0.340 1

RBS 6Dy 0.055 -0.436 -0.056 0.055 -0.436 0.056 -0.029 -0.204 1

RBS 6Dz 0.024 -0434 -0.028 0.024 -0.434 0.028 -0.090 -0.202  0.986 1

RBS 8D2g.31 0.039 -0436 -0.042 0.039 -0.436 0.042 -0.060 -0.203 0.996 0.997 1

RBS 5Cy 0.039  -0.247 0.257 0.039 -0.247 0.257 -0.211 -0.052 0.620 0.669 0.648 1

RBS 5°Cy 0.032  -0.287 0.260 0.032 -0.287 0.260 -0.245 -0.061 0.617 0.669 0.646  0.994 1

RBS §%Cy9.31 0.036  -0.267 0.259 0.036 -0.267 0.259 -0.228 -0.057 = 0.620 0.670 0.648  0.999 0.998 1

SPM §5Cy 0.307 -0.103 -0.088 0.307 -0.103 0.088 -0.275 -0.299 0.017 0.005 -0.006 0.048 0.070 0.059 1

SPM §%C, 0296 -0.091 -0.125 0.296 -0.091 0.125 -0.338 -0.498 0.056 0.081 0.069 0.134 0.167 0.150 0.842 1

SPM §%Cpa 0309 -0.091 -0.124 0.309 -0.091 0.124 -0.322 -0.404 0.020 0.047 0.034  0.098 0.126 0.112 0.965 0.955 1

CPI RBS 0.160 0.117  -0.003 0.160 0.117 0.003 -0.078 0.103 0.369 0.388 -0.380 = 0.563 -0.543 -0.554 -0.104 -0.171 -0.148 1

CP1 SPM 0.091 0.011  -0.048 0.091 0.011 0.048 0.204 -0.081 0.156 0.125 0.141  0.001 0.020 0.010 -0.496 -0.361 -0.445 0.064 1
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2. Dry Season

RBS RBS RBS SPM SPM SPM RBS SPM RBS RBS RBS RBS RBS RBS SPM SPM SPM CPI CPI
Fe/K Al/Si Ti/Al Fe/K Al/Si Ti/Al Norm31 Norm3l 0Dy 6Dy 0D3g.31 0%Cp  0™Ca1  0Cpes  0BCp  68Cai 68Cpa1  RBS  SPM

RBS Fe/K 1

RBS Al/Si 0.565 1

RBS Ti/Al 0.472  -0.175 1

SPM Fe/K 1 0.565 0.472 1

SPM Al/Si 0.565 1 -0175 0.565 1

SPM Ti/Al 0.472  -0.175 1 0.472  -0.175 1

RBS Norm31 0.046 0.078 0.187 0.046 0.078 0.187 1

SPM Norm31 0.066  -0.087 0.172 0.066  -0.087 0.172 0.426 1

RBS D2 -0.166 | -0.619 0.409 -0.166  -0.619 0.409 0.265 -0.289 1

RBS D3, -0.074  -0.586 0.458  -0.074 | -0.586 0.458 0.145 -0.358 0.986 1

RBS 6D2g.31 -0.119 | -0.604 0.436  -0.119 = -0.604 0.436 0.205 -0.326 0.996 0.997 1

RBS %Cy 0.332 -0.314 0.608 0.332 -0.314 0.608 -0.238 -0.386 0.661 0.748 0.708 1

RBS §%Cy 0.297  -0.369 0.616 0.297  -0.369 0.616 -0.281 -0.379 0.658 0.746 0.705 0.995 1

RBS 8%Cao.31 0.315 -0.341 0.612 0.315 -0.341 0.612 -0.259 -0.383 0.660 0.748 0.707 0.999 0.999 1

SPM 3%Cyg 0.183  -0.033 0.096 0.183  -0.033 0.096 -0.382 0.39%6 -0.339 -0.273 -0.306 0.130 0.125 0.128 1

SPM §%Cy; 0.479 0.166 0.275 0.479 0.166 0.275 -0.590 -0.090 -0.264 -0.161 -0.212 0.517 0.524 0.521 0.503 1

SPM 8%Cye.51 0.338 0.049 0.188 0.338 0.049 0.188 -0.527 0.242 -0.354 -0.263 -0.309 0.317 0.316 0.317 0.927 0.791 1

CPIRBS -0.602 0.161 | -0.502  -0.602 0.161 -0.502 -0.123 0.107 = -0.600 -0.660 -0.633 -0.766  -0.740 -0.754  -0.026  -0.252 -0.128 1

CPI SPM -0.204  -0.070  -0.074  -0.204  -0.070 -0.074 0.045 -0.528 0.245 0.217 0.232 0.077 0.111 0.094 = -0.636 -0.168 -0.524 0.071 1
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3. Intermediate Season

RBS RBS RBS SPM SPM SPM RBS SPM RBS RBS RBS RBS RBS RBS SPM SPM SPM CPI CPI
Fe/K Al/Si Ti/Al Fe/K Al/Si Ti/Al Norm31 Norm3l 0Dy doD3i  0Dpear  0%Cp  0%Ca 0%Cpost  08Cy  0%Cai  6%Cpsn  RBS  SPM

RBS Fe/K 1

RBS Al/Si 0.483 1

RBS Ti/Al 0.680 0.150 1

SPM Fe/K 1 0.483 0.680 1

SPM Al/Si 0.483 1 0.150 0.483 1

SPM Ti/Al 0.680 0.150 1 0.680 0.150 1

RBS Norm31 0.613 0.597 0.519 0.613 0.597 0.519 1

SPM Norm31 0.644 0.380 0.510 0.644 0.380 0.510 0.670 1

RBS D2 -0.730 -0.567 -0.658 -0.730 -0.567  -0.658 -0.630 -0.697 1

RBS D3, -0.746  -0.609 -0.647 -0.746 -0.609  -0.647 -0.780 -0.725 0.971 1

RBS 6D2g.31 -0.743  -0593 -0.657 -0.743 -0.593  -0.657 -0.713 -0.717 0.992 0.993 1

RBS %Cy -0.495  -0.494  -0.512 -0.495 -0.494 | -0.512 -0.381 -0.187 0.695 0.676 0.690 1

RBS §%Cy -0.480 = -0.538 -0.525 -0.480 -0.538 -0.525 -0.451 -0.196 0.672 0.669 0.676 0.987 1

RBS 3"Cy.31 -0.489 = -0517 -0.520 -0.489 = -0.517 -0.520 -0.417 -0.192 0.686 0.675 0.685 0.997 0.997 1

SPM 3%Cyg -0.452  -0.130 @ -0.509 -0.452 -0.130 = -0.509 -0.652 -0.461 0.441 0.531 0.491 0.154 0.204 0.179 1

SPM §%Cy; -0.444  -0.176 = -0.517 -0.444 -0.176 & -0.517 -0.674 -0.468 0.439 0.526 0.487 0.155 0.217 0.186 0.993 1

SPM 8%Cye.51 -0.448  -0.153 = -0.514 -0.448 -0.153 | -0.514 -0.664 -0.465 0.441 0.529 0.490 0.155 0.211 0.183 0.998 0.998 1

CPIRBS 0.455 0.319 0.382 0.455 0.319 0.382 0.224 0.303 -0.755 -0.633 -0.697 -0.602 -0.576 -0.591  -0.140  -0.160 -0.150 1

CPI SPM 0.142 0.101 0.007 0.142 0.101 0.007 0.278 -0.301  -0.174  -0.277 -0.229 -0.326  -0.304 -0.316  -0.395  -0.345 -0.371  0.123 1
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4. Wet season

RBS RBS RBS SPM SPM SPM RBS SPM RBS RBS RBS RBS RBS RBS SPM SPM SPM CPI CPI
Fe/K Al/Si Ti/Al Fe/K Al/Si Ti/Al Norm31  Norm31l 0Dy 0D3; 0D2g.31 0MCy  8Ca Coonn 0BCh  BCa Cao1 RBS SPM

RBS Fe/K 1

RBS Al/Si 0.231 1

RBS Ti/Al 0.041 -0.088 1

SPM Fe/K 1 0.231 0.041 1

SPM Al/Si 0.231 1 -0.088 0.231 1

SPM Ti/Al 0.041 -0.088 1 0.041  -0.088 1

RBS Norm31 -0.670 -0.681 -0.238 = -0.670 -0.681  -0.238 1

SPM Norm31 0.331 -0.094 0.062 0.331  -0.094 0.062 -0.014 1

RBS 5D29 0.282 -0.201  -0.179 0.282 -0.201 -0.179 0.214 0.338 1

RBS 5D31 0.302 -0.210  -0.148 0.302 -0.210 -0.148 0.218 0.389 0.991 1

RBS 6D29-31 0.293 -0.206  -0.163 0.293 -0.206  -0.163 0.217 0.365 0.997 0.998 1

RBS 13C29 0.194 0.114 0.499 0.194 0.114 0.499 -0.147 0.443 0.538 0.600 0.572 1

RBS 13C31 0.186 0.086 0.509 0.186 0.086 0.509 -0.144 0.418 0.545 0.605 0.578 0.997 1

RBS $13C29-31 0.190 0.100 0.504 0.190 0.100 0.504 -0.146 0.431 0.542 0.603 0.575 0.999 0.999 1

SPM13C29 -0.597 -0.145 0.134 = -0597 -0.145 0.134 0.263 -0.728  -0.054  -0.108 -0.082 -0.130 -0.101 -0.116 1

SPM 13C31 -0.529 -0.077 0.028 = -0.529 -0.077 0.028 0.221 -0.739  -0.016  -0.053 -0.035 -0.091 -0.063 -0.077 0.999 1

SPM §13C29-31 = -0.532 -0.083 0.047 | -0532 -0.083 0.047 0.221 -0.735 -0.021  -0.058 -0.041  -0.086 -0.058 -0.073 1 1 1

CPIRBS 0.511 -0.068  -0.009 0511 -0.068 -0.009 -0.419 0.102 -0.082 -0.144 -0.114  -0.400 -0.386 -0.393  -0.171  -0.209 -0.204 1

CPI SPM 0.312 -0.205  -0.085 0312  -0.205 -0.085 0.165 0.682 0.614 0.646 0.632 0.479 0.479 0.479  -0.641  -0.597 -0.599  0.018 1




