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ABSTRACT 

 

A multidisciplinary sedimentological, stratigraphic, mineralogical and 

geochronological analysis of a small, fossil-bearing, Holocene hillslope 

deposit, flanking a mesa, has enabled a reconstruction of the palaeo-

environmental history of the region. The hillslope deposit, located on the 

farm Heelbo in the eastern Free State Povince, South Africa, overlies 

Jurassic mudrock and sandstone of the Elliot Formation, Karoo 

Supergroup.  The deposit is located on a steep (~10°) slope and covers an 

area of ~7 km2 in two separate sections.  It extends ~475 m downslope 

and reaches a maximum thickness of at least 6-8 m towards the base. 

 

Mineralogy indicates the deposit is sourced from the mesa but its fine 

grain size and location on a steep slope position Heelbo outside the scope 

of traditionally described alluvial fans or colluvial deposits.  The hillslope 

deposit is described as an alluvial slope based on the morphology of the 

deposit and the grain size distribution against the slope gradient.  The 

deposit comprises fine-sand to silt- grain size, but is found on a steep 

(~10°) slope. The source of the sediment is shown to be the sediment of 

the mesa, rather than input from an aeolian source.  The grains are 

described as sub-angular and poorly sorted which also suggests a local 

provenance for the sediment.  
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Microscopic and XRF analysis confirm the derivation of the sediment from 

the Elliot Formation, with the lithic fragments derived from subarkoses to 

arkoses of the underlying bedrock of the Upper Elliot Formation (UEF) in 

the Karoo Supergroup. Secondary calcite was visible in only two of the thin 

sections, thus it is likely due to a diagenetic overprint that is constrained by 

depth from the surface or time and not to specific layers. 

 

The deposit is cut by several mature and continuous gully networks with V-

shaped profiles in the proximal slope, and combined V- and U-shaped 

profiles in the medial and distal sections.  Gully formation is linked to both 

the sodium adsorption ratio (SARs), and high soil clay content, which 

facilitates swelling and shrinking.   

 

The Heelbo deposit comprises two palaeosols (BT1 and BT2) and four 

sediment (B1, B2, RB and TS) horizons. Through luminescence dating, the 

ages were found to be approximately 6390 ± 740 years BP for the oldest 

Brown (B1) horizon and 250 ± 170 years BP for the Red Brown (RB) 

horizon. The radiocarbon ages of the sediment were inconclusive, but the 

14C ages of the fossil bones were in agreement with the luminescence 

ages.  The multiple palaeosol horizons identified suggest two cycles of 

deposition, pedogenesis and erosion of the alluvial succession. The 

palaeosols and the presence of calcareous nodules and rhizocretions, and 

smectite and mixed-layer clay minerals, together with the total absence of 

illite and kaolinite, suggest protracted, dry periods with intermittent short 



iii 
 

periods of high rainfall.  This is a similar climate regime to what the region 

experiences currently.   

 

Main findings: The Heelbo alluvial slope comprises locally derived 

sediment, rather than an aeolian source.  Heelbo suggests that the 

hillslope deposits classification system needs to be re-evaluated and 

opens opportunities for wider study of Pleistocene-Holocene hillslope 

deposits in central / northern South Africa.   This study also contributes to 

climate change debates in the Holocene.  
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CHAPTER 1 

 

1.1 INTRODUCTION 

 

The seasonality of rainfall and the occurrence of drought render semi-arid 

landscapes susceptible to erosion as the type and density of vegetation 

cover is altered (Foster et al., 2012).  It is widely assumed that the large 

scale degradation of these semi-arid landscapes was the result of 

intensified agriculture in the 18th and 19th centuries through the 

introduction of European farming systems of grazing and rain-fed cereal 

cultivation (Foster et al., 2012).  Parts of Australia (Wasson, 1994; Olley 

and Wasson, 2003), the USA (Montgomery, 2007; Follet, 2010) and South 

Africa (Foster et al, 2007; Boardman, 2014) have been affected by land-

use practices that degrade the land resulting in badland environments. In 

South Africa a semi-arid climate, extended human occupation and the 

escalation of subsistence farming are often cited as the reason for the loss 

of soil resources (Meadows, 2003; Sonneveld et al., 2005) that have led to 

an accelerated rate of gully erosion (Berjak et al., 1986; Showers, 1989; 

Viljoen et al., 1993; Watson, 1996; 1997).  Landscape degradation is often 

characterised by intensely dissected colluvial footslopes and by incised 

channels or gullies (locally referred to as dongas). 

 

The South African Karoo typifies this situation and land degradation in this 

region of South Africa is highly debated with competing climatic and 
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overgrazing hypotheses (Hoffman et al., 1999; Hoffman and Ashwell, 

2001).  Herding of domestic livestock has been a significant component of 

the Karoo landscape for many years but it is unlikely that pre-colonial 

herders caused widespread irreversible damage to the landscape (Foster 

et al., 2012).  They could have been responsible for localised overgrazing, 

but Fox (2000) suggested that European colonisation, which began in the 

second half of the 18th century, was responsible for the most dramatic 

increases in degradation in the last 200 years. 

 

However, other research has shown that land degradation is not always a 

result of human occupation.  Liggitt (1988) and Garland and Broderick 

(1992) state that the extent of the area of the erosion sites has decreased 

despite the development of agricultural zones, and that the effect of 

humans was limited to only small catchment areas, respectively.  

Sonneveld et al. (2005) conceded that soil erosion processes involve more 

complex interactions between land use, climate and soil properties than 

was previously assumed.  Other studies have highlighted the role of 

intrinsic factors in soil erosion processes, such as the relationship between 

bedrock types and gullies (Botha, 1996), or that erodibility is strongly 

correlated with the exchangeable sodium percentage (ESP) and sodium 

adsorption ratio (SAR) (Rienks et al., 2000). 

 

The extent and severity of soil erosion is also affected by environmental 

factors, for example soil erosion by wind and water is more severe in 
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dryland areas of arid to semi-arid environments with hot and dry climates 

compared to cold, humid climates.  The impacts of soil degradation on 

these dryland areas are of great concern as drylands cover extensive 

areas, hosting an estimated 37% of the worldôs population with about one 

billion rural people dependent on this degraded land for agricultural 

production (Dobbie, 2001).  

 

While wind erosion is significant in dryland areas owing to the sparse 

vegetation cover and low and unpredictable rainfall, with approximately 

432 million hectares of Earthôs arid to semi-arid regions susceptible to 

wind erosion (UNEP, 1992; Middleton and Thomas, 1997), water erosion 

has become a significant global concern as it affects almost 467 million 

hectares of land (Middleton and Thomas, 1997). 

 

1.2 WATER EROSION AND GULLYING 

 

Soil erosion by water can occur as rain-splash, sheet-wash erosion and 

concentrated flow as rill or gully erosion.  Sheet-wash erosion occurs when 

the shear stress exerted by flowing water at the soil surface exceeds the 

shear strength of the soil, leading to the detachment and removal of a thin 

layer or sheet of the upper soil horizon (Dlamini et al., 2010).  Rills and 

gullies form when sheet-wash becomes concentrated downslope, although 

gullies may also form through sub-surface processes.  Gullies are defined 

as steep-sided water courses that experience ephemeral flows and are 
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generally larger and more permanent than rills, and associated with 

increased drainage density (Kirkby and Bracken, 2009). 

 

Gullies have been researched extensively as they are responsible for 

decreasing the productivity of agricultural land and are often irreversible 

erosion structures (Crouch and Blong, 1989; Kakembo et al., 2009).  By 

definition a gully is a linear incision within unconsolidated material that 

forms during intense periods of fluvial erosion (Torri and Borselli, 2003; 

Deschamps, 2006); and gully erosion is a reaction within the landscape to 

an instability or exceeded sensitivity caused by an intrinsic (i.e. slope 

aggradation) or extrinsic (i.e. climate) change in the system (Rowntree, 

1988; Allison and Thomas, 1993; Billi and Dramis, 2003; Deschamps, 

2006).  Gullies are also characterised by headcutting or soil piping.  

 

The effect of climate change on gully formation has not been adequately 

determined; however there is increasing research that shows that gully 

incision and sedimentation has occurred repeatedly during the late 

Quaternary related to or synchronous with major climatic changes 

(Dosseto et al., 2010).  However, there is consensus that understanding 

the controls on past gully formation and the links with climate change is 

key to predicting the response of gullies to present and future climate 

change. 
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1.3 GULLIES AND TOPOGRAPHY 

 

Gullies greatly enhance the connectivity between upland hillslopes and 

valley floors, providing conduits for the transport of sediment and water 

from these high-lying regions to the low-lying valleys (Harvey, 2002; 

Boardman, 2014).  Soil degradation is characterised by the development 

of badlands on the foot slopes of the upland areas and by the presence of 

gully systems in the lowlands (Boardman, 2014). The formation of gullies 

in hillslope deposits has been widely recognised (Garland and Broderick, 

1992; Foster et al., 2012) and these hillslope deposits that have 

accumulated at the base of mountain fronts are important sedimentary 

archives for palaeo-environmental research.  These hillslope deposits 

have been studied extensively for reconstructing landscape responses to 

climate change as well as for a range of other hillslope processes of 

interest to geological and geomorphological research (see Bull, 1991; 

Harvey, 1997; Wilkinson and Humphreys, 2005).  Bull (1991) suggests 

that environmental change greatly influences hillslope processes and the 

results may be recognised in the affected landforms.   Changes in the 

amount and type of precipitation alter the magnitudes and rates of 

weathering, erosion, transportation, deposition and vegetation cover, 

thereby changing the hillslope morphology.   

 

The existence of sedimentary material located on the foot slopes of soil 

catenas has been widely recognised (see Young, 1976; van Wambeke, 
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1992).  However, the processes involved in its formation have often been 

disputed (Paton et al., 1995; Eriksson et al., 2000).  More significantly, the 

time scales over which they have accumulated remain unclear.  Hillslope 

deposits may be a result of slow-acting, continuous erosional and 

depositional processes acting on partially vegetated slopes, or may relate 

to phases of extreme erosion and deposition associated with land-use or 

climate changes (Eriksson et al., 2000).  Geomorphological interpretation 

of these deposits is often inhibited by post-depositional pedogenic 

alteration. 

 

Birkeland (1990) and Gerrard (1992) proposed a more integrated 

approach to the interpretation of hillslope deposits that combines 

geomorphology, pedology and stratigraphy to unravel these deposits. This 

integrated approach is necessary as most geomorphic systems are 

extremely complex and reflect the interrelationship between variables such 

as geology, climate, morphology, soils and vegetation.  This approach also 

confirms the importance of the interplay between coeval erosional and 

depositional processes on hillslopes.  These processes do not merely 

switch off but change in magnitude, extent and rate.   The episodes of 

erosion and deposition are punctuated by periods of stability and 

pedogenesis, followed by renewed instability that results in the truncation 

and burial of soils on different parts of the slope (Eriksson et al., 2000). 
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The integrated approach as described by Birkeland (1990) and Gerrard 

(1992) has been used to detail Late Quaternary deposits in Australia 

(Prosser and Slade, 1994; Wasson et al., 1998).  However, in tropical and 

sub-Saharan Africa and more specifically southern Africa, an integrated 

geomorphological / pedological and stratigraphical approach to studying 

these Late Quaternary colluvial and alluvial hillslope deposits, combined 

with absolute dating techniques, is less common (Watson et al., 1984; 

Botha et al., 1994; Eriksson et al., 2000; Tooth et al., 2013).  Some studies 

in sub-Saharan Africa show evidence for periods of landscape instability 

and change interspersed with periods of stability and pedogenesis 

(Thomas and Thorp, 1980; Embrechts, 1986; Botha et al., 1994). 

 

1.4 GULLIED HILLSLOPES IN SOUTH AFRICA 

 

Hillslope deposits cover large areas of the interior of South Africa and 

these exposures of colluvial sediments found in areas of KwaZulu-Natal, 

Free State and Northern Cape Provinces, in particular, have been 

identified by Botha (1996) to be discontinuous and poorly described and 

documented.  Despite their discontinuous nature these hillslope sediments 

offer an opportunity for the reconstruction of their palaeo-environmental 

histories based on the depositional environments in which they had 

formed.  These sedimentary deposits tend to be isolated exposures and 

their varied lithologies limit correlation on a regional basis.  However, 

Botha (1996) suggests that, through an integrated analysis of their clay 
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mineralogy, associated high erodibility and gully erosion, and inferred 

ages, it is possible that these deposits can be correlated.    

 

Botha (1996) noted that the lack of research into these hillslope deposits is 

possibly a result of the difficulties in mapping these sediments in the field 

and in determining their genesis and position in the stratigraphic column 

as well as the uncertainties in constraining their ages, as Fuchs and Lang 

(2009) noted that a prerequisite for the use of sediments as an archive of 

palaeo-processes is constraining their temporal evolution.  The most 

extensive palaeo-environmental studies conducted on gullied hillslope 

deposits in southern Africa concentrated on hillslope colluviation in the 

KwaZulu-Natal region extending towards the Lesotho and Swaziland 

areas (Stocking, 1978; Dardis, 1988; Dardis and Beckedahl, 1988; 

Shakesby and Whitlow, 1991; Botha et al., 1992).   Botha (1996) went on 

to describe the distribution, morphology and nature of the colluvial hillslope 

deposits at selected sites in KwaZulu-Natal, the southeastern Free State 

and Swaziland.   

 

The study by Botha (1996) focussed on the KwaZulu-Natal interior and 

extended into limited areas of southeastern Free State.  A number of 

small-scale sedimentary deposits have since been identified on the 

hillslopes of remnant Karoo mesas and buttes in the interior of the Free 

State and more specifically around the towns of Rosendal, Senekal and 

Paul Roux.   These hillslope deposits reveal a number of gully erosion 
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sites (see 1:50 000 topographic map of the area in APPENDIX A).  These 

gullies, while not unusual to the area, are interesting in that they have not 

formed in an intensively farmed area.  In fact for most of the year the land 

is uninhabited by any form of game or agriculture, yet the gullies are 

deeply entrenched into the landscape and the steep vertical side walls of 

the gullies have extensive piping and also reveal a well preserved 

stratigraphy that can be used to suggest a possible depositional history.   

 

The sedimentary deposits on the hillslope located on the farm Heelbo, 

southeast of the town of Senekal, have been identified, and an integrated 

study of the geomorphology, soils and stratigraphy and geochronology, 

aided by the numerous gully exposures was conducted to understand 

these deposits. On the mountain front of a typical Karoo mesa is an 

accumulation of sediment that makes up the Heelbo sedimentary deposit.  

It is a small scale feature that extends across the entire apron of the mesa 

and is worth investigating because: a) the stratigraphy of the deposit has 

been exposed through gullying and, as such, the depositional history could 

be determined through the identification of the stratigraphic units and their 

mineralogy, b) the sediments could be analysed in terms of the chemical 

properties, c) the sedimentary packages could be dated using radiocarbon 

and optically stimulated luminescence dating techniques; and the deposit 

could provide a record of environmental change through an understanding 

of the sedimentary processes that occurred in the region.   
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1.5 RESEARCH AIMS 

 

The rationale of this research project is to re-examine hillslope and alluvial 

fan classification to determine whether there is scope for new 

environments that do not fall into the existing classification.  The aim is to 

describe the geology, sedimentology and stratigraphy of the hillslope 

deposit located on the mountain-front of the Karoo mesa found on the 

farm Heelbo in the Free State; and to determine the cause of gullying on 

the hillslope and the land-use implications of this.  The research questions 

are: 

¶ What type of landform is the sedimentary deposit and what are the 

distinguishing characteristics? 

¶ What is the relationship between grain-size distribution and slope 

gradient and what were the depositional processes active on the 

hillslope?  

¶ How did the gullies form which have incised the deposit? 

¶ How old are the stratigraphic horizons preserved in the deposit? 

¶ What is the palaeo-environmental history of the deposit?  

 

1.6 OVERVIEW OF METHODOLOGY 

 

This study is based on the integrated approach as proposed by Birkeland 

(1990) and Gerrard (1992) to interpret the processes - past and present - 

that may have altered this deposit over time, with attempts to reconstruct 
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its depositional history.  Such a reconstruction is made possible by the 

exposure of the stratigraphic sequence by extensive gullying of the 

deposit; the preservation of the stratigraphic sequence in parts of the 

deposit; the identification of the mineralogy through X-ray fluorescence 

(XRF) and X-ray diffraction (XRD) analyses; and through the application of 

radiocarbon (14C) and optically stimulated luminescence (OSL) dating 

techniques to constrain the timing of the depositional events. 

 

To identify and describe the distinguishing characteristics of the 

sedimentary deposit, the fieldwork component of this project entailed the 

detailed mapping and description of the hillslope deposit and the 

entrenched gully systems; mapping of the stratigraphy exposed in the gully 

side walls; and measuring and mapping cross-section transects across the 

hillslope.   

 

The fieldwork component of this project was undertaken over a three-year 

period (2008-2010) in sessions of mapping and sampling.  The weather 

conditions during these sessions ranged from extremely hot and dry, to 

warm and very wet (saturated) and these conditions influenced the 

sampling protocols and had some effect on the samples collected.   

 

Aerial photographs, the 1:50 000 topographic map and Google Earth 

images of the area were used to locate and measure the extent of the 

deposit and to determine the best locations for the sample sites and the 
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preferred slopes to describe, in the deeply-incised environment. The 

topographic cross-sections were measured and drawn across the slope in 

roughly a south-west to north-east direction (see Figure 4.1).  Trimble 

differential GPS (dGPS) readings were taken at the surface and in the 

gullies to create the cross-section traverses and longitudinal profile.   The 

altitude and co-ordinate position of the samples down slope were used to 

create a gradient profile of the slope.  During the rainy season the 

handheld GPS (hGPS) was used to measure or locate sample points as 

the particular model of the dGPS could not be used in the rain.  Sample 

sites were also recorded using either the dGPS or the hGPS and are 

referred to by the sample number assigned to each site.   

 

Each site was described in terms of colour, grain sizes, root traces, 

textures, contacts and the reaction to 10% solution of HCl as described by 

Retallack (2001), and the individual layer thicknesses were measured and 

recorded.  The samples were numbered according to the waypoint number 

recorded and the stratigraphic unit from which each was taken; and where 

there were two stratigraphic units that had a similar colour such as the 

brown and black turf layers, the sample number was recorded with a 

subscript 1 or 2 to distinguish them as older or younger, respectively.   

 

The relationship between grain-size distribution and slope gradient of the 

sedimentary deposit was important to establish the depositional processes 

involved and the controlling environmental factors active during deposition.  
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The most continuous and least dissected slope down the length of the 

hillslope deposit was selected to collect samples for analysis, beginning at 

the head (where the proximal hillslope sediments meet with the ridge face) 

and ending downslope towards the distal margins of the deposit (see 

Figure 4.2a).  It was clear in the aerial photograph that sampling the high-

lying ridges on the outskirts of the deposit would lead to error because of 

the multiple sources of infill created by the basement highs that confine the 

deposit; therefore a section through the centre, and most continuous and 

undissected parts of the hillslope, was the most ideal.  The remnants of 

the original deposits located within the gullies were also sampled even 

though they occur as isolated stacks scattered within the gullies. 

 

To establish the cause of the gullies, samples were collected to test the 

dispersivity of the soil, which included tests for pH, SARs and EC.  X-ray 

diffraction (XRD) was used to determine the clay minerals present in the 

palaeosols and their relationship to environmental factors during the 

formation of the Heelbo hillslope deposit.  X-ray fluorescence (XRF) was 

used to determine the major and trace elements within the thickest layers 

of the deposit, and to determine whether leaching occurs in the deposit. 

Thin sections were used to analyse the soil texture in order to determine 

soil forming conditions. 

 

The ages of the stratigraphic horizons were determined using relative and 

absolute dating techniques of radiocarbon (14C) and optically stimulated 
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luminescence (OSL) dating on selected layers in the stratigraphic 

sequences.  The ages were also used to reconstruct the palaeo-

environmental history of the deposit by relating these to proxy data 

available for the given time. 

 

 1.7 STRUCTURE OF THESIS 

 

This thesis has been organised into nine chapters to facilitate the coherent 

description of the research and includes chapters on the sedimentology 

and stratigraphy of the hillslope deposit; the relationship between grain 

size and slope gradient; and the effects of sodicity on gullying; and an 

analysis of the clay mineralogy, and the geochronology of selected 

deposits as determined by 14C and OSL dating techniques.  

 

Chapter 1 provides an introduction to the soil erosion problem on a global 

scale and with specific reference to gully erosion.  The problems of gully 

erosion in South Africa are highlighted and the research aims of the study 

are stated. The research context for this study is expanded in Chapter 2 

with an overview of the literature on hillslope deposits and gully erosion 

presented. The location, geology and geomorphology of the research site 

are described in Chapter 3 along with descriptions of the key 

characteristics of the area.  The methodology and materials are discussed 

in Chapter 4 with the results presented in Chapter 5.  Because of the 

complexity of determining the geochronology of selected sites in the 
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deposit, the sampling protocols, treatment and results of the 14C and OSL 

dating techniques are covered separately in Chapter 6.   In Chapter 7, the 

geology, sedimentology and mineralogy of the deposit are discussed.  The 

depositional history of the Heelbo deposit is discussed within the context 

of the past climates of southern Africa and the palaeo-environmental 

history of the hillslope succession is presented in Chapter 8, with a 

summary of the key findings and suggestions for further research 

discussed in Chapter 9.  
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CHAPTER 2:  RESEARCH CONTEXT 

 

2.1 INTRODUCTION  

 
The accumulation of sedimentary deposits on the hillslopes of mountain 

fronts has long attracted the interests of geologists and geomorphologists 

(see Reneau et al., 1989; Mills and Alison, 1995; Roering et al., 2001; 

Lang, 2003; 2013).  Hillslope deposits that have previously been described 

in the literature include colluvial deposits (Botha, 1996), alluvial fans (Blair 

and McPherson 1994; Harvey, 1984; 2011; van Dijk, 2012), talus slopes 

(Ballantyne and Harris, 1994; Sass and Krautblatter, 2007; de Blasio et al., 

2014) and alluvial slopes (Smith, 2000).  It is essential to establish a link 

between landform and process to understanding the dominant controls on 

the emergence of landscape characteristics and to interpret the 

relationship between environmental change and landform responses to 

these changes. 

 

Hillslope deposits are often referred to as colluvium which describes 

sediments that are eroded from, and transported along hillslopes by 

running water or gravity, and that usually form a wedge-shaped deposit on 

the foot slope (Fuchs and Lang, 2009).  These are distinguished from 

alluvial sediments which are transported in spatially confined channels 

over greater distances (Harvey, 2011).  These hillslope deposits, whether 

colluvial or alluvial in nature are a valuable archive for geomorphic 

research particularly palaeo-environmental reconstructions.  
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2.2 PREVIOUS WORK ON HILLSLOPE DEPOSITS 
 

Soil mantled hillslopes, where erosion rates do not exceed the rates at 

which bedrock is converted to soil, are found in hilly and mountainous 

landscapes throughout the world (Roering et al., 2001).  Botha and 

Partridge (2000) suggested two basic morphological categories of slope 

forms as convex and concave.  Convex slopes are less prominent in the 

South African landscape as they are associated with homogeneous 

lithologies that have been subjected to incisions by rivers under sub-humid 

or humid climatic conditions. Roering et al. (2001) recognised that the 

scarcity of overland flow erosion on convex hillslopes suggests that down 

slope soil creep is controlled by disturbance-driven processes (e.g. 

biogenic activity and wet/dry climate cycles), such that sediment transport 

rates should depend primarily on gravity and therefore hillslope gradient.   

Where soil mantled hillslopes tend to be convex near the crest and 

become increasingly planar down slope, they would decline in slope angle, 

with time leading to the overall lowering of the landscape (Botha and 

Partridge, 2000; Roering et al., 2001).  Slope systems are self-limiting 

systems, for example as slope angle declines, so does the sediment yield. 

 

Concave slopes tend to be more visible on the South African landscape 

and reflect the influence of resistant cap rocks such as the dolerite sills in 

the Karoo.  Concave slopes tend to display the four distinct slope elements 

identified by King (1953), which are the crest, the scarp, the talus or debris 

slope and the pediment slope.  Sediment flux is linearly related to hillslope 
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gradient at low angles and increases rapidly as slope angles approach a 

critical value related to the angle of repose (Roering et al., 2001).  This 

behaviour has important implications for how hillslopes respond to 

changes in uplift rates and / or climate variables, and it has become 

accepted that landscapes tend to adjust their form such that erosion rates 

are spatially constant over a climatically uniform region (Whipple et al., 

1998; Botha and Partridge, 2000; Roering et al., 2001).  In the South 

African context, a model for hillslope development may include the 

accumulation of thick sandy sediment on lower slopes requiring an initial 

humid period of weathering of bedrock and talus to form thick soils and 

saprolite on hillslopes, stabilised by dense vegetation (Clarke et al., 2003).  

A subsequent shift to more arid conditions, with the related decrease in 

vegetation cover, would allow sheet wash from rain-storm events to 

transport weathered debris down slope and deposit it as colluvium on 

more stable slope positions associated with bedrock steps (Clarke et al., 

2003).  

 

2.2.1 Types of Hillslope Deposits 

 

In mountainous landscapes, land-sliding and mass-wasting dominate 

sediment transport on hillslopes.  The frequency and magnitude of these 

slope-dependent processes control hillslope morphology, as well as the 

time required for hillslopes to adjust to changes in the rate of channel 

incision or climate related transport efficiency (Roering et al., 2001).  The 
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development of hillslopes is thus governed by local climatic conditions and 

is the result of sequential periods of geomorphic stability and activity 

(Clarke et al., 2003).   

 

2.2.1.1 Talus slopes 

 

Talus slopes are defined as steep valley-side slopes formed by the 

accumulation of debris at the foot of rockwalls (Ballantyne and Harris, 

1994), or at the base of mountain cliffs (de Blasio et al., 2014) and may or 

may not be stratified.  The term talus is used to describe both the slope 

and the accumulated material, and refers to any slope cover of mainly 

coarse debris.  Although talus slopes predominate in periglacial 

environments, they also occur in areas where the products of rock 

weathering of upper slope segments have accumulated at the foot of a cliff 

as rockfall, whether discrete or catastrophic events, is the primary process 

for talus accumulation.  In long profile talus slopes have an upper straight 

slope with a gradient of 35º - 36º (Ballantyne and Harris, 1994) or between 

20º - 35º (Sass and Krautblatter, 2007) relative to the angle of repose of 

the sediment (frictional limit of the individual grains against each other) as 

well as having talus-specific factors like height, steepness, and dissection 

of rockwall height (Ballantyne and Harris, 1994; Sass and Krautblatter, 

2007; de Blasio et al., 2014). The base of the talus slope is marked by a 

concavity if it has not been removed by erosion.  A small convexity has 

also been noted at the crest of some features (Ballantyne and Harris, 
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1994).  Another important feature of talus slopes is longitudinal grading, 

which is the increase of average block diameter with distance, from the fall 

zone.  Sass (2006) has shown that talus slopes are made up of strata with 

different block sizes, and thus it appears that these slopes have a complex 

geometry, resulting from the history and dynamics of the falling blocks. 

 

The accumulation of talus sheets and retreat of the associated rockwalls in 

the Late-glacial and Holocene terrane of Mynydd Du, Wales, revealed that 

the slopes of the sheets were constant (Sass & Krautblatter, 2007), with 

steep gradients of approximately 30º (Curry & Morris, 2004).  The constant 

gradient of talus sheets may even overprint any undulating rockwall base 

making it independent of the underlying ground morphology (Figure 2.1).   

 

 

Figure 2.1 Interpreted radiogram longitudinal profile of the Blaue 

Gumpe Talus Cone 1 where the undulating bedrock morphology has no 

effect on the slope of the talus surface (after Sass & Krautblatter, 2007). 

 

basal concavity 
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The talus slope may become gentler than described by Curry and Morris 

(2004).  However, it may not be primary processes that create the 

changes in slope.  Blank et al. (1996) interpreted the decreasing angle of a 

certain talus slope of the Buckskin Mountains in west-central Nevada, 

USA, as the result of a shrink-swell mechanism of a clay horizon below the 

talus sheet.  This leads to thickening of the soil profile in that horizon and 

the talus sheet was rafted upward. The talus slope was not synformational 

as it became shallower as a result of secondary processes.  However, the 

sheet still retained a constant gradient throughout its length (Blank et al., 

1996).  

 

The constant slope of a talus sheet is only broken towards the distal 

reaches where a basal concavity is formed as the talus slope diminishes 

and the bedrock/low land sediment is exposed (Figure 2.1).  Talus slopes 

are often modified by process such as debris flow activity in the form of 

both hillslope and valley confined flows.  The overall effect of debris flows 

is to transport debris down slope, lowering the overall gradient and 

increasing the degree of slope concavity (Ballantyne and Harris, 1994).  

The lower reaches of the talus sheet may be similar to an alluvial fan 

profile but it is clear that these features only make up a relatively small part 

of the total morphology of the talus slope and the predominant feature 

remains the steep, constant gradient. 
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2.2.1.2 Colluvial deposits 

 

The material moved down slope especially under the influence of gravity is 

called colluvium (Schaetzl and Anderson, 2005; Stoops et al., 2010; Lang 

2013) and Price-Williams and Watson (1982) define colluvium as the 

product of the deposition of a mass movement of sediments rather than 

those deposited by fluvial processes i.e. by the transport mechanism of 

water. However, Pederson et al. (2000) use the term in a broad sense to 

mean detritus transported by various processes that is still adjacent to or 

on its source hillslope.  Colluvial material ranges in size from fine-textured 

soils to large cobbles and boulders depending on the composition of the 

source material (Schaetzl and Anderson, 2005). Colluvial accumulation 

tends to be thinnest on the steepest slopes and thickest in the low-

gradient deposition zones at the base of the slopes.  Colluvial sediments 

are formed through processes on slopes that are spatially diffusive and are 

distinguished from alluvial sediments which are transported in spatially 

confined channels to form alluvial fans (Lang, 2013). 

 

Botha and Partridge (2000) suggest that in southern Africa, however, the 

term colluvium refers to almost all slope sediments without indication of 

their origin or mode of deposition. The term therefore encompasses a wide 

range of deposits formed through many processes. The sediments 

commonly associated with colluvial deposits are coarse debris flows or 

mass wasting sediments, poorly sorted, poorly bedded sediments, and 
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products of soil creep.  The slopes are often steep relative to their angle of 

repose of the sediment, with a rapid decrease in grain size down slope. 

However, in loess environments colluvium can occur on gentle slopes of 

about 7° (Stoops et al., 2010). 

 

The colluvial hillslopes described by Botha (1996) are common in south-

eastern South Africa and consist of sediment that was transported down 

slope due to gravitational forces and mass movement. Gully systems 

develop towards the shallower slopes on many of these colluvial hillslopes. 

During periods of stability, the hillslopes may form soil profiles which may 

overprint any previous sedimentary layering.    

 

The greatest colluvial cover in eastern South Africa extends from northern 

and central KwaZulu-Natal (KZN), the eastern Free State and a small area 

in central Swaziland (Botha, 1996).  A large part of the colluvial cover in 

southern Africa is located in areas which currently experience between 

600 and 800 mm of annual rainfall (Botha, 1996).   The extensive colluvial 

deposits in northern KZN are characterised by relatively thin layers 

containing little stratigraphic information.  There are however, colluvial 

deposits in some places measuring up to 21 m thick (Wintle et al., 1995a).  

The different cycles of gully erosion, colluviation and palaeosol formation 

during the late Quaternary has been described by Botha (1996) and Botha 

et al. (1994) with the most complete records taken from the St Paulôs 

Mission in northern KZN (Wintle et al., 1995a; b). 
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Price-Williams and Watson (1982) suggest that during periods much drier 

than present, the colluvium was deposited as a series of fans which rested 

on the shallow pediment-slopes at the foot of the steeper valley sides. 

Furthermore, the decreased moisture availability which prevailed during 

these events was itself their cause, bringing about a reduction in the 

previous vegetation cover and thus promoting destabilization of parent 

sediments. Discrete horizons of calcium carbonate nodules in the colluvial 

deposits also point to climates drier than today.  In contrast, certain 

horizons within the colluvial mantle have developed as vertisols which 

indicate periods of colluvial stabilization and pedogenesis when more 

moist conditions predominated (Price-Williams and Watson, 1982). 

 

2.2.1.3 Alluvial Fans 

 

Alluvial fans are landforms that develop where a channel exits a confined 

valley, and through avulsions and channel branching spreads sediment 

across an unconfined valley floor (Blair and McPherson, 1994; De Chant 

et al., 1999). Harvey (2011) suggests that these fans occur when confined 

streams emerge from mountain catchments into low-lying valleys or 

basins.  Flow expansion causes a reduction in depth and velocity with a 

consequent loss of competence, leading to increased deposition.  The 

cone apex is at the point where the stream flows from a steep channel on 

to a valley floor, where the flow becomes unrestricted (Figure 2.2) (Blair 

and McPherson, 1994; DeChant et al., 1999; van Dijk et al., 2012).  The 
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mass is thickest at the point of origin and thins out rapidly in a downstream 

direction. 

 

Alluvial fans are associated with a transition from a high-lying area where 

erosion and transportation are the dominant processes to a low-lying 

deposition basin.  The catchment characteristics such as drainage basin 

area, relief and geology control the supply of water to the fan, and 

therefore the process regime on the fan (Harvey et al., 2005; 2011; van 

Dijk et al., 2012).  The morphodynamics however, are associated with 

channel avulsion and sheet floods.  Avulsion may be caused by ongoing 

sediment input and aggradation at the fan apex; and the overall fan 

gradient is determined by the sediment transport capacity and sediment 

supply (van Dijk et al., 2012).   

Figure 2.2 Simple schematic of alluvial fan morphology where the 

sediment flows out from the fan head and is deposited on the valley floor, 

terminating in the distal reaches at the fan toe (De Chant et al., 1999). 
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Alluvial fans are often less than a few kilometres wide, steep (2º - 25º) and 

semi-conical deposits.  They can be found in any climate regime and can 

occur over great distances (up to 60 km) for fluvially dominated megafans 

(Harvey et al., 2005; Harvey, 2011).  The assumptions about over-all 

coarsening-up sequences within alluvial fan sediment may be appropriate 

for distal fan environments, when the proximal fan sediments are being 

reworked by fan-head trenching (Harvey et al., 2005).  The same 

assumptions however, are not appropriate for proximal environments on 

aggrading fans.  Instead there would be an overall fining-up trend as the 

topography is buried over time (van Dijk et al, 2014).    

 

Likewise, the over-simplistic association of wet /dry fans corresponding to 

wet / dry climates needs revision, as this concept relates to the debates on 

the relative roles of climate, tectonic activity and base level changes on 

alluvial fan sequences (Harvey et al., 2005; Harvey, 2011).  Alluvial fans 

build highly varied stratigraphy in the absence of external forcing due to 

autogenic thresholds and process-form feedbacks that result in frequent 

channel switching and varied dispersal web (Nicholas and Quine, 2007).  

As such they are poor environments to use when investigating landscape 

responses to environmental change. 
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2.2.1.4 Alluvial Slopes 

 

The difficulty in characterising hillslope deposits is further complicated 

when piedmonts lack the full morphology of an alluvial fan and/or where 

channelized stream flow persists across the width of the piedmont, where 

a gentle sloping fan is apparent near the channel.  One of the terms 

suggested to describe such a deposit is bajada (Cooke and Warren, 1973; 

Bates and Jackson, 1987); but Summerfield (1991) and Harvey (1997) 

defined bajadas as coalesced alluvial fans.  The concept of an alluvial 

slope was suggested by Bryan (1922) as a surface composed of alluvium 

which slopes down and away from the sides of the mountain and which 

merges with the broad valley floor.  Bryanôs (1922) definition and usage 

indicated the term alluvial slope to be inclusive of alluvial fans and 

piedmont streams lacking fan morphology (Smith, 2000).  However, 

Hawley and Wilson (1965) restricted alluvial slope to a piedmont plain that 

lacks the surface morphology of one or several coalesced alluvial fans.  

Smith (2000) however, uses the term alluvial slope to describe stream flow 

dominated piedmonts.  Alluvial slopes are more likely to form than alluvial 

fans where mountain fronts lack abrupt structural and topographic 

definition, which will most likely occur along tectonically inactive and 

embayed mountain fronts and on the hanging wall ramp side of half-

grabens (Smith, 2000). 
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Hawley and Wilson (1965) recognised that gradations exist between 

alluvial fans and alluvial slopes but contend that the distinction of an 

alluvial slope is necessary because not all deposition in the piedmont can 

be related to alluvial fan morphology (Kuhle and Smith, 2001).  The 

conditions which favour the development of alluvial slopes are not clearly 

defined but the topography of these slopes indicates that many non-

entrenched piedmonts have relatively steep gradients of 0.01-0.04.  They 

are also characterised by parallel drainage patterns extending from 

mountain front to basin floor without the development of alluvial fan 

morphologies (Hawley and Wilson, 1965; Kuhle and Smith, 2001).  

Channel depths are also relatively shallow, generally less than 1.5 m, and 

streams tend to be ephemeral with sediment transport flows being rapid, 

unsteady and shallow (Graf, 1988; Smith, 2000).  Smith (2000) also notes 

that upper-flow-regime sedimentary structures and scour-and-fill structures 

should dominate the resulting deposit because of the steep slopes, 

shallow depths and unsteady flow. 

 

One of the key features of an alluvial slope that distinguishes it from an 

alluvial fan is the nature of the channel network.  The channel network of a 

fan, typically radiates out from a well-defined apex, whereas the channel 

network from an alluvial slope is dendritic, i.e. many smaller channels join 

to form fewer larger channels (Nicholas and Quine, 2007). Alluvial slopes 

appear to evolve through the accumulation of material deposited from 
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sheetwash which is subsequently reworked by a dendritic drainage (gully) 

network.   

 

2.2.2 Classification of Hillslope Deposits 

 

Semi-conical depositional landforms located along mountain fronts are 

generally referred to as alluvial fans, although the strict definition of alluvial 

fans is still contested.  The effect of surface inclination may influence the 

definition of these deposits as very flat or very steep depositional 

landforms are usually referred to as floodplains or talus slopes 

respectively, rather than alluvial fans (Saito and Oguchi, 2005).  This 

suggests that slope gradient is a key component to defining the 

morphological classification of the hillslope deposit.   

 

Smith (2000) also highlighted the problems of defining piedmonts as 

alluvial fans or pediments.  These definitions recognise the distinctive 

semi-conical morphology of a fan but not all research emphasises the 

physical processes producing the landform.  Leeder (1978) noted that fully 

channelized streams and rivers can produce fan-shaped accumulations of 

sediment through the process of nodal avulsion where a single channel is 

present at any one time, deposition occurs and the depositional slopes 

remain low (<1°), such as the Kosi River fan.  The single channel 

migration has also resulted in stream-flow dominated piedmont alluvial fan 

succession but according to Smith (2000) is not an alluvial fan deposit. 
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Blissenbach (1954) classified alluvial fans in semi-arid regions as steep (> 

5°), gentle (2° to 5°) and flat (<2°) and suggested that landforms gentler 

that 1º are not alluvial fans but floodplains.  Anstey (1965) however, 

pointed out that fans have slopes between 1° and 5°, from his work on 

over 4 000 fans in arid SW America and Pakistan.  Whereas Hooke (1968) 

suggested that the slope of alluvial fans range from 2° to 12° and 

Boothroyd (1972) also defined semi-arid depositional landforms gentler 

than 1° as alluvial fans. 

 

The definition of alluvial fans has been expanded into humid regions 

where gentle depositional landforms have been identified.  Tomita (1951, 

in Saito and Oguchi, 2005) identified fans in Taiwan with the lowest slope 

values of 0.5° and Toya et al. (1971, in Saito and Oguchi, 2005) found fan 

slopes in Japan lower than 0.57°, where these fans have been formed by 

fluvial processes rather than debris flows.  Other gentle sloping fans have 

been identified by Evans (1991) where the alluvial fan slopes ranging 

between 0.057° and 0.57° were found in the humid tropics.  Davis (1898) 

recorded a very gentle fan slope formed by the Yellow River in China 

which is regarded as one of the largest alluvial fans in the world (Saito and 

Oguchi, 2005).  Other large and gentle landforms have been identified as 

alluvial fans such as the Kosi River Fan at the foot of the Himalayas ï 

0.019° (Stanistreet and McCarthy, 1993); as well as the Okavango Fan in 

Botswana with a mean slope of 0.013° (McCarthy et al., 1991). 
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The description of such gentle depositional features as alluvial fans has 

been challenged by Blair and McPherson (1994) based on 237 piedmont 

depositional landforms which were classified as alluvial fans.  They 

suggested that alluvial fans have average slopes between 1.5° and 25°, 

whereas rivers in sedimentary basins have gentle gradients not exceeding 

0.4°.  They based their classification on the morphology, sedimentary 

facies, hydraulics and sedimentary processes and assumed alluvial fans to 

be constructed mainly by catastrophic fluid gravity flows or sediment 

gravity flows (Blair and McPherson, 1994; Saito and Oguchi, 2005).  

According to the Blair and McPherson (1994) classification, 18 piedmont 

depositional landforms gentler than 0.4° were reclassified as rivers or 

river-deltas, including the gentle fans in Alaska ï as gravel bedded rivers; 

the Kosi River Fan ï as a sand-bedded river; and the Okavango Fan as a 

mud-dominated river (Figure 2.3). 

 

Blair and McPherson (1994) also concluded that depositional slopes of 

0.5° ï 1.5° are not common in aggrading alluvial basins and referred to 

this interruption as the ñnatural depositional slope gapò (Figure 2.3).  

McCarthy and Cadle (1995) and Kim (1995) disputed the occurrence of 

the slope gap and ascribed it to the incomplete choice of data by Blair and 

McPherson.  However, Blair and McPherson (1995) defended their 

inferences because they thought that the additional data presented by Kim 

(1995) and McCarthy and Cadle (1995) were inappropriate.  Smith (2000) 

also argued that the fan-shaped accumulations of alluvium which have 
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been described as alluvial fans (such as by Stanistreet and McCarthy 

(1993)) should be considered both genetically and sedimentologically 

distinct from alluvial fans. 

 

Saito et al. (2003) showed that almost all the fans of the 123 surveyed in 

Death Valley, California, were steeper than 1.5°, while their surrounding 

floodplains and playas are generally gentler than 0.5°, and using this 

isolated set of data they could support the notion of the depositional slope 

gap.  However, Blair and McPherson (1994) suggested that their slope 

gap is universal and applicable to any climatic region.   

 

Saito and Oguchi (2005) recognised that the presence or absence of a 

universal depositional slope gap is crucial for understanding the nature of 

fluvial sedimentation as well as the proper definition of alluvial fans.  They 

(Saito and Oguchi, 2005) surveyed 490 fans in Japan, 71 in Taiwan and 

129 in the Philippines and found that they could not be logically divided on 

the basis of their slope, because the fans followed the log-normal 

frequency distribution with respect to their slope gradients without any 

gaps.  The log-normal distribution also applies to the area and relief ratio 

of the source basin, indicating that the fan/basin system varies gradually 

rather than abruptly.  They concluded that this geomorphological continuity 

casts doubt on Blair and McPhersonôs (1994) concept of a natural 

depositional slope gap for humid regions at least. 
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Figure 2.3. Modal textures versus average slope of alluvial fans showing 

the reclassification of deposits as true alluvial fans, the questionable fans 

as well as the Okavango Delta (modified after McCarthy and Cadle, 1995, 

pp47). 

 

Hillslopes, regardless of their definitions may be susceptible to intensive 

gully erosion as water, either channelized or as sheet flow removes 

sediment from the high-lying uplands regions to the low-lying valleys. 
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2.3 PREVIOUS WORK ON GULLIES AND GULLY EROSION  

 

2.3.1 Defining Gully Erosion 

 

It is widely assumed that intensified agriculture in the 18th and 19th 

centuries, as well as the escalation of subsistence farming have led to an 

accelerated rate of gully erosion (Berjak et al., 1986; Showers, 1989; 

Viljoen et al., 1993; Watson, 1996; 1997; Boardman, 2014).  However, 

research has also shown that this is not always the case and that gully 

erosion, especially in South Africa is not just an agricultural or 

contemporary issue resulting from land-use degradation, but has been 

occurring for at least the past 130 000 years (Price-Williams et al., 1982; 

Botha et al., 1994).  Critical to resolving the debate on whether landscape 

changes are a result of natural or anthropogenic forcing is constraining the 

timing of gully formation.  High resolution, reliable ages provides the basis 

for correlation of human and natural landscape activities.  The resolution of 

the effect of human activities (e.g. overgrazing) and natural forces (e.g. 

climate change) has important implications for assessing the 

appropriateness of current soil erosion methods (Lyons et al., 2013).  

 

Gullies are fluvially incised into the land surface and are characterised by 

steep sides and steeply sloping head scarps (Poesen and Govers, 1990; 

Torri and Poesen, 2014).  Gully erosion is the movement of water across a 

soil surface, which then deepens into rivulets, and takes place either 
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where the concentrated runoff from a slope increases sufficiently in 

volume and velocity to cut deep incisions (gullies) into the land surface 

(Frankl et al., 2012); or where concentrated water continues cutting the 

same groove long enough to develop such incisions (Morgan, 2005).   

 

Subsurface erosion such as soil piping and tunnelling has been 

recognised as an important control of gully development Valentin et al., 

2005; Frankl et al., 2014).  Crouch and Blong (1989) suggest that while 

most geomorphic studies have focussed attention on headward retreat as 

the main element in gully erosion and stabilization, many gully systems 

shed more sediment from sidewalls than from headwalls. 

 

2.3.2 Classification of Gullies 

 

Gullies are classified as being ephemeral, continuous or discontinuous, 

based on the drainage systems established on them (Leopoldt and Miller 

1956; Nordström, 1988).  Ephemeral gullies are temporary features that 

may occur annually but are easily removed through flash floods or 

sheetwash; hence the term óephemeralô refers to the permanence of their 

structure not to their flow (Bull, 1997).  They form as micro-rills formed 

from overland flow which can enlarge into gullies downstream (Oostwoud 

Wijdenes et al., 1999; Deschamps, 2006).  Ephemeral gullies are always 

topographically controlled and can be continuous or discontinuous and V- 
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or U-shaped in morphology (Grissinger, 1996; Vanderkerckhove et al., 

1998; Nachtergale and Poesen, 1999; Deschamps, 2006). 

 

Continuous gullies form because of surface runoff and are initiated where 

ground cover has become depleted and the main drainage lines become 

gullied by headward elongation (Heede, 1976; LeRoux et al., 2012).   

Continuous gullies begin with many small rills and usually start high up on 

the mountain side.  The rills coalesce and cut downward into the channel 

increasing the depth of the gullies (LeRoux et al., 2012).  These gullies 

form part of a drainage network and normally extend upslope from the 

main gully.  The network pattern has a central gully whose depth increases 

in a downstream direction, ending in an abrupt gully mouth (Imeson and 

Kwaad, 1980).  

 

Discontinuous gullies begin with an abrupt headcut and unlike continuous 

gullies can start anywhere in the landscape (Heede, 1976).  They have a 

vertical headcut and a bed gradient less than that of the valley floor so that 

when and where the gully bed and the valley floor intersect a small 

depositional fan is formed (Leopold et al., 1964; Blong, 1970; Billi and 

Dramis, 2003, Deschamps, 2006).   

 

As the discontinuous gullies extend into the drainage network it is possible 

for them to coalesce (Bocco, 1991).  This gully fusion represents the early 

stages of the transformation of a discontinuous gully into a continuous 
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gully.  A decline in discontinuous gullies shows that the gully system is 

nearing the end of an erosion cycle (Nordstr m, 1988; van Zijl, 2010); and 

often discontinuous gullies are linked to the main gully by piping and these 

will be classified as continuous gullies once the pipe roof caves in (van Zijl, 

2010). 

 

Gullies can also be classified according to their cross-section as either V 

or U-shaped (Nordstr m, 1988).  V-shaped gullies initiate channels where 

no previous drainage path existed and these valley-sided gullies form on a 

substrate conducive to overland flow and which encourages runoff (Bocco, 

1991).   U-shaped gullies tend to be valley floor gullies and can erode by 

upstream extension into an existing channel, i.e. entrenchment and are 

prone to mass instability, piping and undercutting (Rowntree, 1991).   

 

Gullies have also been classified according to the mechanism of their 

formation.  Imeson and Kwaad (1980) identified 4 gully types (Table 2.1):  

Type 1 gullies develop from rill or wherever overland flow becomes 

concentrated (i.e. ephemeral); these gullies often have a V-shaped cross-

section and form on a valley floor.  Type 2 gullies develop from the 

upstream migration of plunge pools and often acquire a deep U-shape 

with steep walls.  Type 3 is similar to type 2 but is associated more with 

subsurface water and piping and can often lead to the formation of 

badlands.  Type 4 gullies develop within the alluvial sediments of the 
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valley floor by headcutting, are U-shaped and are often characteristic of 

discontinuous gullies.   

 

Faber and Imeson (1982) distinguished between gullies caused by runoff 

and gullies formed by piping through subsurface flow; and since the 

morphology of the gully cross-section is dependent on the erosion process 

(Bocco, 1991), there is no fixed rule as to what shape a gully should have 

in accordance to its position in the landscape (Deschamps, 2006). 

 

 

Table 2.1 Characteristics of four gully types identified by Imeson and Kwaad 

(1980, 432). 

 

 

2.3.3 Gully Formation 

 

Studies on soil erosion have shown that gully formation is a complex, 

cyclical phenomenon that is governed by localised thresholds influenced 

by intrinsic and extrinsic variables (Keay-Bright and Boardman, 2009; van 

Zyl, 2010).  The problem in identifying the causes for gully formation lies in 

the sensitivity of the geomorphic system, where small changes in any 

variable may force the destabilisation of the system which in turn may lead 

Gully Type Gully Cross-section Position in Landscape Source of Run-off 

Type 1 V-shaped Anywhere, but mostly valley 
bottom 

Overland flow 

Type 2 U-shaped Anywhere, but mostly valley 
bottom 

Overland flow with 
subsurface water 

Type 3 U-shaped Anywhere but usually on 
lower slopes 

Subsurface flow 

Type 4 U-shaped Valley bottoms Overland flow from 
tributary gullies 
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to erosion.  Gully formation, growth and shape are usually correlated with 

the landscape variables of relief, topography, climate, vegetation and 

human interaction with the landscape (Faber and Imeson, 1982; Beinart, 

1984; Beavis, 2000).  

 

Gully erosion is a threshold-dependent phenomenon that occurs only once 

the thresholds of key landscape variables (such as cultivation or 

overgrazing) are exceeded (Poesen et al., 2003; Valentin et al., 2005) and 

as such a systemic threshold rather than a single factor threshold is often 

applicable in understanding gully erosion.  These thresholds, which will 

initiate erosion when exceeded, may include a combination of variables 

such as soil properties, slope gradients, rainfall intensities and vegetation 

cover (Bloem and Laker, 1994; Torri and Poesen, 2014).  This means that 

all the factors affecting gully erosion hold the system close to equilibrium; 

and when this equilibrium is disturbed the response - gullying - will operate 

until a relative equilibrium is restored again. 

 

This systemic approach to gully erosion was used by Nordström (1988) in 

studies of gullying in Lesotho, and by Kakembo (1997) in studies of gullies 

in the Peddie district in the former Ciskei.  Kakembo (1997) noted that 

during the time period 1950 to 1970 a cumulative chain of events led to 

the rapid formation of gullies, implying a systematic threshold had been 

reached to initiate the gullies. The chain of events probably started in the 
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early 1900s and included land use changes, wet and dry climate cycles, 

and decreasing vegetative cover. 

 

Nordström (1988) noted that the crossing of the threshold variables 

causes erosion to occur in cycles where the relative equilibrium of the 

system will be interrupted by periods of instability, leading to either 

aggradation or degradation.  Such an erosion cycle of infill, relative 

stability and past gully entrenchment was described by Blong (1970) and 

by Shakesby and Whitlow (1991) in studies of gullies in Zimbabwe.   

 

Nordström (1988) suggested that a gully system is near the end of the 

current cycle of erosion if there is a steep slope above the gully heads, a 

large percentage of the gully heads have extended into the bedrock, the 

system has a low extension/expansion ratio; there is a sharp decline in the 

rate of erosion; there is a decline in the absolute number of discontinuous 

gullies and there is a predominance of rectangular cross sections in the 

gully.  For example, the extent of erosion in the Tugela catchment was 

considered by Garland and Broderick (1992) to be shrinking and possibly 

nearing the end of its current erosion cycle. 

 

Garland et al. (2000) also noted that some gullies in South Africa appear 

to be getting shallower due to the foot slope accumulation of sediment.  

They concluded that as gully deepening has not been recorded in the 

recent literature on gullies in South Africa, that gullies have attained a 
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baseline, which suggests that gullies in general could be entering a period 

of infilling and deposition in the natural cycle of erosion, although different 

parts of the country may be at different stages.  Nordström (1988) and 

Firth and Whitlow (1991) showed that different catchments can be in vastly 

different stages of the erosion cycle despite having the same climate.   

 

2.3.4  Factors that Influence Gully Erosion 

 

There are a number of variables that affect gully erosion, such as the soil 

properties which will determine whether water is able to infiltrate the soil or 

runoff and remove the soil; the aggregate stability of the soil,  as well as 

those properties that will influence dispersion  such as the organic carbon 

content of the soil, the amount of ñfreeò Fe and Al present in the soil, the 

relative ratio of basic cations on the exchange sites, the cation exchange 

capacity (CEC), the dominant clay minerals, and the electrical conductivity 

(EC) and pH of the soil solution (Nelson et al., 1998; Amézketa, 1999; Bell 

and Walker, 2000; Rienks et al., 2000; Laker, 2004; Bronick and Lal, 

2005). 

 

2.3.4.1 Infiltration versus Run-off 

 

Water infiltration rates into the soil and the soilôs water holding capacity, 

the soil's grain size and the organic matter content are some of the factors 

controlling a soilôs influence on runoff (van Zijl, 2010).  If the infiltration rate 
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of the water is higher than the water addition rate to the land surface by 

rainfall, the runoff rate will be zero. However, if the water addition rate is 

greater than the rate of infiltration, runoff will occur which may lead to soil 

erosion.   On steeper slopes both the amount and kinetic energy of the 

run-off will be greater than on gentle slopes (van Deventer et al., 2002; 

van Zijl, 2010) because there is less time for the water to infiltrate the soil.  

High intensity rain also allows little time for water infiltration and the high 

intensity thunderstorms which fall over most of southern Africa is thought 

to contribute greatly to the erosion problem in the region (Laker, 2004; van 

Zijl, 2010). 

 

The infiltration of water into the soil is also influenced by soil texture, the 

tendency of soil to crust and the characteristics of precipitation.  Water 

infiltrates quickly into coarse textured soils, but only a little water is 

retained in the soil; conversely fine-textured soils can hold more water but 

the infiltration rate is lower.  The soil water content will favour run-off 

should it reach saturation levels, but promote infiltration if the water 

holding capacity is low (Laker, 2004; van Zijl, 2010). 

 

In soils with relatively permeable topsoil abruptly overlying a low-

permeable diagnostic horizon which is not a hardpan, the infiltration rate is 

governed by the low infiltration rates of the B horizon rather than the 

overlying topsoil.  During a rainfall event, water will quickly infiltrate the A 

and E horizons but not the B horizon, and thus a perched water table will 
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form in the E horizon (van Zijl, 2010).  If the saturation level reaches the 

soil surface, infiltration excess is reached and run-off will start.  Van Zijl 

(2010) noted that the bigger problem in these soils is the lateral 

subsurface flow at the contact between the E and B horizon, as Rooyani 

(1985) suggested that the formation of soil pipes often starts here and 

when the soils are dispersive, this effect is aggravated. 

 

2.3.4.2 Aggregate Stability and Dispersion 

 

Dispersion in soil is caused either by physical raindrop impact or by 

chemical mechanisms where the clay platelets develop a similar charge 

which causes repulsion, bringing about deflocculation (Bell and Walker, 

2000).  The dispersed particles are moved along with water until the soil 

pores that they move into become too small and the pores become 

clogged.  Thus a crust forms (Medinski, 2007), and the crusting 

significantly reduces the ability of water to infiltrate the soil (Hillel, 1980; 

van Zijl, 2010).  Mills et al. (2006) showed that the dispersive particle size 

smaller than 0.1 mm determines the susceptibility of a soil to crusting. 

 

Soil aggregation is the degree to which colloidal materials of different sizes 

in the soil remain associated when the soil is disturbed by tillage, raindrop 

impact or wetting and drying (Oades and Waters, 1991).  The more stable 

the soil aggregate, the lower its potential for erosion.  An aggregate 

hierarchy exists where micro-aggregates (<2 µm) consisting of clay 
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platelets and organic molecules bind together to form aggregates (< 250 

µm) which in turn bond to form macro-aggregates (> 250 µm).  The micro-

aggregates are stabilised against disruption by several mechanisms 

wherein organo-mineral complexes play a central role (Tisdall and Oades, 

1982).  Oades and Waters (1991) showed that an aggregate hierarchy 

exists in soils where organic matter is the main stabilising agent of the 

aggregates; but it does not exist in oxisols where oxides are the main 

stabilising agents.  If aggregates break down progressively then a 

hierarchy exists, but when an aggregate breaks up into silt and clay 

particles, no aggregate hierarchy exists (Oades and Waters, 1991).   

 

The structural breakdown of the soil starts when the macro-aggregates 

disintegrate into micro-aggregates (Oades and Waters, 1991; Amézketa, 

1999).  However when the lowest order of soil structure is destroyed, the 

larger hierarchical orders are simultaneously destroyed (Dexter, 1988); the 

ultimate example of this is clay dispersion.  

 

Clay dispersion occurs when the repulsive forces between clay particles 

exceed the forces of attraction, so that in the presence of pure water the 

particles repel each other to form a colloidal suspension (Bell and Walker, 

2000).  Dispersion is a time dependent chemical process (Amézketa, 

1999), where there has to be sufficient water - soil contact for a sufficient 

amount of time, and Watts et al. (1996) found the critical amount of water 

needed for dispersion to be close to the plasticity limit.  Unlike non-
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dispersive soils where the individual particles will cling to each other and 

are only removed by water flowing with a certain erosive energy, 

dispersive soils have no threshold velocity for water flow and the particles 

will go into suspension even in quiet waters, and are thus highly 

susceptible to erosion and piping (Bell and Walker, 2000).  

 

Bivalent cations such as Ca2+ and Mg2+ can form bridges between clay 

particles and organic matter and thus improve soil structure (Bronick and 

Lal, 2005). Sodium (Na+) however, is a highly dispersive agent which 

directly enhances breakup of aggregates (Hanson, 1993; Bell and Walker, 

2000; Bronick and Lal, 2005). The sodium ions originate from the 

weathering of sodium rich rocks, which in a sodic environment are usually 

granites (Pitty, 1979). These positively charged sodium ions in the soil 

attach themselves to clay particles, which decreases the ability of the clay 

particles to adhere to each other and causes the clay particles to swell 

when wet by increasing the osmotic potential of the soil.  The soils become 

unstable and impermeable and when the soil dries it becomes flaky and 

easily eroded (Bell and Walker, 2000).  

 

The effect of sodium in the soils is expressed as the two soil property 

parameters: the sodium adsorption ratio (SARs) and the exchangeable 

sodium percentage (ESP), which shows the ratio of Na+ to stabilising 

cations in the soil suspension and cation exchange positions respectively 

(Hanson, 1993; Bell and Walker, 2000). The SARs is used to quantify the 
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role of sodium where free salts are present in the pore water and if there 

are no free salts available then the use of SARs to define dispersive soils 

is not applicable, and the use of SARs is based on the assumption that 

soils are in equilibrium with their environment (Bell and Walker, 2000). 

 

An ESP of 15% is used as the critical value above which a Natric horizon 

is defined in the Soil Taxonomy (Soil Survey Staff, 1999) and World 

Reference Base (IUSS Working Group WRB, 2007).  A soil is considered 

to be sodic if it has a high percentage of exchangeable sodium and 

therefore a high pH value and these soils tend to be poorly drained and 

often crust on the surface (Davies et al., 2007).  The drainage is affected 

because the sodium ions on clay particles can cause the soil to disperse, 

and because these soils are so dispersive they are easily eroded, which 

often results in a barren landscape (Davies et al., 2007).  Rengasamy and 

Churchman (1999) however, suggest that soil dispersion or soil sodicity 

cannot be measured by a single parameter such as ESP or SARs, but that 

other soil characteristics such as pH and electrical conductivity should also 

be taken into account.   

 

2.3.4.3 Exchangeable Cations 

 

Although calcium and magnesium are often grouped together as similar 

ions in classifying soils, soils have been shown to be more susceptible to 

dispersion when Mg occupies more of the cation exchange sites, 
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especially in arid to semi-arid regions (Rahman and Rowell, 1979).  This 

might be because of the smaller ionic radius and larger hydration number 

and ionic potential of Mg than Ca, which leads to a larger hydration shell 

and thus weaker bonds between the Mg ion and the clay particles (Zhang 

and Norton, 2002).  Ca2+ is regarded as a stable cation and adds to 

aggregate stability when added to a soil by replacing Na and Mg on 

exchange sites (Armstrong and Tanton, 1992).  According to Hofmeisterôs 

lyotropic series the decreasing order of cations enhancing dispersion is 

Ca2+ < Mg2+ < K+ < Na+ (in Van Olphen, 1977). 

 

Although magnesium is a divalent cation, there are studies to show that 

high Mg levels can be detrimental to soil structure. Sumner (1993) found 

that the Ca : Mg ratio could be an indicator of erodibility, with low Ca : Mg 

values corresponding to higher erodibility, whereas in the study of Bloem 

and Laker (1994) a Ca : Mg ratio of less than one was one of the probable 

causal properties of dispersive soils. Yadav and Girdhar (1981) also found 

an increase in soil dispersibility when the soil was leached with decreasing 

Ca:Mg ratio water.   

 

Another way in which Mg influences soil dispersibility is by allowing more 

Na to be adsorbed onto the exchange sites than when Ca is the 

complementary cation (Curtin et al., 1994). Thus it is Na which is 

responsible for the higher dispersion, but Mg facilitates the adsorption of 

Na on the exchange sites.  Nel (1989) warns that Mg will have a negative 
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impact on the physical condition of the soil if interlayered silicates or illite is 

the dominant clay mineral, the exchangeable Ca: Mg ratio is low, there are 

no CaCO3 concretions in the soil, and iron or organic material has the 

most important influence on the stabilisation of soil aggregates.   

 

The cation exchange capacity (CEC) of the soil arises due to the type and 

nature of the clay minerals present in the soil (Bell and Walker, 2000).  

Clay minerals that tend to be associated with dispersivity are 2:1 

phyllosilicates and the CEC of these clays are usually in the range 40 to 

150 meq/100 g clay.  The CEC cannot alone be used to identify dispersive 

soils as other factors such as high organic content may contribute to high 

CEC values.   

 

It has been shown that CEC and specific surface area are related to stable 

aggregates (Dimoyiannis et al., 1998) where polyvalent cations act as 

bridges between negatively charged clay particles and organic molecules, 

thereby reducing the repulsive electrostatic forces between them (Bronick 

and Lal, 2005).  Clay minerals possess a layered structure and are 

considered host minerals; and are classified by differences in their layered 

structure (Nayak and Singh, 2007).  There are several classes of clays 

such as smectites (montmorillonite and saponite), mica (illite), kaolinite, 

serpentine, pylophyllite (talc), vermiculite and sepiolite (Shichi and Takagi, 

2000; Nayak and Singh, 2007).  The adsorption capabilities of clay 

minerals result from a net negative charge on the structure of the minerals, 
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which give the clays the ability to adsorb positively charged species.  

However, their adsorption properties also come from their large surface 

area and high porosity (Alkan et al., 2004; Nayak and Singh, 2007).  

Montmorillonite for example has the largest surface area and highest 

cation exchange capacity (CEC). 

 

Levy (1988) found that a soilôs susceptibility to dispersion and crusting 

decreases in the order of dominant clay mineral of smectite Ÿ illite Ÿ 

kaolinite.  Frenkel et al. (1978) showed that adding a little (2%) smectite to 

a kaolinitic soil led to increased dispersion of the clay particles. This effect 

was not clear in Levyôs experiment, although he stated that small amounts 

of smectite in a kaolinitic or illitic soil probably did impede the water 

movement through it.   

 

Stern (1990) investigated the effect of clay mineralogy on sheet erosion 

and found that ñsmectite contaminatedò kaolinitic soils had final infiltration 

rates comparable to that of illitic soils, with pure kaolinitic soilsô infiltration 

rates being about three times higher than the contaminated soils. 

Amorphous clay minerals, originating from volcanic rocks are very stable 

(Bronick and Lal, 2005).  Even when these volcanic rocks weather, they 

form 1:1 clay minerals or oxides which are also very stable (Powers and 

Schlessinger, 2002). 
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Variations in the pH of the soil have been found to affect dispersion in 

many pure clay minerals (Chorom et al., 1994).  Dispersion increases as 

the soil pH increases (Amézketa, 1999), because the negative charge on 

the clay particles also increases (Chorom et al., 1994).  The results of the 

Chorom et al. (1994) study confirmed that clay dispersion and flocculation 

are dependent on net particle charge and pH, and that the net negative 

charge on clay systems is influenced by pH.   In soils where pH-dependent 

charge clay minerals are dominant, the pH at the point of zero charge is 

the pH where the least amount of dispersion will occur (McBride, 1994).  

Calcareous soils have been found to be more stable than non-calcareous 

soils though (Yadav and Girdhar, 1981). 

 

2.3.5 Relationship between Slope Gradient and Gullying 

 

Gullies are common features of mountainous or hilly regions with steep 

slopes and Poesen et al. (2003, 108) state that ñ...in a landscape with a 

given climate and land use, there exists for a given slope gradient of the 

soil surface (S) a critical drainage area (A) necessary to produce sufficient 

runoff which will cause gully incisionò.  This implies that as slope increases 

the drainage area required for gully erosion decreases.  They compared 

10 critical S-A data sets (as shown in Figure 2.4) which show the critical 

slope of soil surface in relation to the drainage area for incipient gully 

development in a variety of environments. This topographic threshold for 

gully initiation has also been explained in terms of the relationship 
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between soil surface gradient and critical drainage area by 

Vanderkerckhove et al. (2000) and Kakembo et al. (2009).  The specific 

sediment yield increases when the frequency of gullies increases in the 

catchment, but decreases when the catchment area increased (Descroix 

et al., 2008). 

 

 

Figure 2.4 The relationship between critical slope of soil surface and 

drainage area for incipient gully development in a variety of environments.  

The dotted lines indicate threshold conditions for ephemeral gully 

development in cultivated cropland (1ï5). Solid lines indicate threshold 

conditions for gully head development in non-cultivated land (6 = 

sagebrush and scattered trees; 7 = open oak woodland and grasslands; 8 

= coastal prairie; 9 = logged forest and 10 = swampy, reed-covered valley 

floors) (Poesen et al., 2003). 
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Steep slopes promote high runoff velocity and thus rill and gully initiation 

(Valentin et al., 2005).  In a given climate, steep slopes can produce lower 

runoff volumes than gentler slopes, which is a function of the lower 

crusting rate on steep slopes.  Because soil crusts usually develop on 

gentle slopes generating higher runoff, the slope threshold for rill initiation 

can be as low as 1% (Valentin et al., 2005).  However this threshold value 

is specific to a given site and cannot be applied to other settings where 

local environmental conditions may be different. 

 

Vanderkerckhove et al. (1998) showed that this relationship cannot explain 

gully initiation in isolation, as only a weak correlation exists between them.  

Kakembo et al. (2009) found a predominance of gully sites in the concave 

lower hillslope of the Eastern Cape with slope angles of 5° - 9° indicating a 

markedly preferential topographic threshold for gully formation.  This 

gentle slope range for gully location is supported by Poesen et al. (2003) 

who noted that as the slope steepens, the critical drainage area for gully 

initiation decreases and vice versa.  Keay-Bright and Boardman (2006) 

also showed that, in the central Karoo, gullying occurs mainly on footslope 

areas where colluvial material is available.  In China, Li et al. (2004) 

reported critical slope gradients of 2°, 5° and 8° for rills (<0.3 m deep), 

shallow gullies (0.3 - 2 m deep) and deep gullies (>2 m deep) respectively 

(Valentin et al., 2005).  
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Sodic soils are dispersive and easily eroded, and when found on flat land 

will not allow rainwater to drain, which leads to water-logging on the 

surface.  However on sloping terrain, rainwater carrying dissolved ions is 

lost through lateral drainage and the soil can lose its sodicity (Dye, 1977; 

Chappell, 1992).  Sodic soils on sloping lands are also subject to water 

erosion which forms little furrows that can eventually lead to the 

development of gullies.  Dispersive soils have sparse vegetation cover as 

the soil becomes hard and impermeable and cannot sustain good plant 

growth (Chappell, 1992; Khomo and Rogers, 2005).  A catena profile is 

also common in some sodic environments, which implies that the soil 

profile and chemistry will vary along a slope and, with this variation in soil 

chemistry there will be a variation in the vegetation cover along the slope 

(Dye, 1977; Chappell, 1992; Gerrard, 1992).  

 

Erosion tends to be greater at inflection points in the landscape where the 

hillslope profile form changes from convex to concave or vice versa 

(Knighton, 1998; Kakembo et al., 2009).  Schaetzl and Anderson (2005) 

noted that the curvature of the slope largely controls the direction of the 

water and the sediment transport. Dlamini et al. (2010) found no 

correlation between sheet erosion and slope gradient, and between slope 

gradient and soil loss, although they did report that slope gradient does 

have some effect on these variables. 
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Gullies end where the transporting capacity of the concentrated runoff 

drops or where the erosional resistance to the topsoil increases 

significantly (Poesen et al., 2003).  Thus a lowering of slope gradient with 

increasing drainage area may cause a drop in the transporting capacity 

and thus a decrease in the gully channel depth. 

 

2.3.6 Effect of Local Base Level Change on Gullying 

 

On many alluvial fans base level is stable, therefore the fan dynamics are 

controlled by context and climatic factors alone (Harvey, 2002).  A change 

in local base level can have an effect on both alluvial fan morphology and 

dynamics, and if resulting in incision, this incision may be propagated up 

through the fan.  Harvey (2002) suggests three possible scenarios for 

base level change: 1) where the base level is stable the fan deposit will 

prograde and bury the surfaces in front of the fan (Figure 2.5a);  2) Base 

level may change, but the gradient change may be insufficient to cause 

fan dissection (Figure 2.5b) and the fan will then prograde onto the newly 

exposed surface.  If base level rises but does not cause any frontal 

erosion, sediments may prograde into the water body and form a fan delta.  

3) Base level may fall and cause incision into the distal section of the fan 

(Figure 2.5c) provided the gradients are sufficient to initiate incision.  

However, dissection of the toe of a fan may also result from a rise in base 

level which may cause erosion, and fan profile foreshortening and 

steepening, causing distal incision. 
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Figure 2.5 Schematic profile of relationships on alluvial fans under a range 

of base-level conditions (Harvey, 2002, p70). 

 

Studies have also identified the influence of exposed, resistant dolerite 

dykes and sills on river behaviour.  Tooth et al. (2002; 2004) showed that 

rock barriers play a significant role in driving local base level fall along river 

channels and long-term shifts in floodplain and hillslope sedimentation and 

erosion (Figure 2.6). In the first stage of the model, rivers incise vertically 

http://www.sciencedirect.com/science/article/pii/S0169555X01001908#gr2


56 
 

into relatively soft sedimentary rock and become superimposed on more 

resistant dolerite sills and dykes (Figure 2.6a). These rock barriers (dykes 

and sills) determine the local base level as the erosion rates of these 

barriers are less than the upstream sedimentary rocks.  As a result 

enhanced lateral migration results in valley widening, floodplain 

development and lower channel gradients (Figure 2.6b).  During this stage 

floodplains and hillslopes remain stable.  With the partial or complete 

breaching of the rock barriers downstream, knickpoints migrate upstream, 

leading to channel incision, channel straightening and floodplain 

abandonment.  The local base level is lowered as an increased drop in 

height between the river channel bed and the adjacent hillslopes or 

floodplain is created.  Extensive dendritic gully networks erode headward, 

upslope from the steepened river channel banks (Figure 2.6c)  This 

process of dissection and gully formation continues until a river is 

superimposed onto another rock barrier (Tooth et al., 2004). 
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Figure 2.6 Model of a geologically controlled river and hillslope 
development (Tooth et al., 2004).   
 

As gullies are an ideal location for exposing the underlying stratigraphy, it 

is possible to reconstruct the deposition environment of the sedimentary 
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sequences.  Critical to an environmental reconstruction is establishing the 

absolute ages of the sedimentary deposits and in late-Quaternary 

sediments this can be achieved through radiocarbon (14C) or optically 

stimulated luminescence (OSL) dating techniques, amongst others. 

 

2.4 DATING OF FLUVIAL SEDIMENTS 

 

Radiocarbon (14C) and optically stimulated luminescence (OSL) dating 

have contributed greatly to the understanding of late Quaternary 

environments, specifically to the understanding of alluvial fan and debris 

cone evolution as well as to investigations of other depositional 

environments.  The application of radiocarbon dating requires the 

deposition and preservation of organic matter within the stratigraphy; 

whereas, OSL dating determines the time when sediments were buried 

after sufficient exposure to daylight to reset the luminescence clock.  

 

Radiocarbon dating is often the preferred geochronological tool for dating 

soils. However, it is not widely applicable for dating sediment found in 

fluvial environments because of the lack of carbon content and its limited 

age range (<50 ka).  Also, measured 14C ages of soils or its fractions are 

usually younger than the true ages of soils because of the continuous 

addition of organic matter into the soil.  Different 14C signatures of organic 

matter for soils of the same age are the result of differences in soil carbon 

dynamics due to the effect of climate and soil depth (Wang et al., 1996).  
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Therefore, the deviation of the measured 14C age from the true age of oil 

formation could differ significantly between soils or soil horizons. Therefore 

OSL is used increasingly to constrain the timing of depositional events.  

However the problem associated with dating fluvial sediment relates to the 

incomplete bleaching of the OSL signal prior to deposition (Murray et al., 

1995; Olley et al., 1998; Wallinga, 2002) as sediment found in fluvial 

environments is most likely to have experienced limited exposure to 

sunlight prior to deposition.  This may be a result of turbidity of the water or 

reworking of the sediment itself (Duller, 2008).  As a result there would be 

a broad distribution of the equivalent dose (De) (which is the total radiation 

dose received by the quartz grains) in small aliquot measurements for 

these sediments, as shown by Olley et al. (1999) and Rodnight et al. 

(2006).   

 

Olley et al., (1999), working with recent fluvial sediments from Australia, 

showed that for two of the samples, small aliquot measurements 

overestimated the known age of the sample.  However, Rodnight et al. 

(2006), working with fluvial sedimnet from South Africa,  suggested that 

they could obtain ages consistent with geomorphological relationships if 

they applied the finite mixture model to the small aliquot measurements.  

For both these studies, the overestimation of the De appears to be that 

only a small number of the grains were well bleached, and while the 

Australian samples were very bright, the South African samples were less 

so (Duller, 2008). 
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Thomsen et al. (2007) applied OSL to fluvial sediments in Namibia in 

environments of high insolation and found there were significant 

overestimates of the ages if the dose of the small aliquots were averaged 

out.  The ages of three samples were determined by OSL and compared 

to the ages of the pottery found in the sediment and the effect of averaging 

the data was that the resulting dose distribution gave no indication of 

incomplete bleaching, even though single-grain analysis revealed 

relatively poor bleaching at deposition.   

 

Fluvial sediments were also dated in Australia in the Lake Burragorang 

catchment near Sydney by Rustomji and Pietsch (2007) and on Gilmore 

Creek in New South Wales by Page et al., (2007).  The study by Rustomji 

and Pietsch (2007) was to assess the impact of European settlement on 

the catchment area and obtained ages of within the past 150 years.  They 

demonstrated that the potential for incomplete bleaching in younger 

sediments is large.  Similarly the study by Page et al., (2007) also 

demonstrated that incomplete bleaching of the grains was significant. 

However the ages they obtained using the minimum age model was 

consistent with historical data from the area. 

 

Jain et al (2004) suggested that fluvial samples are generally sufficiently 

well bleached that the type of small aliquot or single grain methods are 

only necessary for young samples less than 1000 years old.   However, 

Jacobs (2004) suggests that it is not the actual measurement of the single 
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aliquot or single grain that is significant, but rather the testing of the 

measurement procedures and the analysis of the data that is important.  It 

has been shown that the single aliquot regenerative (SAR) protocol may 

not be appropriate for the measurement of all samples and that individual 

grains do not all behave in an identical manner. 
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CHAPTER 3:  RESEARCH LOCALITY AND DESCRIPTION 

 

3.1 RESEARCH LOCALITY 

 

The research site is located on the game farm Heelbo (S28°28' 2.3"; E27° 

49' 3.5") approximately 5 km south east of the town of Senekal on the 

eastern margins of the Free State Province (Figure 3.1).  

 

The farm Spionkop 932, on which the Heelbo site is located (Figure 3.2), 

comprises a number of fenced-off areas for game farming.  The research 

area is not stocked with game because of the dangers posed by the 

numerous deep, steep-sided gullies.  However, during the hunting season 

(April to August) game are allowed to roam freely in the area.  The land is 

also not used for agriculture as the slopes are too steep and the soil is not 

considered fertile enough for crop farming, although some agriculture 

takes place on the southern, more gentle slopes of the mesa (Figure 3.2) 

(Nel Human, pers comm.). 
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Figure 3.1 Location of the Heelbo game farm which is situated within 

exposed Elliot Formation of the Karoo Supergroup.  (Inset: map of South 

Africa).   

 

 

The Heelbo hillslope deposit has formed on the mountain front of a Karoo 

mesa.  There are two deposits separated by a high-lying, basement rise.  

The two deposits are referred to as Area 1 and Area 2 (Figure 3.2) and the 

exposed bone bed identified towards the base of the slope, north of Area 1 

was also investigated and referred to as the Bone Bed section.   
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Figure 3.2 Google Earth image of the Heelbo research site, showing the 

location of the deposit, the Karoo Mesa and the farming areas on the 

southern slopes of the mesa.  The dark lines represent the approximate 

outlines of the 2 Areas, the bone bed and the crest of the Karoo mesa. 

 

 

The top of the Heelbo mesa extends about 1450 m from north-west to 

south east and rises about 90 m above the valley floor (Figure 3.3) with a 

summit of ~1760 m.a.s.l.  The head of the hillslope deposit commences at 

about 30 m below the crest of the mesa at ~1730 m.a.s.l. and the 

sediment extends north-westward across the valley floor for about ~475 m 

(Figure 3.3).  The deposit is not extensive and the sediment source for the 

deposit appears to be the weathered sand and silt derived from the 

bedrock and the rock face of the mesa as it moves downslope under the 

influence of gravity.   The deposit is slightly concave in longitudinal profile 
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from the head to the foot slope, and convex in transverse cross-section 

parallel to the mesa crest. 

 

There are some defined stream channels on the hillslope.  The water flows 

as sheetwash down slope, then collects in and flows through the gullies.  

Confined channels form in the low-lying distal reaches and flows north-

westwards before joining Sandsloot.  Sandsloot flows for approximately   

30 km into Sandrivier which flows to the north of Senekal (see APPENDIX 

A).
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Figure 3.3 Photograph facing southwards towards the Heelbo ridge showing the relief of the hillslope deposit of Area 1. 
Dimensions of the deposit are shown.  Exposed bedrock of Area 2 is shown in the foreground. The dashed line marks the start 
of the deposit.  

Mesa rises 90 m 
above valley 
floor 

Karoo mesa extends 1 450 m 
from NW to SE 

Gully erosion 
exposes 
bedrock 

Deposit starts 30 m below crest 
and extends ~475 m across valley 
floor 
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3.2 REGIONAL GEOLOGY 

 

The research site is a sedimentary deposit situated on the mountain front 

of a Karoo mesa.  The deposit lies unconformably on the exposed Elliot 

Formation (Figure 3.4) within the retro-arc foreland basin sediments of the 

Karoo Supergroup (Johnson et al., 2006). The Karoo Supergroup 

sequence begins with the tillites of the Dwyka Formation which form the 

basal member of the Karoo Sequence, and following glaciation, the Karoo 

Basin was filled with sediments of the Ecca and Beaufort Groups and the 

Molteno, Elliot and Clarens Formations (South African Committee for 

Stratigraphy, 1980; King, 1982; Johnson et al., 2006). 
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Figure 3.4 Outcropping area of Elliot Formation in South Africa and 

Lesotho with the sandstone classification for the Upper and Lower Elliot 

inset; with approximate location of Heelbo shown (modified after Bordy et 

al., 2004a, p348). 

 

The Elliot Formation, together with the Molteno and Clarens Formations 

comprise the informal ñStormberg Groupò and are considered to have 

formed in the distal sectors of the Karoo Basin during the final unloading 

phase of the Cape Fold Belt (Catuneanu et al., 1998; Bordy et al., 2004a; 

b).  The Elliot Formation extends across the interior of South Africa and 

Heelbo 
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Lesotho (Figure 3.4).  The Elliot Formation, which has a thickness ranging 

from a maximum of 460 m in the south to less than 70 m in the north, has 

a relatively sharp lower contact with the Molteno Formation and a 

gradational upper contact with the Clarens Formation (Lucas and Hancox, 

2001).   

 

It was generally accepted that the Molteno/Elliot alluvial wedge resulted 

from three episodes of fan progradation into the foreland in response to 

three uplift events in the Cape Fold Belt Mountains (Smith and Kitching, 

1997).  Bordy et al. (2004b) however, disputed this previous three-part 

division of the Elliot Formation and suggested that two units ï a Lower 

Elliot Formation (LEF) and an Upper Elliot Formation (UEF) ï exist.  The 

differences between the two units are defined in terms of their bed 

thickness and grain size.  The variability in grain size is extreme in the LEF 

but more constant in the UEF.   The basinal south to north grain size 

decrease occurs in the LEF but not the UEF and the slight vertical grain 

size increase in the UEF is not present in the LEF.  The coarse- versus 

fine -grained sediment ratio in the LEF decreases sharply from south to 

north but not in the UEF (Bordy et al., 2004b). 

 

An increasingly arid palaeo-environment is described in the Elliot 

Formation reconstruction (Visser and Botha, 1980; Eriksson, 1985; Smith 

and Kitching, 1997).  Bordy et al. (2004a) described the Lower Elliot 

Formation as asymmetrical, isolated channel sandstones and thick 
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mudstones, interpreted as a perennial meandering system.  The UEF 

consists of sheet-like laterally continuous sandstones and interbedded 

mudstones interpreted as an ephemeral flash-flood dominated fluvial 

system.  The stratigraphy and lithology for the Elliot Formation closest to 

Heelbo is described by Bordy et al., (2004b) and shown in Figure 3.5.  The 

sequence indicated the occurrence of fossils, seemingly characteristic of 

the Karoo sedimentary basin, and Butler (2004) noted that the UEF of 

South Africa and Lesotho hosts the world's most diverse fossil record, with 

medium to large dinosaur fossils found in the LEF and smaller, light-

limbed forms found in the UEF. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Stratigraphy and lithology of the Elliot Formation section closest 

to Heelbo (see location 19 on Figure 3.4) (modified after Bordy et al., 

2004b). 
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Sedimentation in the Karoo Basin terminated abruptly when basaltic lava 

flowed through the ruptured crust and covered almost all of southern 

Africa, forming the volcanic layer known as the Drakensberg Group (King, 

1982; Lurie, 1994; Holmes and Barker, 2006). The associated dolerite sills 

protected the underlying sediments from erosion and produced the flat-

topped hills characteristic of the contemporary Karoo landscape (South 

African Committee for Stratigraphy, 1980; King, 1982). Since then the 

interior of southern Africa has been dominated by erosion (Partridge and 

Maud, 2000; Holmes and Barker, 2006). 

 

The rugged topography found in the Free State after scarp retreat and 

post-Cretaceous weathering is a reflection of the contrast in erosion 

resistance which exists within and between geological structures and 

between rock types.  Such contrasts account for the varied topography of 

the eastern Free State region surrounding the Heelbo site. 

 

3.3 REGIONAL CLIMATE 

 

The South African interior rainfall is strongly influenced by the tropical 

northerly airflow, which is enhanced by the periodic coupling with 

temperate troughs.  Summer heating establishes a persistent low pressure 

circulation over Zaire, which draws moisture from the Indian Ocean into 

the continental interior, from which it is advected southwards over South 

Africa (Partridge et al., 1998; Tyson and Preston-Whyte, 2000). 
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The Free State Province lies almost uniformly at about 1 300 m above sea 

level and experiences a typical interior plateau climate with summer 

rainfall and cold, dry winters with snowfall in the eastern mountain regions.  

The temperature and rainfall are lowest from May to September.  The 

average maximum temperature is about 33 °C in summer with January 

being the hottest month with a temperature between of 15 °C - 33°C.  

June is the coldest month with a temperature between of 1 °C ï 17 °C and 

the average minimum temperature for winter is about 13 °C (Figure 3.6).     

 

Figure 3.6 The average monthly temperature, precipitation and potential 

evapo-transpiration of Bethlehem - the closest weather station to Heelbo 

(modified from data from www.weathersa.co.za; Shultz, 1997). 

 

The region receives its highest rainfall during the summer months and has 

an annual precipitation of ~680 mm/year.  Most parts of the eastern Free 

State Province experiences rainy season duration of between 181 to 200 

days (Figure 3.7).  The far eastern margins along the provincial border 
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with Lesotho have long rain season duration in excess of 200 days 

Moeletsi et al., 2011). 

 

 

 

 

 

 

 

 

 

Figure 3.7 Mean rain-season duration over the Free State Province 

(Moeletsi et al., 2011). 

 

In late winter and spring, the region is characterised by strong northerly 

winds (Figure 3.8) associated with steep pressure gradients which are, in 

turn, associated with the passage of frontal systems across the Cape 

region (Holmes et al., 2012).  October is usually the windiest month. 
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Figure 3.8 Annual wind rose for Bloemfontein (~175 km from Heelbo) 

(after South African Weather Services, 2003; in Holmes et al., 2012). 

 

 

3.4 SITE DESCRIPTIONS AND CHARACTERISTICS 

 

The sedimentary mantle on the Heelbo mountain front is composed of 

weathered bedrock and saprolite transported down the hillslope onto the 

low lying pediment.  The deposit occurs over a broad front rather than 

from a point-source river and sediment transport is not spatially confined in 

river channels, but instead spreads out across the mountain front as a 

series of wedges. Two separate areas were identified that formed on the 

apron of the same mesa, but are separated by the high-lying bedrock 

between them (Figure 3.9).  The bedrock serves as a watershed dividing 

the two drainage areas.   
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At Area 1 the sediment deposit is thickest in the proximal reaches but 

becomes very thin and undefined towards the base of the structure.  The 

deposit at Area 2 has been mostly eroded away, with some remnants of 

the stratigraphy still visible.  As a result, most of the analytical work is 

centred on Area 1 with some descriptions and OSL ages derived for Area 

2.  The Bone Bed section is small, with much of the deposit eroded away.  

However, this section appears to be a separate lobe of deposition on the 

hillslope, in which a mass mammal death site is found. 

 

Sample points were identified along the most undissected and continuous 

section of the slope at Area 1 (see green markers in Figure 3.9) and an 

average gradient was measured from the crest of the mesa to the distal 

reach of the deposit along these sample points.  The average gradient 

from the crest of the mesa to the start of the deposit is 20.13°; and from 

the start of the deposit to the end is 10.20° (Figure 3.10).  This average is 

based on the ideal scenario of the hillslope being rectilinear. However as it 

is a curved surface, the individual sections along the deposit will be 

discussed in Chapter 5. 
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Figure 3.10 Gradient of the hillslope measured downslope perpendicular 

to the scarp face (vertical exaggeration = 5 times).   

 

 

3.4.1 Gully Erosion 

 

A network of gullies has formed within the deposit, with depths ranging 

from a few centimetres to up to six metres, at Area1.  The gullies range 

from shallow, steep-sided, with V-shaped cross-sections in the proximal 

portion of the deposit, to deeper, steep-sided U-shaped profiles, in the 

medial and distal sections (Figure 3.11), before merging into channels 

which drain into the Sandsloot tributary. Continuous gullying has removed 

most of the deposit at Area 2. Transects and detailed descriptions of the 

gully morphology are presented in Chapter 5.  A consequence of gully 
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Figure 2.6  A Google Earth image of the Heelbo deposit 
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erosion, as it cross-cuts the deposit, is to create isolated stacks in which 

the stratigraphy is well preserved.   

 

 

Figure 3.11 A view from the top of the ridge facing north at Area 1, 

showing the network of gullies in the hillslope deposit.  Note the shallow 

steep V-shaped gullies in contrast to the U-shaped gullies in the medial / 

distal portions of the deposit. 

 

The gully walls are fluted, and there appears to be an increase in the 

presence of piping towards the base of the hillslope deposits (Figure 3.12). 

Subsurface flow has also been observed within the deposit.  The hillslope 

sediments display the physical characteristics of dispersive soils, because 

they are hard and impermeable, and deflocculate easily in water.  The 

Shallow V-shaped gullies 

Deep U-shaped gullies 
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sodicity of the soil could be one of the root causes of the extensive 

gullying and piping in the deposit.  

 

Figure 3.12 Fluting along the gully walls at the head of the deposit in 

Area 1, is indicative of a highly dispersive soil profile.  The soil is hard and 

impermeable and water flows through cracks, and subsurface piping is 

visible. 

 

3.4.2 Stratigraphy 

 

The gullies have exposed the underlying stratigraphy which consists of 

palaeosols interlayered with sediments (see Figure 5.3a).  The buried soil 

and sediment layers were identified based primarily on colour-banding and 

supported by other pedogenic features such as cutans, fossil root traces, 

calcareous nodules, rhizocretions or slickensided ped surfaces (based on 
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Retallack, 2001).  The stratigraphy exposed in the side-walls of the gullies 

reveals a number of sedimentary layers including some well-developed 

organic-rich palaeosols.  These soils are easily recognised around the 

deposit and have been used as a stratigraphic marker in the interpretation 

of the deposit.  As it is not easy to distinguish in the field if the sediment is 

a product of pedogenesis or diagenesis (Valentine and Dalrymple, 1976), 

the term ñsoilò is used in this research in the broad definition as described 

by Valentine and Dalrymple (1976, 210) to refer to ña natural body having 

formed in the surface materials of the earth under the influence of climate, 

biota, topography and time.  It will have vertically differentiated layers due 

to the relative intensities of the biological, chemical and physical 

weathering and the translocation of productsò.   

 

Six distinct stratigraphic layers were identified along the slope and are 

referred to mostly by their colour.  Overlying the Karoo Basement are two 

alternating brown (10R 7/4) sediments (B) and dark, organic-rich (BT) 

palaeosols (10R 4/3).  As there are two of each unit, they are 

distinguished by the subscript 1 and 2 ï with 1 being the older unit.  The 

sequence is then followed by a red brown (10R 5/4) sediment horizon 

(RB) and a top sediment (5YR 4/6) horizon (TS) (see Figure 5.3a).  For the 

purpose of description the black turf refers only to the colour and the 

organic content of the layer, rather than implying a specific palaeosol.    
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3.4.3 Bone Bed 

 

Towards the distal reaches of the deposit (see the marker in Figure 3.9) at 

Area 1 is a dense and well-preserved fossil bone bed.  The fossils are 

situated between horizons B1 and B2.  The BT1 horizon is not clearly visible 

at this point so it may have been eroded away or it is possible that the 

presence of the fossils obscures the BT1 horizon.  The bone bed extends 

over approximately 400 m2 and is situated between 1 and 1.5 m below the 

modern land surface (Figure 3.13).  The fossils appear to be in a hollow 

(possibly a water hole) that had formed at the foot slope of the deposit and 

have been undisturbed since burial as numerous articulated skeletons 

were excavated.  No other fossils were found at Area 1 and no fossils 

were found at Area 2. 

 

Figure 3.13 The well-preserved fossil bone bed located towards the distal 

reaches of the hillslope (see location in Figure 3.9).  
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3.4.4. Calcrete Nodules 

 

A number of calcrete concretions have developed in situ in the lower 

layers (B1) of the sedimentary deposit (Figure 3.14) at Area 1.  The 

nodules range in size from a few millimetres to about 5 cm in diameter.  

No calcrete concretions have formed in the subsequent layers but there 

are detrital clasts found along the base of some layers in the package.  

The detrital material suggests that the clasts have been liberated during 

episodes of erosion and reworked within the deposit.  The calcrete 

nodules appear to pre-date the bone layer.  A few scattered and small 

calcrete nodules were found in B1 at Area 2. 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Calcrete occurs as in situ concretions and as detrital layers.  

Also visible in the main photograph is the collapse of overlying material as 

a result of subsurface erosion. 

 

 

Calcrete nodules 

Subsurface erosion caused 

overlying material to 

collapse 

Detrital calcrete 
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CHAPTER 4: METHODS AND MATERIALS  

 

4.1 INTRODUCTION 

 

The Heelbo hillslope mantle is a small-scale deposit which covers an area 

less than 1 km2 and the deposit and the surrounding areas have not been 

previously described in the literature.  To reconstruct the environmental 

history of the hillslope deposit it is important to fully understand the 

structure, morphology and stratigraphy of the deposit as well as to analyse 

the grain size and chemical properties of the different horizons and to 

provide high resolution ages for the deposit.  Samples were collected for 

grain size analysis, to determine the sodium adsorption ratio (SARs), 

electrical conductivity (EC) and pH, for x-ray fluorescence (XRF) and x-ray 

diffraction (XRD) to determine major elemental concentrations and for 

luminescence (OSL) and radiocarbon (14C) dating.  As the abbreviation for 

sodium adsorption ratio is the same use to denote the single aliquot 

regenerative protocol, the subscript 's' is added to the sodium adsorption 

ratio (SARs) for clarity.  Samples were also collected for thin-sections.  

 

The research site was divided into two areas (Figure 3.2), separated by a 

high-lying basement rock watershed. Although both areas had been 

gullied extensively, the sedimentary deposit was better preserved in Area 

1 than Area 2.  Consequently, the bulk of the sampling and measurements 

were concentrated on Area 1. 
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4.2 MAPPING AND FIELD DESCRIPTIONS 

 

The research site was fully described in terms of the sedimentary 

characteristics. The dimensions of the deposit were determined from the 

topographic maps, aerial photographs and Google Earth images.  These 

images were also used to assess if the gullies have changed in recent 

time.  The stratigraphic horizons were described in terms of their colour, 

using the Munsell colour chart.  The location of sample sites was 

measured using a differential GPS but when it rained, or the sample 

location was beneath a tree, the handheld GPS was used.  The cross-

section topographic profiles of the proximal, medial and distal sections of 

the hillslope deposit were mapped in a roughly east ï west orientation 

(Figure 4.1).  However, as large tracts of the deposit were eroded to 

bedrock level the traverses were staggered in places to include the 

isolated stacks in the gullies.   The cross-section profiles were drawn to 

show the changes in the gully morphology from upslope to down slope.  

These changes may reflect the maturity of the gully system.   The 

influence of the basement highs and undulating ridges were taken into 

account in measuring and mapping the deposit.   
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Figure 4.1 Google Earth image (2013) showing the position of the cross- 

sectional traverses that were mapped from the proximal (A-A'), medial (B-

B') and distal (C-C') sections of the hillslope deposit. 

 

 

4.3 GRAIN SIZE ANALYSIS 

 

Grain size is considered a fundamental property of sediment particles 

which provides information on sediment provenance, transport history and 

depositional conditions (Blott and Pye, 2001).  One of the focus points of 

this research is to characterise the landform of the hillslope deposit in 

terms of its morphology and structure. A distinguishing feature of hillslope 
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deposits such as alluvial fans is the downslope fining of sediment.  The 

grain size distribution was compared between up and down slope, and 

between surface and subsurface samples; and these grain size 

characteristics were used to describe this landform.  Samples were 

collected at Area 1 where the network of gullies and the undulating 

topography made it difficult to sample a continuous profile down the slope.  

Therefore, the most-continuous slope was selected for sampling using 

aerial photographs and Google Earth images (Figure 4.2a, b).   

 

Samples were also collected to determine the grain size characteristics of 

the vertical profiles at Areas 1 and 2 where the fully stratigraphy was 

visible and at the bone bed section.  The samples were taken at HB-15 of 

the bone bed horizons and at HB-18 for the stratigraphy of Area 1 (Figure 

4.2a).  At Area 2 samples were taken of the stratigraphic horizons from 

HB-19 and HB-20 (Figure 4.2b). 
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Figure 4.2(a) Google Earth (2013) image showing sample locations for 

grain size analysis at Area 1 and the bone bed.  The green markers 

indicate the position of the TS and RB samples down slope and the red 

markers at HB-15 and HB-18 indicate additional samples taken for vertical 

profile analysis. 

 

 

 

 

 

 

 



88 
 

Figure 4.2 (b) Sample locations for grain size analysis at Area 2.  

 

Two horizons were sampled for grain size analysis: the first profile 

selected was the Top Sediment horizon (TS), which represents the last 

depositional horizon and the present soil surface utilized by the dominant 

grasses of the area.  The second profile sampled was the Red-Brown (RB) 

sediment which underlies the top sediment horizon and represents an 

older hillslope deposit (Figure 4.3).   
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Figure 4.3 Top Sediment (TS) and Red Brown (RB) horizons sampled for 

grain size analysis at HB-09.  See Figure 4.2 (a) for location of site. 

 

A total of 43 samples were collected for grain size analysis.  The samples 

collected down slope where taken approximately 20 m apart, starting at 

the head and ending at the foot slope of the deposit.  The vertical samples 

were taken from the mid-point of each horizon.  Approximately 500 g of 

sediment were collected at each site, and all samples were bagged and 

labelled for processing in the Sedimentology Laboratory at the University 

of the Witwatersrand. 

 

All the techniques available for the determination of grain size distribution 

involve dividing the sample into size fractions and constructing the 

RB 

TS 
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distribution based on the weight percentage of sediment in each fraction 

(Blott and Pye, 2001).  A measured sample of 200 g was used for the 

analysis.  Thirty six of the samples consisted of unconsolidated, loose-

grained material and these were air dried for a week before dry-sieving.  

The rest of the samples were clay-rich and clumping, and these were 

placed in a solution of sodium hexametaphosphate to deflocculate the 

clays. These samples were then wet-sieved. Dried samples were sieved 

using a sieve shaker for 45 minutes in multiple screens of 0.5 ū intervals 

ranging from 0 ū (1000 Õm) to >4.0 ū (32 Õm) (Figure 4.4), and the 

sediment from each grain size fraction was weighed. The clay-rich 

samples required wet sieving which involved washing the samples through 

the same sequence of sieve screens.  Each size fraction was dried and 

then weighed.  The logistics of the wet sieving meant that the very fine 

fraction could not be reclaimed but was estimated based on the total 

amount of material used.  Blott and Pye (2001) recommend that if the 

remaining fraction in the pan is <1% of the sample that it be excluded from 

the calculation. The TS samples at HB-01, HB-11, HB-13 and HB-14 were 

contaminated during the sieving process and were therefore discarded 

from the analyses. 

 

The sieved size fractions were used to plot histograms and cumulative 

frequency distribution (CFD) curves using Sigma Plot for all samples.  

Statistical values were calculated to determine the grain size distribution of 

the sediments.  These calculations included the mean, mode, median, 
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standard deviation, skewness and kurtosis and are based on the Folk and 

Ward (1957) method.  The calculations were completed using 

GRADISTAT, an Excel-based program used to compute grain size 

statistics (Blott, 2010).  The mean value represents the average of all grain 

sizes present, the mode is the most frequently occurring particle size, the 

median is the midpoint of the grain distribution by weight, standard 

deviation determines the spread or sorting of the grain sizes about the 

average, skewness describes the symmetry or preferential spread to one 

side of the average value and kurtosis is the degree of concentration of 

the grains relative to the average value (Folk, 1980; Blott and Pye, 2001).  

All the above statistical parameters were calculated by GRADISTAT using 

the method of moment, which gives a more rigorous treatment of the 

sediment characteristics (see Table 4.1 for equations and descriptions of 

statistical parameters).  For a detail description of the GRADISTAT 

program and the equations used see Blott and Pye (2001). 

 

The Folk and Ward statistics determined by GRADISTAT are reported 

logarithmically, as a log-normal distribution of ◖ sizes and geometrically, 

as a log-normal distribution of metric sizes.   Each sample is then given a 

descriptive term based on a modified Udden-Wentworth grade scale. Blott 

and Pye (2001) recommend reporting results from the Folk and Ward 

graphical method as this method more accurately describes the general 

characteristics of the bulk sample.  Therefore all statistical values quoted 
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in this thesis are calculated using the Folk and Ward approach and are 

reported in µm sizes.    

 

Table 4.1  Calculations used to determine statistical parameters and 

scales for sorting, skewness and kurtosis as calculated by GRADISTAT 

using Folk and Ward (1957) graphical measures (from Blott and Pye, 

2001). 
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Along with the Udden-Wentworth grade scale to describe the clast sizes, 

the samples were also analysed for colour (using the Munsell Colour 

Chart), sorting and roundness (Powers, 1957) (Figure 4.4).   

Figure 4.4  The Udden-Wentworth grain-size scale where the clast 

diameter in mm is used to define the different sizes on the scale, and the 

phi (ū ) values are -log2 of the grain diameter; the graphic illustration of 

sorting in clastic sediments; and the roundness and sphericity estimate 

comparison chart (in Nichols, 2009, 7, 24). 

 

4.4 SOIL AND SEDIMENT ANALYSIS 

 

The causes of gully formation and development are an integral part of this 

research and analysis of the geochemistry of the soil is central to 

establishing the possible causes of the gullies.  Samples were collected 

from the RB horizon at the same sites as for the grain size analysis in Area 

1 (see Figure 4.2a).  The RB layer was selected for sampling as it was 

present and easily identifiable at all the sample points down the slope. 

Samples were also taken from a vertical section in the distal reaches of 
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the deposit (Figure 4.5) to determine the vertical changes in the deposit.  

The vertical section was sampled at the base of the slope just below HB-

14 (Figure 4.2 a).  

 

                                               

 

 

 

 

 

 

 

Figure 4.5 Vertical section sampled to determine vertical changes in the 

soil characteristics at the base of the slope.  The stratigraphy of the 

section and the sample depths are shown. 

 

4.4.1 Soil Dispersion Test 

A simple dispersion test as described by Davies and Lacey (2009) was 

carried out on two samples taken from the proximal, medial and distal 

sections of the slope.  Samples were taken of RB in the proximal (A, B), 

medial (C,D) and distal (E,F) sections of the hillslope at Area 1;  and 

samples were taken from TS, RB, BT2, B2, BT1, B1 at Area 1 

(G,H,K,L,M,N) and Area 2 (P,R,S,T,U,W) respectively.  The samples were 

10 cm 

42 cm 

67 cm 

90 cm 
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cm 
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placed in petri dishes (see Figure 5.25) and distilled water was added to 

each one without being mixed or agitated.  Some of the aggregates 

crumbled after been placed in the water but Davies and Lacey (2009) 

cautioned that this should not always be mistaken for dispersion.  The 

water around the edges of the soil aggregate was checked for cloudiness 

and milkiness which would indicate the presence of dispersed clay (Figure 

4.6).  The samples were checked at intervals of 0, 2, 5, 10, 20, 30 minutes 

and the results noted as per Figure 4.6.  The soil was classified as sodic 

or non-sodic based on the soil dispersion test as shown in Table 4.2.   

Figure 4.6  Degree of soil dispersion of a sample placed in distilled water 

A ï sample crumbles when placed in water; B - water around edges of 

sample becomes milky and cloudy; C ï dispersive soil after 10-30 minutes 

in water; D ï dispersive soil after 2 hours in water (after Davies and Lacey, 

2007). 

 

Table 4.2 Soil classification based on soil dispersion test (after Davies and 

Lacey, 2009). 

Rating Soil Dispersion Test 

Non-sodic 
No dispersion evident after 24 hours.  Aggregates slaked but not 
dispersed. 

Slightly sodic 
Dispersion (milky halo) evident after 24 hours.  Soil aggregates 
slightly dispersed. 

Moderately sodic 
Dispersion evident after several hours.  Soil aggregates partially 
dispersed. 

Highly sodic 
Dispersion evident in less than 30 minutes.  Soil aggregates 
completely dispersed. 

 

A B C D 
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4.4.2 SARs, pH and EC Analysis  

 

Approximately 200 grams of each sample was crushed to a fine powder in 

a swing mill for about 45 seconds.  The crushing bowl was cleaned by 

crushing quartz chips for a minute in the bowl after every sample to avoid 

the cross-contamination of all the samples.  The crushed samples were 

sent to the Agricultural Research Council's (ARC) laboratory for analysis 

where saturation extracts (a saturated paste of soil and water from which 

the solution is extracted) were prepared.  From these extracts the calcium 

(Ca), magnesium (Mg) and the sodium (Na) concentrations, the sodium 

adsorption ratio (SARs), pH and electrical conductivity (EC) were 

measured.   

 

The salinity or sodicity of a soil can determine its behaviour as dispersive, 

crusting or prone to swelling.  Saline soils have a high concentration of 

dissolved salts in their soil water which can include NaCl, Ca2+, Mg2+ and 

other compounds. The salinity of the water is referred to in terms of the 

total dissolved solids (TDS) but is usually approximated by measuring the 

EC (in dS/m) of water.   The total dissolved solids (TDS) can be calculated 

as:  

 

TDS (mg/l) = EC x 640     (Western Fertilizer Handbook, 1995). 
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Sodic soils have a high concentration of sodium (Na+) relative to the 

amount of calcium (Ca2+) and magnesium (Mg2+) in its soil water (Western 

Fertilizer Handbook, 1995; Davies et al., 2007).  The sodicity is expressed 

in terms of its sodium adsorption ratio (SARs) which was determined 

according to Rengasamy and Churchman (1999) as: 

 

SARs (mmol/) l =      

 
 

4.5 X-RAY DIFFRACTION (XRD)  

 

Thirty samples were taken for XRD at the sample sites (Table 4.3 and 

Figure 4.2 for the location), and were taken from the middle of each layer 

wherever possible.  However if the middle was inaccessible the distance 

from the layer contact to the sample was recorded.  

 

Table 4.3 The sample numbers, their location and altitude above sea level 

which were collected for XRD analysis. 

 

 

 

 

 

 

 

Sample Number Latitude Longitude 
Altitude 
(m.a.s.l) 

HB-01 S28°28' 16.27" E27° 49' 04.33" 1726 

HB-02 S28°28' 15.82" E27° 49' 30.70" 1720 

HB-04 S28° 28' 12.86" E27° 49' 02.52" 1690 

HB-05 S28° 28' 09.55" E27° 48' 59.40" 1678 

HB-06 S28° 28' 08.69" E27° 48' 59.23" 1676 

HB-08 S28° 28' 07.67" E27°48' 59.01" 1673 

HB-09 S28° 28' 07.17" E27° 48' 58.75" 1672 

HB-10 S28° 28' 06.10" E27° 48' 59.13" 1669 

HB-12 S28° 28' 04.63" E27° 48' 59.86" 1665 

HB-13 S28° 28' 01.35" E27° 48' 59.75" 1663 
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Clay mineral samples were prepared for XRD analysis according to the 

method described by Moore and Reynolds (1997).  The samples were 

disaggregated by dispersion in water to increase the surface area of the 

grains.  Approximately 100 g of the sample material was placed in a 

beaker and water was added to make up 500 ml.  Sodium 

hexametaphosphate (NaPO3)5 was added to the mixture to deflocculate 

the clay minerals and the mixture was left to stand for 5 minutes where the 

standing time was determined by Table 4.6 (which plots the particle 

diameter against the temperature of the water).  It was decided that the 5 

minutes standing was preferable as a longer waiting time produced grain 

mounts with insufficient clay material for XRD analysis, even though the 

standing time at 25°C should have been between 6 minutes 48 seconds 

for 16 ɛm and 27 minutes 14 seconds for 8 ɛm (Table 4.4),  The 

separation of the clay size fraction (all particles <2 µm) was achieved by 

removing the top 5 cm of liquid from the flask as soon as dispersion was 

achieved so as to prevent the dispersed clay minerals from flocculating 

 

Table 4.4 Table showing the standing time for the grain size separation 

(modified after Day, 1965) 
Diameter of 

Particle (mm) 
< .625 < .031 < .016 < .008 < .004 < .002 < .0005 

Depth of 
Withdrawal (cm) 

10 10 10 10 5 5 3 

Time of 
Withdrawal 

seconds ƳƛƴΩκǎŜŎέ ƳƛƴΩκǎŜŎέ ƳƛƴΩκǎŜŎέ ƳƛƴΩκǎŜŎέ ƘƻǳǊΥκƳƛƴΩ ƘƻǳǊΥκƳƛƴΩ 

Temperature (°C)        

25 25 мΩпнέ сΩпуέ нтΩмпέ рпΩнрέ оΥоуΩ  

26 25 мΩплέ сΩофέ нсΩоуέ роΩмнέ оΥооΩ  

27 24 мΩоуέ сΩомέ нсΩлнέ рнΩлнέ оΥнуΩ  

28 24 мΩорέ сΩннέ нрΩнуέ рлΩрнέ оΥнпΩ омΥллΩ 

29 23 мΩооέ сΩмоέ нпΩроέ пфΩпнέ оΥмлΩ  

30 23 мΩомέ сΩлсέ нпΩннέ пуΩпнέ оΥлрΩ  
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Moore and Reynolds (1997) describe several ways to prepare an oriented 

clay mineral aggregate.  The Millipore® Filter Transfer Method was 

selected because the clay surface is a true representation of the particle 

size composition of the sample without displaying particle-size segregation 

despite producing only a fair crystallite orientation.  This method uses a 

vacuum filter apparatus with a funnel reservoir and a side-necked vacuum 

flask.  

 

The filter was inserted, followed by the application of the vacuum, and 

then the addition of the suspension to the funnel.  The suspension liquid in 

the funnel was stirred to prevent any particle-size segregation by 

overcoming the settling velocity of the grains, and to keep the suspension 

homogeneous.  Stirring allows for an indefinite suction time, making it 

easier to achieve a thick enough layer of clay minerals on the filter.  Once 

the clay mineral layer accumulated on the filter, the vacuum was removed 

and the flask returned to room pressure.  Water was kept in the funnel 

when the vacuum was removed to ensure that no air was drawn into the 

filter paper.  Air would prevent the proper adhesion of the clay minerals to 

the glass slide, thereby producing a slide with the texture of the filter 

paper, instead of a smooth surface.  Once the filter was removed, a glass 

slide was placed on top of it, and allowed to dry in an oven at 50°C.  The 

slide was then peeled off the filter, and sent to the laboratory for XRD 

analysis.   
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A second set of samples was prepared under ethylene-glycol-solvated 

conditions to ensure the correct identification of the clay minerals, and to 

identify mixed-layer smectites (Moore and Reynolds, 1997).  Smectite is 

also called swelling clays owing to its unique ability to absorb water 

molecules into the interlayer space.  It is this swelling ability that makes 

smectite minerals so useful in XRD analyses.  Ethylene-glycol can occupy 

the interlayer space in place of water, thereby expanding the interlayer 

spacing by a known amount (usually to ~16.9Å), which allows for more 

accurate mineral identifications (Velde, 1992; Moore and Reynolds, 1997; 

Nesse, 2000).  

 

Seven samples were selected as representative samples of the layers for 

both the distal and proximal environments.  The proximal set comprised 

BT2, B1 and B2 at site HB-06, whilst the distal set comprised BT1 and BT2 

at site HB-09, and BT1 and B2 at sites HB-10 and HB-13, respectively.  For 

these samples, the glass slide was prepared according to the Millipore® 

Filter Transfer Method.  However, instead of air drying, the samples were 

allowed to dry overnight in a desiccator with ethylene-glycol.  The samples 

were sent to the laboratory for analysis immediately, as the ethylene-glycol 

evaporates which affects the expansion of the clay minerals, and these 

samples were analysed within one hour of being mounted on glass slides 

(as suggested by Moore and Reynolds (1997)). 
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The XRD samples were run on a Bruker D2 Phaser at the School of 

Chemistry, University of the Witwatersrand.  The data are returned as 

XRD patterns, which were analysed, using the Eva software programme.  

Air-dried mounts were scanned from 5° to 90°, and ethylene-glycol 

solvated samples from 5° to 55°.  Minerals were assigned to the samples 

based on the fit of their peaks to the peaks of the data pattern.  The 

analysed XRD patterns for the air-dried samples are included in 

APPENDIX B, together with the corresponding ethylene-glycol XRD 

patterns.     

 

4.6 X-RAY FLUORESCENCE (XRF)  

 

XRF is a widely used method for the determination of major and trace 

elemental compositions for a given sample (Rollinson, 1993).  Four 

samples of the basement bedrock rock and eighteen samples of the 

deposit were collected for XRF analysis. The sample sites are shown in 

Figure 4.7, and the site descriptions are in Table 4.5.  The XRF samples 

HLB4 and HLB5 were collected to determine the extent of leaching that 

may occur in the thickest layer sampled within the Heelbo deposit.  

Leaching is determined by comparing the accumulation of CaO between 

the layers, as CaO is sparingly soluble in water, and is likely to percolate 

to, and accumulate in, the lower horizons, if leaching is commonplace.  

HLB4 and HLB5 were sampled at approximately 30 cm and 102 cm from 
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the surface, respectively.  The XRF analyses of major elements were 

processed at the Earth Laboratory at the University of the Witwatersrand.   

 

Table 4.5 Site descriptions where samples were collected for XRF analysis 

 

 

 

 

 

 

 

 

 

 

Sample 
Number 

Site Description 

 

Sample 
Number 

Site Description 

HLB21 Bedrock Area 1 (red) HLB8 BT1 (Area 1) 

HLB22 Bedrock Area 1 (yellow) HLB9 B2 (Area 1) 

HLB23 Bedrock Area 2 (red) HLB10 BT2 (Area 1) 

HLB24 Bedrock Area 1 (yellow) HLB11 RB (Area 1) 

HLB1 RB in bone bed HLB19 TS (Area 1) 

HLB2 B2  in bone bed HLB16 B1 (Area 2) 

HLB3 B1  in bone bed HLB12 BT1 (Area 2) 

HLB4 RB start of deposit (30cm) HLB13 B2 (Area 2) 

HLB5 RB start of deposit (102 cm) HLB14 BT2 (Area 2) 

HLB6 B1 isolated stack (Area 1) HLB15 RB (Area 2) 

HLB7 B1 (Area 1) HLB20 TS (Area 2) 
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Figure 4.7 Site location for samples collected for XRF analysis. 

 

All major elements were analysed on an infinitely-thick, fused disk.  

Samples were ignited at 1000 °C for 40 minutes and the loss on ignition 

(LOI) was calculated.  The individual ignited samples were mixed with a 

commercially available pre-ignited flux (of composition Li2B4O7 = 47%, 

Li2CO3 = 36.7%, La2O3 =16%) with a ratio of 1:5 and fired for 40 minutes 

at 1000 °C.  This was then poured and pressed by a mechanical press into 

an infinitely-thick, fused disk. 

 

All data collection was performed on a PANalytical PW2404 WD XRF, with 

a Rh tube set at 50kV and 50mA.  The analysis time was 40 seconds per 

element, and 20 seconds per background.  Background was measured for 

S28° 27' 45" S28° 27' 45" 
E27° 48' 36" E27° 49' 27" 
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Si, Al, Mg, Na and P.  The elemental concentrations are obtained by 

comparison to 13 known standards.  The standards used are: W2, GSP1, 

BHVO2, AGV2, G2, DTS1, PCC1, BCR2, NIM N, NIM P, NIM S, NIM D 

and NIM G.  A synthetic internal standard was run after every 5 analyses 

to monitor, and compensate for, instrument drift.  Table 4.6 summarises 

the specific element data.   

 
 
Table 4.6 Major element calibration instrument parameters  
 

Element Analysis Line Crystal  Collimator Detector 

Ti Ka LiF200 150 µm Flow 

Ca Ka LiF200 150 µm Flow 

K Ka PE 002-C 550 µm Flow 

Si Ka PE 002-C 550 µm Flow 

Al Ka PE 002-C 550 µm Flow 

Mg Ka PX1 550 µm Flow 

Na Ka PX1 550 µm Flow 

P Ka Ge 111-C 550 µm Flow 

Ni Ka LiF 220 150 µm Duplex 

Fe Kb LiF 220 150 µm Flow 

Mn Ka LiF 220 150 µm Duplex 

Cr Ka LiF 220 150 µm Duplex 

 

All trace elements were analysed for on an infinitely-thick pressed pellet.  

Approximately 6 g of sample was mixed with three drops of commercially 

purchased Moviol (polyvinyl alcohol), and ground with a mortar and pestle 

to remove any clumps.  The mixture was then pressed under 10 ton 

pressure into an Al cup, using a 40 ton press.  The pressed pellet was 

allowed to dry for 24 hours prior to analysis. 

 

Data were collected on a PANalytical PW2404 WD XRF with an Rh tube 

set at 50 kV and 50 mA.  The instrument parameters for some elements 
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are set according to the Protrace recommendation.  PANalytical software 

Protrace was used to process the raw data, and the standards used for 

the calibration were the Protrace standards, supplied by PANalytical.   

Protrace drift standards were run after every five analyses to compensate 

for instrument drift, and internal checks were performed by analysing 

known standards as unknowns, and comparing these to reported 

concentrations.  The known standards used were AGV2, BHVO2, GSP2, 

NIM D and NIM S. 

 

The intensity and duration of weathering in sediment can be evaluated by 

determining the relationship between alkali and alkaline earth elements 

(Nesbitt and Young, 1982, 1996).  Feldspars are the most abundant of the 

reactive minerals; therefore the dominant process during chemical 

weathering is the alteration of feldspars to form clay minerals.  During 

weathering, calcium, sodium and potassium are removed from feldspars, 

and the amount of the elements remaining is a quantitative index of the 

intensity of weathering (Nesbitt et al., 1980).  The calculation of the 

chemical index of alteration (CIA) is a measure of the degree of chemical 

weathering.  The more weathered the material, the larger the CIA 

becomes.  Bauxite, which is the ultimate end product of weathering, has a 

CIA of 100.  The CIA is determined using the molecular proportions 

described by Nesbitt and Young (1982) and Hamer et al. (2007): 

 

CIA = (Al2O3 / (Al2O3+CaO+Na2O+K2O)) x100  
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CaO is affected by calcite precipitation in the sediment, so CIA can be 

calculated without CaO as: 

 

CIA = (Al2O3 / (Al2O3 +Na2O+K2O)) x100  

 

Another good method of quantifying the degree of chemical weathering is 

by calculating the plagioclase index of alteration (PIA), which is 

determined using the molecular proportions: 

 

PIA= ((Al2O3-K2O) / (Al2O3+CaO+Na2O-K2O)) x 100 

 

4.7 THIN SECTION PREPARATION 

 

Samples of the bedrock at Area 1 and Area 2, and the stratigraphic 

horizons at both areas, and the bone bed were collected for thin section 

analyses.  The oriented samples were wrapped in cotton wool to prevent 

them from breaking apart in transit.    The thin sections were prepared in 

the Rock Cutting Laboratory, at the University of the Witwatersrand.  The 

samples were friable, and needed to be impregnated with resin before thin 

sections could be cut.  The resin prevented the disturbance of the material 

within the sample during the cutting process, which could have rendered 

the thin-section unusable for palaeo-environmental reconstruction 

(Francus and Asikainen, 2001).  It was important that the sample retained 

its sedimentary/pedogenic texture as these soil structures provide 
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important clues about the conditions during the time of soil formation.  

Retallack (2001) asserts that palaeosol thin sections should be cut thinner 

than those prepared from normal rocks, to ensure that the soil matrix can 

be penetrated by sufficient light, since it is characteristically more opaque 

than typical mineral grains.   

 

The thin sections were cut from the samples in such a way that the cut-

face was perpendicular to the palaeosol horizons, as observed in the field.  

They were viewed and photographed under the microscope.  Lithic 

fragments were identified based on their matrix colour and grain images 

for the estimation of particle roundness (see Figure 4.4).   

 

4.8 OPTICALLY STIMULATED LUMINESCENCE DATING 

 

Establishing the timing of deposition of the sedimentary horizons, the cut-

and-fill sequences of the gullies, and pedogenesis is essential for the 

palaeo-environmental reconstruction of the hillslope deposit and this can 

be achieved through luminescence dating. 

  

Optically stimulated luminescence dating is a well-established dating 

technique.  It falls within the category of radiation dosimetric dating 

techniques which are based on the time-dependent accumulation of 

radiation damage in minerals (Aitken, 1998; Murray and Wintle, 2000; 

Vandenberghe, 2004), which is the result of exposure to natural low-levels 
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of ionising radiation.  The intensity of the radiation damage is a measure of 

the total dose or the total amount of energy absorbed from the ionising 

radiation by the mineral over a certain period of time.  In luminescence 

dating the intensity of the radiation damage is detected as a small amount 

of light called luminescence.  This latent luminescence signal can be 

removed or "zeroed" by exposure to heat or light.  Thus for sediment 

dating the zeroing event or "bleaching" is the exposure to daylight during 

erosion, transport and deposition of the mineral grains.  Once the 

sediments are buried again and no longer exposed to sunlight, the 

luminescence signal can start to build up again (Duller, 2004; 2008).  The 

latent luminescence signal can also be released under laboratory 

conditions using heat (thermoluminescence) or light (optically stimulated 

luminescence), and this signal can be recorded.  This luminescence signal 

is related to the dose the mineral has received since the last zeroing event 

(or last exposure to sunlight); and if the rate is determined at which the 

dose was absorbed, it is possible to determine an age for the sediment.  

However, this age refers to the time that has elapsed between the moment 

the sediment was deposited and the moment of sampling for analysis 

(Figure 4.8).  The OSL signal acquired during the previous burial period is 

reset by sunlight during sediment transport prior to deposition (Figure 4.8). 

Quartz or feldspar minerals are commonly used for OSL dating of 

sediments, but, quartz is the preferred dosimeter as the physical basis of 

OSL production in quartz is better understood; and feldspar may be 
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subject to phenomena such as anomalous fading (e.g. Bøtter-Jensen et 

al., 2003a; b).  

 

 

 

 

 

 

 

 

 

Figure 4.8 Schematic representation of the event that is being dated in the 

luminescence dating of sediments where minerals are continuously 

exposed to a low-level of natural radioactivity, through which they can 

acquire a latent luminescence signal. During erosion, transport and 

deposition, the minerals are exposed to sunlight and all the previously 

accumulated luminescence is removed.  Once shielded from the sunlight, 

the signal starts to build up again, until the moment of measurement in the 

laboratory. The age that is being determined is consequently the time that 

has elapsed between these two zeroing events (Vandenberghe, 2004) 

 

The main process causing luminescence can be described in terms of the 

energy level diagram for non-conducting ionic crystalline materials (Figure 

4.9).  Aitken (1998) indicated that electrons are associated with discrete 

ranges of energy called "bands"; where the lowest energy band is the 

valence band, and the highest energy band is the conduction band.  The 

gap between the two is referred to as the "forbidden zone" which in an 

ideal crystal, no electron will occupy a position in this zone.   However, in a 
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natural crystal, defects such as impurities or missing atoms are present 

and disturb the ordered crystalline structure, which give rise to the 

presence of energy levels in the forbidden zone.  The conduction and 

valence bands extend throughout the crystal, but the defect states are 

associated with the defect itself and are referred to as localised energy 

levels which are significant to the luminescence phenomenon, as they 

carry the memory of exposure to nuclear radiation.  Therefore 

luminescence requires the existence of lattice defects within the crystal 

structure (Aitken, 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hole 

- electron 

 

Figure 4.9 Energy level representation of the luminescence process 

(modified after Aitken, 1998, in Vandenberghe, 2004). 
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In nature, low-level radiation can raise an electron from the valence band 

into the conduction band, through its ionising effect (Figure 4.9 (a)).  For 

every electron created, an electron vacancy (hole) is left behind, and both 

the electron and the hole are free to move through the crystal.  In this way, 

the energy of nuclear radiation is taken up.  This energy can be released 

again by recombination, and most charges do recombine easily.  

However, the electron and the hole may be trapped at defect centres.  In 

this instance, the nuclear energy is stored temporarily in the crystal lattice, 

and the system is said to be in a metastable state (Figure 4.9 (b)).  Energy 

is required to remove the electrons out of the traps, and return the system 

to a stable situation, where more energy is required to empty deeper traps.  

By exposing the crystal to heat or light, the trapped electrons may absorb 

enough energy to bridge the barrier to the conduction bands (Figure 4.9 

(c)), where, once excited they can be trapped again, or can recombine 

with holes in recombination centres (Wintle et al., 1993; Duller, 2004; 

Rodnight, 2006).  

 

Recombination can result in either the emission of heat or light, and the 

defect sites, where radiative (light) recombination occurs,is called 

luminescence centres, and the resulting light is called TL (if heat is used to 

release the electrons from the traps), or OSL (if light is used).  The amount 

of light emitted is proportional to the amount of electrons stored in defects, 

therefore the amount of energy received from irradiation.  Since the 

energy is absorbed at a certain rate, the intensity is related to the time of 



112 
 

accumulation, i.e. the longer the material is exposed, the more signal is 

acquired (Aitken, 1998; Vandenberghe, 2004).  The process of stimulation 

and eviction of the electrons is termed signal bleaching, with stimulation by 

heat or light resulting in a TL or OSL signal, respectively. If the grain is 

stimulated sufficiently to evict all the trapped electrons, it is described as 

being fully bleached.  Whilst the TL glow curve contains contributions from 

traps of various depths, the main source of the OSL signal is thought to be 

the traps associated with the readily bleachable 325°C TL trap (Aitken, 

1998).  As OSL is generally very much more rapidly reset than TL 

(Godfrey-Smith et al., 1988), it is more suitable for dating sediments, 

where the bleaching occurs by exposure to light rather than to heat.  

 

The radiation to which a grain is exposed during burial derives from a 

number of different sources, and consists of alpha and beta particles, and 

gamma rays.  Quartz grains contain very little internal radioactivity, so the 

majority of the radiation they receive is derived from uranium, thorium, and 

potassium, contained within the surrounding sediment, as well as a small 

level of cosmic radiation. The radiation flux at a sampling location is 

termed the environmental dose-rate, and can be obtained, either by field, 

or by laboratory measurements.  The amount of radiation that a grain has 

received during burial can be determined by measuring the OSL signal 

from the natural dose (i.e. that received during burial), and the OSL 

signals from a series of laboratory irradiations of known dose. The 

laboratory measurements are used to calibrate the OSL signal derived 
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from the natural dose, and thus determine the laboratory dose that is 

equivalent to the dose received by the grains in nature.  This is termed the 

equivalent dose (De), with the unit of measurement in Grays (Gy) (Wintle 

et al., 1993).  Since the OSL signal is bleached on exposure to light during 

sediment transport, the De normally represents the amount of radiation 

received following deposition and burial after the last transport event.  By 

deriving the burial dose (De) of a sample, and the environmental dose-rate 

at the sampling location, the age of a sample can be calculated using the 

equation: 

)/(

)(
)(

kaGyDoseRate

GyDoseEquivalent
yrAge =        

Equivalent dose (in Grays) is the laboratory radiation dose that produces 

the signal, equivalent to the natural luminescence signal for the grains 

being measured (Duller, 2004; 2008).  The dose rate (in Grays per 

thousand years) is the annual dose received by those grains in their 

depositional environment (Wintle et al, 1993; Duller, 2004; Schaetzl and 

Anderson, 2005).  Ideally, the OSL signal is derived from a single type of 

mineral grain such as quartz or potassium feldspar mineral separates 

(Rodnight, 2006).  The dating technique can be applied to the age range 

from present to approximately 300 000 years ago and precision varies 

from ~3-10% of age for heated materials and ~5-20% for sediments 

(Wintle et al., 1993).   
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4.8.1 Sample Collection  

 

Eighteen samples were collected for OSL dating from the two areas at 

Heelbo and four of the BT palaeosol samples were used for 14C dating. 

The location of each of the sites is shown in Figure 4. 10, and descriptions 

of each of the samples are provided in Table 4.7.  Samples were collected 

from the bone bed to establish the timing of deposition of the units above 

and below the fossils.  The ages of the fossils were determined 

independently of this project (Lucinda Backwell, pers comm).  Two 

samples were taken from the RB unit at the head of the deposit to 

determine the averaged sedimentation rate of the unit.  Samples were 

taken of the stratigraphic profiles at Area 1 and Area 2.  The TS unit was 

not sampled as this was too thin to be viable, but the relative ages of these 

units can be estimated.  Two samples were taken from the channel fill at 

Area 1 to constrain the timing of sedimentation in the channel. 
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Table 4.7 Sample location and description for OSL and 14C dating  

Sample Latitude Longitude 
Altitu

de 
(m) 

Depth  
(cm) 

Comment 

        

OSL 1 S 28° 28' 2.3" E27° 49' 3.2" 1669 25 RB Bone bed  

OSL 2 S 28° 28' 2.3" E27° 49' 3.2" 1669 56 BT2 "  

OSL 3 S 28° 28' 2.3" E27° 49' 3.2" 1669 82 B2 "  

OSL 4 S 28° 28' 2.3" E27° 49' 3.2" 1669 183 B1 with calcrete nodules " Fossils lie between B1 and B2 
showing that BT1 has been eroded 

        

OSL 5 S 28°28' 14.9" E 27° 49' 0.6" 1705 102 B1 at start of gully Start of gully Area 1 37 cm to contact with bedrock 

OSL 6 S 28°28' 14.9" E 27° 49' 0.6" 1705 30 " "  

        

OSL 7 S 28° 28' 7.3" E 27° 48' 58.1" 1662 33 RB Stratigraphic sequence at Area 1 14C dating 

OSL 8 S 28° 28' 7.3" E 27° 48' 58.1" 1662 42 BT2 " 14C dating 

OSL 9 S 28° 28' 7.3" E 27° 48' 58.1" 1662 70 B2 "  

OSL 10 S 28° 28' 7.3" E 27° 48' 58.1" 1662 102 BT1 " 14C dating 

OSL 11 S 28° 28' 8.8" E 27° 48' 58.1" 1663 135  B1 - 30 cm from contact with 
bedrock 

  

        

OSL 12 S 28°27' 53.8" E 27° 48' 58.7" 1663 24 RB Stratigraphic sequence at Area 2  

OSL 13 S 28° 28' 7.3" E 27° 48' 58.7" 1662 70 BT2 " 14C dating 

OSL 14 S 28°27' 53.8" E 27° 48' 58.7" 1663 83 B2 "  

OSL 15 S 28°27' 53.8" E 27° 49' 21.9" 1663 134 BT1 " 14C dating 

OSL 16 S 28°27' 56.3" E27° 49' 23.8" 1671 500 B1 " - very thick overhang  

        

OSL 17 S 28° 28' 2.7" E 27° 49' 00" 1655 74  Channel fill in Area 1 - 74 cm from surface 

OSL 18 S 28° 28' 2.7" E 27° 49' 00" 1655 30  Channel fill in Area 1 - 30 cm from surface 
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The OSL samples were collected according to strict protocols in that they 

were not exposed to sunlight or white light at any time during the 

collection, or preparation process.  As the layers were not very thick, the 

samples were taken roughly in the middle of each layer, ensuring the 

maximum distance from the nearest stratigraphic units.  The depth of the 

overburden, the co-ordinates and the altitude of the sampling sites were 

recorded (Table 4.9).  Where the sediment was not too compacted, steel 

tubes where hammered into the sedimentary unit (Figure 4.11 shows the 

equipment used during sampling), and when removed, any spaces in the 

tube were filled with plastic to ensure that there was no mixing of the 

sample in the tube, during transit.  A cap was placed over the end of the 

tube that was extracted, and sealed at both ends with light-proof tape.  

The tubes were wrapped in light-proof plastic, labelled and placed in a 

light-proof container. 
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Figure 4.11 Equipment used for OSL sampling.  From left to right: black 

tape to cover the ends of the tube; the hammer and sample tube; the 

former, which is placed at the end of the tube, to form a solid surface for 

the hammer to strike; the trowel to collect sediment from the sampling hole 

for radionuclide analysis; and bubble-wrap plastic to fill the tube so that the 

sediment does not move around during transportation. The plastic tube 

was replaced with steel as the soil was too compacted, and the plastic 

tube could not penetrate it.   

 

The OSL samples were removed from the steel tubes under subdued red-

light conditions which did not affect the OSL signal of the quartz grains.  

The sediment at both ends of the tubes were removed to a depth of 5 cm 

at each end and set aside for water content measurements and for 

radionuclide analysis.  The outer rind of the one sample that was collected 

as a block was removed so that the unexposed centre could be analysed.  
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About 400 g of material for each sample was placed in beakers and 

labelled for the standard treatment used in the University of the 

Witwatersrandôs Geo-luminescence laboratory (as per Aitken, 1998).  It 

was not possible to do field gamma spectrometry measurements at the 

time of sampling, as the calibration of the instrument was unreliable; 

therefore additional material at each sample site was collected to measure 

the environmental dose rate. 

 

4.8.2 Sample Preparation  

 

All luminescence measurements were conducted on quartz grains in the 

size fractions 90ï106 µm or 180ï212 µm.  As the sediment was dispersive 

in water, there was no need to deflocculate the samples, other than to fill 

the beakers with distilled water and leave overnight.  The distilled water 

was carefully decanted, and 33% hydrochloric acid (HCl) was added to the 

samples to remove any carbonates in the sediment, and any reactions 

were noted.  The mixture was stirred regularly, and when all reaction 

ceased, the samples were rinsed with distilled water. 

 

To remove the organic matter from the sample, a weak concentration 

(20%) of hydrogen peroxide (H2O2) was added to the samples.  The B2 

and all the BT samples were highly reactive, indicating high organic matter 

content.  The samples were stirred periodically, and additional H2O2 was 

added until all reaction had ceased.  When no further reaction was 
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observed, the samples were rinsed thoroughly with distilled water and 

dried. 

 

Each sample was then dry-sieved through a set of four sieves (90, 106, 

180, 212 µm), using an automatic sieve shaker, for 45 minutes.  The 

grains retained in the size fractions 90-106 µm and 180-212 µm were used 

in the subsequent steps.  The unused material was bagged and labelled 

and set aside in storage. 

 

The quartz grains were isolated in two separation processes.  The first 

process involved magnetic separation of magnetic grains from the non-

magnetic crystalline grains, which according to Porat (2006) is a highly 

effective and simple process.  The dried samples were placed in the 

Frantz Magnetic Barrier Laboratory Separator to remove any metals that 

were present in the samples.  The size fractions were processed 

separately and the settings on the Franz were based on Porat (2006), with 

the optimal setting for fine sand (74-180 µm):  slope of 25°, tilt of 17°; 

current = 1.4-1.5 Amp on the magnet; and the sample flow rate = 2-3 

g/min.  The samples were run through the Frantz magnetic separator 

twice, and small adjustments were made to the current and sediment flow 

rate as the instrument required.   

 

The resulting non-magnetic fraction was a mixture of quartz, feldspars and 

heavy minerals, and in the second separation process these were 
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separated from each other by suspension in heavy liquid, with densities 

that are higher or lower than quartz (Wintle, 1997).  A solution of sodium 

polytungstate (Na6 (H2W12O40).H2O) and distilled water was prepared, first 

with a density of 2.62 g/cm3, and then with a density of 2.70 g/cm3.  These 

were used to remove feldspars (ɟ <2.62 g/cm3) and heavy minerals (ɟ 

>2.70 g/cm3) respectively.  The remaining grains (2.62 g/cm3 < ɟ < 2.70 

g/cm3) were retained for further processing. 

 

In the final preparation stage, to remove any remaining feldspar 

contamination from the quartz grains, and to etch the alpha irradiated 

cover of the quartz grains, the grains were placed in 40% hydrofluoric acid 

(HF) for 45 minutes.  The feldspars are chemically less resistant to the HF 

than the quartz and are partly or completely dissolved in the solution.  

During this process, the outer rind of the quartz grains was also removed, 

which reduced the external alpha particle contribution to a negligible level.  

The HF was deactivated with concentrated HCl to remove any fluoride 

precipitates, and then rinsed off in a secure container for approved 

methods of disposal.  The sample was then rinsed thoroughly in distilled 

water, and dried overnight at 50 °C. 

 

Each sample was sieved again, as the etching process reduces the size of 

the grains, and the size fraction 90-106 µm and the 180-212 µm were 

selected and stored in marked vials to be used for OSL measurements. 
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4.8.3 Instrumentation for Measuring De 

 

All luminescence measurements were performed on a Risø TL/OSL 

Reader Model -DA-15 (Figure 4.12).   

  

 

Figure 4.12 The Risø TL/OSL Reader Model -DA-15 (photo: G. Susino). 

 

The Risø TL/OSL Reader Model-DA-15 automatic measurement system 

enables measurement of both thermoluminescence and optically 

stimulated luminescence of quartz, feldspar and poly-minerals. The 

characteristics of the reader are provided by the operating manuals (Risø 

National Laboratories, Denmark).  The system allows up to 48 samples to 

be individually heated to any temperature between room temperature and 
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700 °C, individually irradiated by radioactive beta or alpha (90Sr/90Y) 

source, and optically stimulated using various light sources.  The emitted 

luminescence is measured by a light detection system comprising a 

photomultiplier tube and suitable detection filters. The sample is placed in 

a light tight sample chamber which can be programmed to be evacuated 

(vacuum), or have a nitrogen atmosphere maintained by a nitrogen flow.  

The standard photomultiplier tube (PMT) in the RisøTL/OSL luminescence 

reader is bi-alkali EMI 9235QA PMT, which has maximum detection 

efficiency at approximately 400 nm. The distance between the PMT 

cathode and the sample is 55 mm, giving a detection solid angle of 

approximately 0.4 steradians.  A 7.5 mm Hoya U-340 detection filter, with 

a peak transmission around 340 nm is fitted to prevent scattered 

stimulation light from reaching the PMT.  

 

Thermal stimulation is achieved using the heating element located directly 

underneath the PMT.  The heating element heats the sample and lifts the 

sample into the measurement position. The heater strip is made of Kanthal 

(a high resistance alloy) and heating is accomplished by feeding a 

controlled current through the heating element, where the heating system 

is able to heat samples to 700 °C at linear heating rates from 0.1 to 30 K/s. 

The heating strip is cooled by a nitrogen flow, which also protects the 

heating system from oxidation at high temperatures.  
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Optical stimulation is achieved using an array of light emitting diodes 

(LEDs), which are arranged in 7 clusters, each containing 7 LEDs (i.e. a 

total of 49 LEDs).  The distance between the diodes and the sample is 

approximately 20 mm.  The Risø TL/OSL luminescence reader is 

equipped with two stimulation sources: 1) Infrared (IR) LEDs emitting at 

875 nm arranged in three clusters, each containing seven individual LEDs. 

The maximum power from the 21 IR LEDs is approximately 135 mW/cm2 

at the sample position; and 2) Blue LEDs emitting at 470 nm arranged in 

four clusters each containing seven individual LEDs.  The total power at 

the sample position from the 28 LEDs is ~40 mW/cm2.  A green long pass 

filter (GG-420) is incorporated in front of each blue LED cluster, to 

minimise the amount of directly scattered blue light reaching the detector 

system.  

 

A detachable beta irradiator is located above the sample carousel. The 

irradiator normally accommodates a 1.48 GBq (40 mCi90Sr/90Y) beta 

source, which emits beta particles with a maximum energy of 2.27 MeV.  

The source is mounted into a rotating, stainless steel wheel, which is 

pneumatically activated.  The distance between the source and the 

sample is 5 mm.  A 0.125 mm beryllium window is located between the 

irradiator and the measurement chamber.  

 

The reader is programmed through a sequence protocol written on 

Sequence Editor (Risø National Laboratory), which is directed through the 



125 
 

MINI-SYS computer attached to the reader.  The reader then carries out 

the measurements in a fully automated way.  The measurements are 

saved in a BIN file which can be processed through the ANALYST 

programme (authored by G.A.T Duller, Aberystwyth University) and 

exported to Microsoft Excel for further analysis. 

 

4.8.4 Calibration of the Beta Source 

 

As the Risø reader had been transported and relocated to the laboratory, 

the 90Sr/90Y beta source was calibrated using gamma-irradiated calibration 

quartz (180 ï 212 µm) (provided by Risø National Laboratory, Denmark).  

Six aliquots of the calibration quartz were measured using the standard 

SAR measurement sequence (see section 4.8.6) and the resulting 

equivalent dose was used to calculate the beta dose rate.  Subsequently a 

second reader was purchased and installed and the beta source was 

calibrated in the same way.  The dose rate in quartz at the sample position 

was approximately 0.158 Gy/s or 9.48 Gy/min for Reader A (the first 

instrument) and 0.135 Gy/s or 8.10 Gy/min for Reader B (the second 

instrument). 

 

As the half-life of the 90Sr/90Y beta source is 28.79 years (Chu et al., 1999; 

Jacobs, 2004), there will be a small decrease in the dose rate over the 

period of measurements.  The expected dose rate at the time of the 

sample measurement based on the calibration can be calculated as: 
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ὔὸ ὔὩ  

 

Where N0 is the dose rate at time (t) = 0 and ɚ is the decay constant and 

‗ πȢφωσȾ†Ⱦ  (Aitken, 1985; Jacobs, 2004).  The dose rates were 

calculated and modified according to the date when the measurements 

were made.  

 

4.8.5 Testing the Appropriateness of the SAR Protocol 

 

Multiple-grain aliquots of the 200 µm fraction were made up on 9.7 mm 

diameter stainless steel discs, where a mask of 2 mm was placed over the 

disc and the exposed area of the disc was sprayed with a silicone based, 

adhesive spray).  Each disc was placed spray-side down in a small pile of 

the quartz grains to allow the grains to adhere to the disc, which was 

tapped lightly to remove any loose grains and to ensure only a monolayer 

of quartz grains was retained for analysis.  The distance that exists 

between the beta irradiation source and the disc results in the outer region 

of the disc receiving a smaller dose than the centre of the disc.  This 

means that the sample was limited to the central area of the disc only.  

Another consideration in preparing the sample was that the effect of build-

up and attenuation strongly influences the dose that the grains receive 

(Aitken, 1985); therefore it is essential that only a single layer (monolayer) 
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of grains is placed on the disc.  This was checked under the microscope 

once the aliquots were prepared.   

 

Prior to determining the De estimates of the samples essential for age 

determination, it was necessary to test the purity of the quartz grains.  This 

was to determine that all the feldspars had been adequately removed, as 

well as to validate the sample preparation technique of the laboratory.  

Wintle and Murray (2006) also recommend three further tests to evaluate 

whether a particular SAR protocol is appropriate for De determination 

using a particular sample ï the recycling ratio test, the recuperation test 

and the dose recovery test. 

 

4.8.5.1. Sample Purity 

 

After the pre-treatment of the sample to isolate the quartz grains, six 

aliquots were prepared to test the purity of the quartz extract by testing for 

feldspar contamination in the samples.  Any feldspar grains that were not 

eradicated in the pre-treatment could cause scatter in the equivalent dose 

measurements.  This can result in an overestimation of the De values 

because of the potassium contribution to the internal dose rate, or it can 

result in an underestimation of the De if anomalous fading has taken place 

(Spooner 1994; Thomsen et al., 2007).  The OSL-Infra-red (IR) depletion 

ratio test relies on the depletion of the OSL signal in feldspars under room 

temperature IR stimulation, where the quartz remains unaffected.  Discs 
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with multiple-grain aliquots of 2 mm of each sample were prepared and the 

sequence to test for the feldspar contamination is shown in Table 4.8.   

 

 

Table 4.8 Sequence to test for feldspar contamination in the quartz 

grains 

Step Treatment 

1 Preheat to 260 °C for 10 s 

2 OSL stimulation at 125 °C for 40 s at 90 % power 

3 Give dose for 250 s (36 Gy) 

4 Cut heat 220 °C 

5 OSL stimulation at 125 °C for 40 s at 90 % power 

6 OSL stimulation at 280 °C for 40 s at 90 % power 

7 Repeat steps 1-6 with beta dose 500 s (73 Gy) for 3 more runs.  Insert OSL 125 °C 
IR Diodes for 100 s before step 2 in the final run. 

 

The ratio of the OSL signal over the signal arising from the initial recycling 

dose is the OSL-IR depletion ratio and should be consistent with unity if no 

feldspars are present (Duller, 2004; Rodnight, 2006).  A depletion ratio of 

less than 10% would be considered acceptable.  Any aliquots with an 

OSL-IR depletion ratio above this criterion would be assumed to contain 

feldspar and were returned to the sample preparation section for additional 

density separation and HF etching.  This additional stage of density 

separation and etching can be problematic as it may lead to the attrition of 

the sample. Instead, the contribution of the feldspar to the OSL signal can 

be determined by using IR stimulation of the grains.  Before the aliquot is 

expose to blue LED optical stimulation the sample is stimulated by IR to 

detect any infra-red stimulated luminescence (IRSL) arising from the 

feldspars.  If any feldspar is present either as grains or as inclusions in the 
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quartz grains, the OSL signal following the IR stimulation will be depleted.  

The ratio of the OSL signal to the signal arising from the initial recycling 

dose is referred to as the IR-OSL depletion ratio, and should be consistent 

with unity if no feldspars are present on the disk (Duller, 2003). 

 

4.8.5.2 Recycling Ratio Test 

 

The recycling ratio test is used to assess reproducibility within the SAR 

measurement cycle and if SAR is successfully correcting for the sensitivity 

changes.  The sequence for the recycling ratio test involves giving the 

smallest dose first, then increasing each dose up to a value that is greater 

than the expected natural dose.  A measurement is taken when no dose is 

given, and then one of the dose points is repeated.  The repeated dose 

point is usually the one given after the natural was taken (i.e. the lowest 

dose) as the sensitivity changes are usually progressive.  The ratio of the 

two sensitivity corrected data points is the recycling ratio.  If the SAR is 

successfully correcting for sensitivity changes then the value for the 

recycling ratio is close to unity (Wintle and Murray, 2006).  For real data 

sets Murray and Wintle (2000) suggest a range of acceptability from 0.90 

to 1.10 for this ratio.   

 

4.8.5.3 Recuperation Test 

 

The measurement of a zero dose point should give zero signals.  However 

the transfer of charge may cause the signal to be above zero.  
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Recuperation, or ócharge transferô, is the trapping of electrons in the OSL-

related traps when they are ejected from non-OSL traps as a result of the 

previous irradiation, optical stimulation and heat treatment (preheating). 

This phenomenon can result in unacceptable variability in De values 

(Murray and Wintle, 2003; Wintle and Murray, 2006).  Recuperation was 

tested by expressing the ratio between an additional zero dose OSL signal 

and the natural OSL signal as a percentage of the natural equivalent dose.   

All values greater than 5% were rejected as suggested by Murray and 

Wintle (2000). 

 

4.8.5.4 Dose Recovery Test / Preheat Plateau 

 

The dose recovery test is probably one of the most important tests as it 

determines the ability of the grains to recover the laboratory dose that it 

was given. The dose recovery test is also used to determine if the 

instrumental uncertainty estimates are reliable and appropriate (Jacobs, 

2004).  If the SAR protocol is applied to grains that are artificially irradiated 

with a known dose, and that dose cannot be recovered again, there is a 

high probability the De will be inaccurate (Murray and Wintle, 2003).    For 

the dose recovery test, a SAR protocol is applied to an aliquot that has 

been given a known laboratory dose, following optical bleaching of the 

grains.  The ratio of the measured dose to the given dose should be unity.  

This ratio provides a more stringent test than that of the recycling ratio as 
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the known dose is applied before any thermal treatment, therefore mimics 

the natural dose (Murray and Wintle, 2003). 

 

The initial tests as well as problems with the mechanics of the reader 

resulting in repeated test measurements meant that large amounts of the 

sample was used, therefore a conservative number of 24 discs with 

multiple grain aliquots of 2 mm were used to determine the De for all 

samples.   

 

4.8.6 Determining the Equivalent Dose (De) with SAR 

 

The single aliquot regenerative (SAR) protocol was applied to determine 

the De of the samples (as described in Murray and Wintle, 2000).  The 

Heelbo samples met the requirements of all the initial tests and it was 

decided that a De could be determined using the SAR protocol.   In a 

standard SAR protocol (Steps 1-7 in Table 4.11), the natural OSL signal 

and the laboratory generated signal are both corrected for sensitivity prior 

to being compared with one another.  In a conventional SAR sequence the 

natural dose (LN) is measured (Step 3 in Table 4.11); and thereafter 

progressively larger doses are used to irradiate the sample to produce the 

stimulation value (Lx) (repeat of Step 3).  A fixed test dose is given after 

each OSL measurement (Step 4) to correct for sensitivity changes in the 

quartz grains (Armitage et al., 2000); after which Tx is then measured 

(Step 7).  The growth curve for the sample can then be plotted using the 
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Lx/Tx values onto which LN can be interpolated.  The preheat (Step 1) is 

used to empty the 110 °C TL trap prior to the measurement of the OSL 

signal; and the cutheat (Step 5) which serves the same purpose as the 

preheat can be any temperature between 160 °C and 300 °C but it is 

generally held at 160 °C in order to minimise sensitivity change (Armitage 

et al., 2000). 

 

However any uncertainties in the behaviour of the quartz grains were 

addressed by the modification to the SAR protocol as suggested by 

Murray and Wintle (2003).  To reduce the effect of one measurement cycle 

on the next, Murray and Wintle (2003) suggested a modification to the 

SAR protocol which involves an additional optical stimulation (Step 8), 

directly after the measurement of every test dose (Tx) to evict any optically 

sensitive charge that had not been reset by the 40 s optical stimulation at 

125 ºC that forms part of the conventional SAR procedure.  The 

modification involved adding a 40 s optical stimulation with blue LED at 

280 ºC at the end of each measurement cycle.  The modification would 

also resolve problems of an inability to recover a known dose, the pre-heat 

temperature dependence of the dose response curves, and the problem of 

thermal transfer of charge between measurement cycles (Murray and 

Wintle, 2003).    
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A conservative number of 24-36 discs with multiple grain aliquots of 2 mm 

were used to determine the De for all samples.  The measurement 

sequence based on the SAR protocol is shown in Table 4.11.    

 

 

Table 4.9 Sequence to determine the De for all samples, based on the 

SAR protocol. 

Step Treatment 

 Natural 

1 Preheat to 200 °C for 5 s 

2 OSL stimulation at 175 °C IR Diodes for 40 s at 90 % power 

3 OSL stimulation at 125 °C for 40 s at 90 % power (Lx) 

4 Test dose  Beta radiation 50 s  

5 Cut heat 160 °C 

6 OSL stimulation at 175 °C IR Diodes for 40 s at 90 % power 

7 OSL stimulation at 125 °C for 40 s at 90 % power (Tx) 

8 OSL stimulation at 280 °C for 40 s at 90 % power 

 Dose Response Curve 

 Repeat steps  1-8 with a beta dose of 35, 75, 50, 100, 0, 35 s and test dose 35 s 

 

The dose response curve is plotted as an exponential and is generated 

from the integration of channels 1-5 and background from channels 200-

250. 

 

4.8.7  Sample Preparation for Dose Rate Acquisition 

 

The samples were split into a palaeodose and a dose rate samples under 

safe light conditions.  The "wet" dose rate samples were measured and 

dried at 50 °C until all moisture was removed.  The "dry" samples were 

measured and the water content was calculated.   
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To determine the dose rates, 100 g of each sample was sent to iThemba 

LABS, Gauteng for radionuclide measurements of 238U and 232Th and 40K.  

The elemental concentrations of uranium, thorium and potassium were 

converted into dose rates using the method o utlined by Adamiec and 

Aitken (1998).   

 

The annual dose rate is derived from the measurement of the radionuclide 

concentration (or activity) by means of a conversion factor.  These 

conversion factors (see Adamiec and Aitken, 1998) are based on the nuclear 

data tables known as the Evaluated Nuclear Structure Data File (ENSDF) 

and the dosimetry- orientated formulation is known as the Medical Internal 

Radiation Dose (MIRD).  The emission values are converted to dose-rate 

based on the infinite matrix assumption that the dose rate is equal to the rate 

of energy emission per unit mass, and implying that there is homogeneity in 

the radioactive content and in the absorption co-efficient (Adamiec and 

Aitken, 1998).  The ñfull-seriesò conversion table is used as the radionuclides 

are assumed to be in radioactive equilibrium, i.e. the rate of disintegration of 

each daughter is equal to that of the parent.  The dose rate for U, Th and K 

were determined using the conversion tables in Table C.1 and Table C.2 in 

APPENDIX C. 

 

4.8.7.1 Environmental Dose Rate 

 

The source of the environmental dose rate to a buried grain of sand comes 
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from the internal radionuclides (which is negligible in quartz), from the 

external radionuclides (alpha, beta and gamma radiation) and the cosmic 

radiation (see Prescott and Hutton, 1994).  The dose rate (given in Gy/ka) is 

made up of the components DŬ + Dɓ + Dɔ + Dc, where DŬ is the alpha dose 

rate which has a short penetration range, Dɓ is the beta dose rate with a 

longer range, Dɔ is the gamma dose rate which is penetrating (Figure 4.13) 

and Dc is the contribution made by the cosmic dose rate which consists of a 

mixture of light and heavy particles and photons (Aitken, 1985; Guérin et al., 

2012).  The different penetrating powers of the alpha, beta and gamma 

radiation is important to OSL dating.  Alpha and beta particles have a short 

penetrating range of 10-2 and 100 mm respectively and are therefore limited 

in terms of their radiation contribution to the sample.  Gamma rays however, 

have a greater radiation penetrating range of ~30-50 cm, and therefore a 

larger volume of sediment will provide a larger gamma dose to the sample; 

which means that the surrounding environment is significant to the dose rate 

of the sample.  

  

The different penetrating powers can influence the grain size used for 

analysis for example: fine-grained techniques use minerals with a grain size 

4 ï 11 µm.  These grains are small enough to ensure complete penetration 

of all three types of radiation; however in coarse-grained techniques the 

grain size 100-200 µm is used.  The outer layer of the grain can be etched 

away and the contribution of the alpha radiation will be removed, and only 

the contribution from the gamma rays and from the partly attenuated beta 
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particles remains (Figure 4.13).  The quartz grains themselves are assumed 

to be free of radioactivity (Vandenberghe, 2004) 

 

Figure 4.13  The effect of radiation on a 100 µm coarse grain of quartz 
where the quartz is assumed to be free of radioactivity.  The alpha 
particles deliver their dose to only the outer layer of the grain, which is 
removed during etching with HF.  The dose measured from these grains 
results from their exposure to beta and gamma radiation, and cosmic rays 
(Vandenberghe, 2004). 

 

The dose rate can be measured through types of integral measurements 

(where the number of disintegrations per unit time is measured) such as 

alpha counting, beta counting or field gamma counting.  However, as no 

information is provided about radionuclide disequilibrium, assumptions about 

dose rate stability cannot be tested.  Alternatively the dose rate can be 

measured through radionuclide concentrations (where the amount of each 

constituent is quantified), for example high resolution gamma spectroscopy, 

thermal ionisation mass spectrometry (TIMS), inductively coupled plasma 

mass spectrometry (ICP-MS) or neutron activation analysis (NAA).  These 

methods determine the individual concentrations of the 238U, 232Th chains 

and 40K directly and therefore assumptions about dose rate stability can be 

tested, and the effects of water content can be predicted.    
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The luminescence age equation is based on the assumption that the 

annual dose has remained constant over the time period that is being 

dated, and that the dose rate is derived from the ionising radiation from 

radionuclides in the uranium, thorium and potassium decay series.    This 

assumption depends on the sample being located in a closed system with 

no radionuclides being added or removed, i.e. the U and Th decay chains 

have reached a state of radioactive equilibrium (Olley et al., 1996; 

Vandenberghe, 2004).  The decay of these radionuclides 232Th, 238U and 

235U and their daughters and 40K and 87Rb  is attended with the emission of 

alpha particles, beta particles and/or gamma rays, as shown in the decay 

series for 235U (Figure C.1), 238U (Figure C.2), 232Th (Figure C.3), and 40K 

and 87Rb (Figure C.4) in APPENDIX C.  The activity of each daughter 

(number of disintegrations per unit time) is the same and equal to the 

parent activity.  All the daughters from the U and Th decay chains will then 

contribute to the dose rate that remains effectively constant through time 

because of the long half-life of the parent (Vandenberghe, 2004).  

 

The equilibrium of the radionuclides can be disturbed by adding or removing 

a daughter (Prescott and Hutton, 1995; Olley et al., 1996); or more 

commonly in the 238U decay series as 222Rn, with a half-life of 3.82 days, 

escapes as it diffuses through the sediment.  The half-lives of the 

radionuclides in 232Th decay have a tendency to be mobile and short lived, 

thus the radioactive disequilibrium is considered negligible.  Disequilibrium 

in 235U is also considered insignificant due to its low abundances and low 
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contribution to the total dose rate.  Olley et al. (1996) discussed the effects 

of disequilibria in the U and Th decay chains on burial dose rates in fluvial 

sediments and found that the dose rate is comparable with other 

luminescence dating uncertainties of ±5 ï 10 %.  Therefore in OSL dating, 

certain assumptions regarding the equilibrium of the radionuclides are 

made: that the decay chain was always in equilibrium or that the dose-rate 

measured has prevailed over the burial time of the sample, and for the 

purposes of this research the radionuclides are considered to be in secular 

equilibria. 

 

The concept of the infinite matrix assumption is used to evaluate the rate at 

which energy is being deposited in the soil and the sedimentary grains.  The 

infinite matrix assumption assumes that the rate of energy absorption is 

equal to the rate of energy emission per unit mass, if the radiation is uniform 

within the matrix and the absorption coefficients of the constituents are 

uniform.  The sample should be homogeneous over a distance of at least 3-

4 mm for beta radiation and 0.3 m for gamma radiation (Adamiec and Aitken, 

1998).  The infinite matrix allows the radioisotopic concentrations in the 

sample to be converted to corresponding alpha and beta dose rates using 

conversion factors (see Adamiec and Aitken, 1998).  The infinite matrix 

assumption is also the basis for calculating attenuation factors and for taking 

the effect of the water content of the sediment into account. 
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The degree of attenuation within the grain is dependent on a range of 

diameter of quartz grains as well as the water content of the sediment.  

The appropriate values for the grain size of quartz used in the OSL 

analysis can be used to calculate the attenuation.  The HF etching for 

coarse grain sediment will have a higher absorption fraction than the 

centre of the grain (Mejdahl, 1979). 

 

4.8.7.2 The effect of water content 

 

The effect of water content on the dose rate is firstly to dilute the radio-

elements (radio-isotopic content per unit mass) and secondly that water 

absorbs a significant amount of radiation that would have reached the 

mineral grains (Aitken, 1998; Vandenberghe, 2004).  Water is not usually 

radioactive and in comparing the absorption coefficients per unit mass, water 

is 50% higher than sediment for alpha particles, 25 % higher for beta 

particles, and 14 % higher for gamma radiation (Zimmerman, 1971; 

Vandenberghe, 2004).  Therefore the dose rate in moist sediment is less 

than in dry sediment, which means that the moisture content of the 

sediment, over the time of its burial, needs to be considered when 

determining the annual dose rate.  The moisture content may fluctuate due 

to seasonal or climatic changes and these changes need to be corrected for 

to avoid an underestimation of the age. 

 

The porosity of the sample determines the upper limit to the effect of water 
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content in the sediment.  The porosity (W) can be calculated as the ratio of 

the mass of water that the sample can hold at full saturation to the mass of 

the dry sample.  The saturation level for sediment ranges from 20 to 40 % 

(Vandenberghe, 2004) and it is important to consider how near to the 

saturation limit the sample has been on the average over the entire burial 

period.  If the dose rates are obtained, the correction for the water content 

can be obtained by introducing the appropriate attenuation factors (see 

Aitken and Xie, 1990): 
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4.8.7.3 Cosmic radiation 

 

Cosmic radiation is primarily derived from outer space and consists mainly 

of protons and alpha particles.  The contribution of cosmic rays is included 

in the estimates of the external dose rate, despite being a small 

contribution (Aitken, 1985).  Cosmic radiation consists of two types of 

components:  the ósoftô component (electrons and photons) which is 

absorbed by the top 150 g/cm3 (~0.6 m) of sediment; and the hard 

electron component, which consists mainly of muons (Aitken, 1998; 

Vanderberghe, 2004; Kim, 2009). 
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The cosmic dose rate is not measured directly but is derived from 

expressions to calculate cosmic dose rates at any depth below ground 

level (see Prescott and Hutton, 1994; 1995) and at any altitude up to 5 km 

and at any geomagnetic latitude (see Prescott and Stephan, 1992).  The 

penetration of cosmic radiation is dependent on the bulk density of the 

sample, therefore the cosmic ray dose can be estimated from the depth of 

the sample for any given overburden density (Kim, 2009).  The geographic 

location and altitude may also affect the cosmic radiation, and Prescott 

and Hutton (1994) estimate the circulation of the cosmic dose rate to be 

associated with a 50% uncertainty without allowances being made for 

corrections in altitude and latitude. 

 

4.9 RADIOCARBON (14C) DATING 

 

Radiocarbon dating is a well-established dating technique, and is used to 

constrain the ages of the palaeosols in the Heelbo deposit, as well as 

provide an independent age control on the luminescence ages.  Carbon 

has three isotopes: 12C, 13C and 14C, of which 12C is the most abundant 

comprising 98.9% of all naturally occurring carbon and 13C forming about 

1.1%, with 14C making up less than 1 part per billion of all natural occurring 

carbon (Walker, 2005; Hua, 2009).  The isotopes 12C and 13C are both 

stable, but 14C decays to a stable form of nitrogen (14N), through the 

emission of beta particles (Walker, 2005).  The radioactivity is derived from 

the beta particles released from the nucleus of every atom of 14C that 
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decays.  14C is produced by cosmic rays in the stratosphere and upper 

troposphere, and is distributed throughout the atmosphere, oceans and 

lithosphere in different forms (Walker, 2005; Kumari and Kumar, 2009).   

 

Radiocarbon, in organic matter, can be measured by means of decay 

counting or through accelerator mass spectrometry (AMS).  The 14C 

content is measured directly, relative to 12C and 13C present in the sample.  

The samples were prepared and analysed according to the laboratory 

procedures of Lund University Radiocarbon Dating Facility 

(goran.skog@c14lab.lu.se). 

 

4.9.1 Sample Preparation  

 

Samples of 500 g were collected for 14C dating from the organic-rich layers 

that appeared to have a high carbon content.  These samples were sieved 

to break up any clumps and to remove any roots and grasses.  The 

samples were labelled and packaged and, as mentioned before, sent to 

University of Lund in Sweden for radiocarbon dating (14C) analysis.  

 

The methods reported here were described by the Lund University 

Radiocarbon Dating Facility.  Samples were slurried and wet sieved into 

coarse and fine fractions.  The coarse fraction was archived as reference 

material and the fine fraction was used for analysis.  Organic 

contaminates, such as humic acids and modern organic material like roots 
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and leaf litter in the sample, may adversely affect the 14C age of the 

sample.  The roots and leaves were thus, either, sieved or hand-picked out 

of the sample.  Humic acids are mobile, decay products from recently 

dead plants which leach down through site profiles, and are adsorbed by 

certain receptive substances.  Humic acids were removed through 

treatment with a base solution of sodium hydroxide (NaOH).  

 

The samples were then treated with dilute (10 %) HCl to remove adsorbed 

carbonates particularly from percolating groundwater. The HCl was added 

to the sample, and the beaker placed on a hot plate and heated slowly to 

boiling point.  After ~1 hour, the beaker was removed, and the sample 

placed in a Büchner funnel, which uses the pressure of flowing water to 

create a vacuum.  A glass filter was place at the bottom of the funnel and 

dampened with distilled water.  The sample was later placed on top of the 

filter paper and distilled water poured in, and drawn through the sample by 

the vacuum effect.  The aim is to reduce the pH levels of the sample to a 

neutral pH by continual rinsing and checking with litmus.  Once the 

required pH level was reached, two fractions remained: an acid soluble 

fraction which contained carbonate contaminants, and was not used for 

dating, and an acid insoluble fraction which contained no carbonates, and 

was placed in a petri dish and dried in the oven. 

 

The radiocarbon sample was then analysed using accelerated mass 

spectrometry (AMS), which is a preferred method owing to the smaller 
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sample size required, and the faster, more efficient processing time (Hua, 

2009).  AMS directly measures the 14C isotope relative to the stable 12C 

and 13C isotopes within the sample.   

 

4.9.2 Radiocarbon Conventional Ages 

 

Radiocarbon ages are reported as years before present which is defined 

as AD 1950.  In the age calculation the atmospheric 14C concentration in 

1950 is a hypothetical value, and is conventionally set at 100 % Modern 

Carbon (pMC), or 1 fraction modern carbon (Ὢ) (Stuiver and Polach, 1977; 

Hua, 2009).  Measured 14C concentrations must be corrected for isotopic 

fractionation using ŭ13C.  To simplify the calculation, atmospheric 14C 

concentration is assumed to be constant through time, with the implication 

that all living terrestrial matter have an initial 14C concentration of Ὢ=1. The 

conventional radiocarbon age of a sample is then defined as: 

ὸ
ὝȾ

ὰὲς
 ÌÎ Ὢί 

or 
 

ὸ ψπσσ ÌÎ Ὢί 
 
 
 

where Ὢs is the 14C concentration in sample S in fraction modern carbon 

after correction to ŭ13C = 25 ă PDB (Hua, 2009). This value is determined 

by measuring sample S against 14C standard reference materials such as 

oxalic acid I oxalic acid II or ANU-sucrose (Hua, 2009). T1/2 is the Libby 

half-life of radiocarbon of 5568 years. This half-life is approximately 3 % 
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shorter than the correct half-life of 5730± 40 years (Godwin, 1962; Hua, 

2009).  The discrepancy between the two half-lives is corrected during the 

radiocarbon calibration process.  Ages up to about 50 000 years (~9 to 10 

half-lives of 14C) can be determined by radiocarbon dating. 

 

4.9.3 Calibration of 14C Ages 

 
Variations in the rate of carbon production in the atmosphere as a result of 

changes in the Earth's magnetic field, variability in solar activity and 

changes in the carbon cycle, have resulted in the 14C concentration of the 

atmosphere not being constant in the past (Taylor, 1987; Reimer et al., 

2004).  Changes in the Earthôs magnetic field causes long-term (103ï104 

years) fluctuations in atmospheric 14C, and short- and medium-term (101ï

102 years) variations in atmospheric 14C are mainly due to variability in 

solar activity.  Additionally, centennial-scale variability may also be a result 

of variations in geomagnetic field intensity (St-Onge et al., 2003). As a 

result, radiocarbon and calendar ages are not identical, and radiocarbon 

ages need to be converted to calendar ages using a calibration curve.  

The calibration curve describes the atmospheric 14C concentration in the 

past, measured in precisely and independently dated materials. The most 

recent internationally-ratified calibration curve is IntCal13 (see Reimer et 

al., 2013 for details relating to this calibration curve).  The calibration of 

14C ages is usually derived using a number of computer programmes 

which are available online, such as Calib 7.1 which was used in this thesis 

(http://calib.qub.ac.uk/calib/calib.html).  
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CHAPTER 5:  RESULTS 

 

5.1 INTRODUCTION 

 

The Heelbo landscape is described in this chapter.  The description 

includes the field observations and measurements of the hillslope deposit 

and the gully networks.  The sedimentary succession at Heelbo consists of 

unconsolidated sediments interlayered with palaeosols which have been 

exposed in the gully side-walls.  The horizons are referred to in terms of 

their principal colour, although colour changes within certain horizons have 

been noted. Further distinguishing characteristics of each horizon are 

described at both a macro- and microscopic level.  Although there are two 

areas on the deposit that were worked on, the main descriptions are made 

at Area 1, with supporting information from Area 2, as most of the deposit 

at Area 2 has been eroded, and from the bone bed. The grain size 

analysis is presented in this chapter as well the results of the major and 

trace elements, clay mineral analysis, pH, EC and SARs of the horizons.  

The burial ages of the sediment were determined using OSL dating and 

14C on selected horizons and these results will be presented in the next 

chapter. 
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5.2 HILLSLOPE MORPHOLOGY 

 

The Heelbo occurrence is a small-scale sedimentary deposit which has 

accumulated on the hillslope of a Karoo mesa.  The deposit rises 60 m 

above the valley floor and extends across the mountain front for 

approximately 1450 m, and spreads out across the valley floor for a 

distance of 475 m (Figure 5.1). The estimated volume of original sediment 

that would have made up the deposit is approximately 0.02 km3; although 

much of this original sediment has been removed by later erosion.  An 

analysis of archive photos shows that the hillslope deposit has not 

changed in shape and has increased only slightly in size (Figure 5.2).  The 

photographs also indicate that erosion at Area 2 has increased as less of 

the deposit is visible in the 2004 photograph.  This lack of difference 

between the two photographs over more than 74 years is significant in that 

it suggests that the current rates of erosion and deposition on the hillslope 

are slow. 
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Figure 5.1 South west section of the 1: 50 000 topographic map of the 

Heelbo hillslope deposit.  The full map with key is provided in APPENDIX 

A. (National Geospatial Information, 2014). 
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A slope profile of the deposit at Area 1, measured by dGPS, shows a 

concave profile (Figure 5.3).  The gradient between each point was 

determined with the average gradient of the deposit being 10.20°.  The 

gradient of the scarp face of the mesa is 22.7° (Figure 5.3). 

 

 

 

 

5.2  STRATIGRAPHY  AND PETROGRAPHY 

 

 

 

 

 

 

 

 

 

Figure 5.3 The gradient of the mesa slope is steep at 22.7°.  The hillslope 

deposit indicates a concave shape with a steep gradient upslope of the 

deposit becoming gentler towards the valley floor.  The positions of the 

cross-section profiles along the slope are shown. See Figure 4.2 (a) for 

location of measured points. (Vertical exaggeration = 5 times) 

 

 

Cross-sectional topographic profiles of the deposit were constructed 

across the gullies (Figure 5.4), in a roughly east ï west orientation, in the 

proximal (A-A'), medial (B-B') and distal (C-C') sections of the slope (see 

position of traverses in Figure 5.3) and the location of the traverses is 
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shown in Figure 4.1. The section A-A' shows the high-lying rise between 

two drainage systems which acts as a watershed between them.  This rise 

is eroded away towards the medial and distal sections as the drainage 

systems merge into a network of channels (Figure 3. 9).  The gullies in the 

proximal section are shallow and V-shaped as at this point the gullies have 

only cut into the top layers of the hillslope sediment and the bedrock is not 

visible.  Lower down the slope, the gullies become increasingly deeper 

and wider, forming U-shaped gullies as they merge towards the base of 

the slope.  The stratigraphic relationships in the gullies are presented later 

in this thesis. 
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Figure 5.4 Topographic cross-sections through the proximal (A-A'), medial 

(B-B') and distal (C-C') sections of the hillslope deposit (view is upslope).  

The orientation of all three profiles is SW to NE. The change from narrow 

V-shaped gullies to wider, deeper U-shaped gullies is clearly shown. More 

of the stratigraphy is preserved in the medial to distal sections and are 

exposed through the valley incisions.  Towards the medial portion a 

combination of V- and U-shaped gullies are visible, which become 

increasingly deeper downslope.  The bedrock is visible and the stream 

channels begin to merge and widen downslope of the deposit.
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 5.3 STRATIGRAPHY 

 

The stratigraphic records on hillslopes can potentially provide information 

on climate controls on sedimentation.  Sedimentary sequences for Areas 1 

and 2 and the bone bed are presented in Figure 5.5 (a) and (b) 

respectively.  The stratigraphy at the bone bed is similar to that of Area 1 

and 2, but the BT1 horizon has been incorporated into the bone bed 

(Figure 5.5b).  This horizon has been greatly disturbed and the sediment is 

well mixed.  Photographs with associated stratigraphic profiles and 

lithologies for some of the sample sites are given in Figure 5.6. The 

stratigraphic relationship downslope at Area 1 is shown in Figure 5.7. The 

locations of the sample sites are in Figure 4.2a.  The sedimentary analysis 

of the bedrock and the deposit is supported by petrographic analysis using 

thin sections produced of each stratigraphic unit. 

 



154 
 

 
Figure 5.5a   An example of the typical sedimentary package seen in the 

Heelbo stratigraphy at sample site HB-06 in Area 1.  The remnants of a 

palaeo-channel can also be seen on the photograph between RB and BT2 

units. K is the Karoo basement, B1 and B2 are the two units of brown 

sediment; BT1 and BT2 are the two organic-rich palaeosols; RB is the red-

brown horizon and TS is the top sediment horizon.  The dashed lines in 

the photograph and the column indicate gradational contacts, whereas the 

solid lines are sharp erosional contacts.  The colour and Munsell reference 

for each horizon is also indicated. The length of the hammer is 30 cm. 
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Figure 5.5b .The stratigraphy at the bone bed is similar to that at Area 1 

and therefore the same symbols are used (Figure 5.5a).  BT1 appears to 

have been incorporated into the bone bed.  

 

 

 

 

 

 

 

 

 



156 
 

 

 
 
 

 
Figure 5.6 Photographs, stratigraphy and lithology of a) HB-01 and b) HB-

02.  Key for stratigraphy and lithology are provided at the end of the 

profiles. 

 
 
 
 
 
 
 
 


