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Abstract
This research aims to develop an understanding of riparian erosion process, form and cause
along the Victoria River, Northern Territory. The Victoria River District (VRD) is located in the
semi-arid tropics of Australia, where cattle grazing is the primary land use. The Victoria River
riparian zone is intersected by erosion features. The heavily stocked mid-catchment is particularly
degraded and suffering severe erosion. The process, form distribution and cause of riparian
erosion in the VRD are explored via the study of the environmental setting and land use history.

The geomorphological and hydroclimatological setting are the major factors contributing to both
the natural and enhanced erosion process. Three forms of riparian erosion are recognized
throughout the catchment: sheet, gully, and gully complex. Gully complexes are described in
detail and involve several erosional processes. The naturally occurring flood drainage channels
(FDCs) co-evolved during floodplain development, while runoff processes are active in the outer
feature which is characterized by a well defined scarp and active badlands. Analyses of air
photos show that FDC features along the study reach always develop into gully complex features.
Some gully complexes were found to have retreated headward up to 50m in the past 60 years.
Gully complexes that did not exhibit headward retreat were found to contain badlands that
increased in depth, and the depth of the scarp also increased.

The settlement of the VRD, and introduction of cattle to the region c.120 years ago, has allowed
for the expansion of naturally occurring FDCs, into gully complexes. High intensity rainfall events,
flooding and susceptible soils make much of the VRD vulnerable to naturally high erosion rates;
the removal of vegetation by cattle has initiated additional erosion processes. The results indicate
that FDCs existed prior to European settlement, however badlands have formed at the heads of
FDCs after the introduction of cattle. FDC development was determined to be an inherent feature
of the VRD landscape. Badlands have developed as a result of the introduction of cattle to the
region.
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CHAPTER 1:

INTRODUCTION

INTRODUCTION
Overgrazing by domestic livestock is cited worldwide as a major cause of geomorphic change,
specifically land degradation and erosion. Australian geomorphic literature is no exception.
Grazing and, more importantly, overgrazing can lead to soil compaction, trampling, denudation of
vegetation, and the establishment of ‘tracks’ through landscapes, all of which can lead to new
erosion, or exacerbate natural erosion processes, both in the riparian zone and on the uplands. In
this thesis the processes responsible for the formation of riparian erosion are examined,
particularly the development of gullies and badlands, and the role of cattle in their formation, in a
catchment located in the semi-arid tropics of the Northern Territory, Australia.

Overgrazing during settlement of the so-called “New World” is commonly identified as a significant
cause of land degradation (Boardman et al., 2003; Keay-Bright and Boardman, 2007; Rutherfurd,
2000; Schumm, 2005; Trimble and Mendel, 1995; Wasson and Galloway, 1986). Trimble and
Mendel (1995) authored a comprehensive literature review on the role of cattle as mechanisms of
geomorphic change, which identified the numerous impacts cattle grazing, and overgrazing, can
have on the landscape. Degradation can occur as a result of soil compaction, reduced infiltration
and increased runoff, removal of vegetation, and the formation of ‘tracks’ which form rills and
eventually gullies (Trimble and Mendel, 1995).

In savanna landscapes, particularly in northern Australia where cattle properties can be up to
15,000 square kilometers, conducting field-based research to address the role of cattle in land
degradation poses several difficulties. Environmental factors such as wet season rain and large
flood events, and management practices such as paddock rotation (cell grazing) and a shift in
management practices from early settlement to the present day, make determining the specific
role of cattle particularly challenging. There is a lack of documentation regarding rainfall variability
in the VRD, as well as stock management practices, which pose difficulties in determining the
exact role of land use versus rainfall variability, for example. These processes and process
controls are clearly important, but they are set within a larger context. Therefore, prior to
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considering the role of cattle grazing, the hydroclimatological and geomorphic variables that may
result in degradation are assessed in order to garner an understanding of the natural environment.
Cattle grazing is certainly considered a primary vehicle of erosion in the Victoria River District
(VRD) (pers. comms VRD station workers, Traditional Owners), however understanding other
factors that may influence erosion is vital.

Gullies can be caused by increased runoff, flow concentration, and by base level change.
Increased runoff and flow concentration can be caused by: decreased vegetation cover as a result
of grazing (although vegetation cover may be reduced by other factors, such as fire); decreased
infiltration caused by stock trampling, loss of cryptogams, and/or raindrop impact following
decreased vegetation cover, and stock tracks. Base level change is most commonly the result of
channel incision, as a result of climatic and hydrologic variability (Schumm, 2005) although in
some landscapes tectonics and sea-level change play a role. Such lowering of the streambed by
erosion (incision) can result in bank erosion and channel widening, and the loss of grazing land
adjacent to the channel. An increase in discharge, a decline in sediment load, and lowering of the
base level can all result in a channel responding through incision (Schumm, 2005). Incision also
increases the relief along a channel’s margins, thereby increasing hydraulic head. This can also
lead to erosion in the riparian zone. Channel incision results in an increase in hydraulic head,
while sedimentation, in a channel, causes a decline in head.

Erosion phenomena are less well understood in northern Australia, particularly across the
savanna region, than in temperate southern Australia (Bartley et al., 2006). Until recently much of
the research into riparian erosion, channel processes and land use impact has been focused in
southern Australia. As water issues have become a prominent point of discussion across
Australia, greater attention is being paid to northern Australia as a future source of food and fibre
as southern Australia becomes drier. The establishment of the North Australian Land and Water
Taskforce (NALWT), by the Australian Government, to investigate the potential for new
development in northern Australia, provides an example of action being taken to address water
issues in Australia. It has become imperative to understand some of the processes taking place
in northern river systems (Petheram et al., 2008). Riparian erosion is one such process that
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commands further investigation since future land development could have a significant impact on
system dynamics, such as changes to sediment load.

In southern Australia one of the effects of European settlement, dominated by land clearing,
cropping and grazing, is clearly manifested by channel incision and drainage network expansion
(Prosser et al., 2001; Prosser and Winchester, 1996; Rutherfurd, 2000; Wasson et al., 1998).
Indicators of channel incision and network expansion, including sediment yield and the sediment
delivery ratio, suggest a rapid increase of sediment yield post-European settlement, before
declining to a point somewhere between pre-European settlement and the peak reached after
settlement (Wasson et al., 1998). Most gullies, once initiated, rapidly develop, then stabilise
(Graf, 1977), and evidence from some Australian gullies shows that their lengths have not
increased significantly since the 1940’s (Rutherfurd, 2000; Wasson et al., 1998). While the history
and processes of erosion and channel change is well understood for southern Australia, much of
the management has focused on hillslope erosion. However, evidence suggests that channel
erosion, including channel incision and widening, and drainage network (gully) development, are
the major source of sediment in southern Australian rivers (Prosser et al., 2001).

Gully erosion is also believed to be a major source of sediment in tropical and semi-arid
catchments, and gully development is usually linked to soil type, landform, rainfall and grazing
(Aldrick et al., 1978; Bartley et al., 2007; Blandford, 1979; Branch, 1981; Condon, 1986, 1988;
Fitzgerald, 1967; Leys, 1980; Medcalf, 1944; Roth et al., 1999; Stewart et al., 1970; Williams et
al., 1996). Reports on the Ord and Fitzroy Rivers, located in the semi-arid tropics of Western
Australia, claim overstocking and rainfall are the primary factors contributing to gully erosion
(Blandford, 1979; Branch, 1981; Leys, 1980; Medcalf, 1944). In the Victoria River District (VRD),
(Figure 1.1), comprehensive erosion surveys were carried out in 1986 and 1988. These surveys
recognized 11 forms of erosion, including six types of gullying, throughout the catchment, however
there was little inference about the cause and age of erosion features (Condon, 1986, 1988).

The VRD is located approximately 500km south-west of Darwin, the capital city of the Northern
Territory, between the major centres of Katherine, in the Northern Territory, and Kununurra in
19

Western Australia. Figure 1.1 shows the VRD within a regional context. The VRD is situated
within the semi-arid tropics, where it has a seasonal rainfall pattern; 90-95% of annual rain falling
between November and April (Roth et al., 1999). The northern VRD experiences tropical
cyclones, while the southern VRD may only experience the remnants of tropical cyclones (heavy
rain associated with tropical lows that have been downgraded from cyclones). Soils in the VRD
range from duplex soils (in which the A horizon is of a much lighter texture than the B horizon)
along channel banks and levees of major drainage lines, which are susceptible to erosion, while
deeper loamy and clay-rich soils are present on the poorly drained flatter areas, and shallow
skeletal soils are present on the steep hilly areas with rocky outcrops (Karfs, 2000). Major
tributaries of the Victoria River include the Humbert and Wickham Rivers in the central VRD, the
East and West Baines Rivers in the northern VRD, and Camfield River in the southern VRD.
Cattle grazing is the primary land use in the VRD, and there are presently 30 operating cattle
stations ranging in size from 1,100 square kilometres to 12,000 square kilometres. Generally the
stocking rate is low, at 8 head of cattle per square kilometre. However, in the past stock numbers
were difficult to control and monitor, and were therefore considerably higher than at present.
Similarly, there is a heterogeneity of stocking rate, both in the past and present, whereby the
greatest stock numbers are in the ‘best’ paddocks, generally the riparian zone. Table 1.1 provides
a summary of the key environmental features of each of the upper, mid and lower catchment,
while Chapter 2 provides a discussion of the physical and historical setting of the VRD.

20

Figure 1.1 Location of the Victoria River Catchment
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Table 1.1 Key features of the catchment zones of the VRD
VRD Zone
Upper Catchment

Mid Catchment

Lower Catchment

Characteristics
∼

Dominated by flood basalt

∼

Grey and brown clay soils

∼

Absence of floodplains

∼

Average annual rainfall (at Wave Hill ) 689mm

∼

Dominated by flood basalt

∼

Red and brown loams, and grey and brown clays

∼

Grey clays on floodplains

∼

Mitchell and Flinders grass plains

∼

Average annual rainfall (at Victoria River Downs station) 658mm

∼

Siltstone, sandstone and shale of Victoria Basin dominates

∼

Shallow sandy soils (often stony), and yellow earths

∼

Rugged stony country, and escarpments, intersected by grassed plains

∼

Average annual rainfall (at Timber Creek) 951mm

AIMS AND OBJECTIVES OF THE RESEARCH
The overarching aim of this research is to develop an understanding of riparian erosion in the
Victoria River District, and to determine whether the introduction of cattle to the region in the
1880’s initiated or exacerbated riparian erosion.
Specifically, the following will be achieved:
1. Develop an understanding of the anthropogenic and environmental factors that are
important in controlling riparian erosion in the Victoria River District;
2. Describe the major forms of riparian erosion and their spatial distribution at the catchment
scale, and select a focus morphology for detailed analyses;
3. Determine the causes of riparian erosion features within the focus reach;
4. Calculate the spatial and temporal changes to the focus reach;
5. Discuss the existence of a continuum of form, and the role anthropogenic and
environmental factors have on the control of erosion form;
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6. Conclude as to the role of cattle in riparian erosion, and discuss findings from the reach
scale and how they relate to the catchment scale.

THESIS STRUCTURE AND APPROACH
The overall structure of this thesis, and the order in which the various components have been
completed, is shown in Table 1.2. Introduced in Chapter 1 are the main themes of riparian
erosion and riparian gully erosion processes in large catchments. A morphological approach, in a
spatial-temporal context, was adopted to address the main themes and various components of the
research.

In Chapter 2 the land use history and environmental setting of the Victoria River District (VRD) are
presented. The diaries of the early European explorers are examined for references to riparian
erosion, and the environmental setting. Additionally historical material from the early pastoralists
are also examined for the same content. The present day environmental setting is described,
including geology and soils, geomorphology, climate, flow and stream power information; and a
discussion of the explorer’s records compared with the present day data and the author’s
observations. The purpose of Chapter 2 is to present the land use history and environmental
setting of the VRD in order to provide the basis from which to discuss the relationship between
these variables and the initiation and development of riparian erosion features.

Riparian erosion at the catchment scale is addressed in Chapter 3 is riparian erosion at the
catchment scale, identifying the form and spatial distribution of erosion features. A classification
of form is created, and the relationship between form and distribution is discussed with respect to
the environmental variables introduced in Chapter 2. Following this discussion a study reach is
selected for a detailed morphological analysis. The morphology of eight gully complex erosion
features along the study reach is described, and discussed with respect to those variables
identified in Chapter 2.
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The two following chapters consider the origin of gully complex features (Chapter 4) and recent
historical changes (Chapter 5) of those features located along the study reach. Historical records
and Optically Stimulated Luminescence dating (OSL) are used in Chapter 4 to infer the history of
the natural gullies (or, flood drainage channels (FDC)), which over time form gully complexes
upslope from the FDC. Processes of FDC initiation are discussed. Recent historical changes, by
way of air photo analyses (1948 – 1991), ground survey and radionuclide analysis, are discussed
in Chapter 5. Similarly, the evolution of gully complexes is also considered in the current
environmental setting, and in the context of land use history.

A discussion of the results obtained in Chapters 3 to 5 is provided in Chapter 6, relating the
individual components to a broader perspective, including the changes that have taken place over
the recent past and the dynamics of the local fluvial environment. The environmental variables
that are important in driving gully erosion processes are outlined and discussed, particularly those
processes controlling the origin, morphology and spatial distribution of gully complex features.
The thesis is concluded in Chapter 7 with a brief outline of the major findings and the resultant
implications for land managers, as well as recommendations for future research.
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Table 1.2 Thesis Organisation

Chapter
Ch.1: Introduction

Ch.2: Historical and
Environmental Setting of the
VRD

Ch.3: Spatial Distribution and
Morphology of Riparian
Erosion Features

-

-

Ch.4: Origin of Riparian
Erosion Features

-

Ch.5: Recent Historical
Changes to Riparian Erosion
Features
Ch.6: Discussion of Gully
Processes: Formation and
Development

-

-

-

Themes
Riparian erosion
Issues and questions
relating to the VRD
Approaching the issues
Scope of research
Exploration and settlement
history
Physical environment

Spatial distribution
Morphology of riparian
erosion
Erosion classification

-

-

FDC initiation processes
Hillslope versus bank
erosion processes
Role of cattle
Age of riparian FDCs

-

FDC and badlands
development processes
Spatial extent of change
over past 60 years

-

Continuum of erosion form
Process of FDC formation
Process of gully complex
development and
expansion
Coupling: local and large
scale coupling

-

-

-

Ch.7: Conclusions

-

Riparian erosion
distribution
Gully erosion processes in
the VRD

-

Components
Literature review
Aims and objectives
Approach
Thesis structure
Review explorers and
settlers accounts
Geology, soils,
geomorphology, climate,
stream power
Land use
Literature review
Air photo analysis of form
and distribution
Classification development
Selection of study reach
and detailed description of
form
Literature review
Examination of historical
records
Optically stimulated
luminescence dating
Literature Review
Air photo analysis of study
reach
Ground survey
Radionuclide analysis
Review and discuss why
FDCs have formed
Review and discuss why
FDCs evolve to gully
complex form
Review and discuss gully
complex development
processes
Coupling local and large
scale variables
Outline major findings
Implications for land
managers
Recommendations for
future research
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CHAPTER 2:

HISTORICAL AND ENVIRONMENTAL SETTING OF THE

VICTORIA RIVER DISTRICT

SUMMARY: In this chapter the land use history and environmental setting of the Victoria River
District (VRD) are explored. Present day environmental conditions are compiled under six major
headings, including geology, geomorphology, soils, hydrology, climate and land use. The VRD
geology and soils can be divided into two major zones: 1) the Antrim Plateau Volcanics, illustrated
by flood basalt in Figure 2.1 , and associated grey and brown clays (CC55) and red and brown
loam (Gg5) soil units in the eastern central to upper catchment; and 2) the siltstone, sandstone
and shale of the Victoria River Basin, and associated shallow sandy soils (BA6) in the western
central to lower catchment. The hydrology of the VRD is directly linked to the climate of the
region, and its location within the semi-arid tropics, where a wet and dry season occur annually.
Rainfall and runoff are most pronounced during the wet season, from November to May. Major
flood events, and regular over-bank events, occur during the wet season. Land use history is
reviewed, which includes the traditional occupation by Aboriginal people, up to 15 000 years ago;
the exploration of the VRD by A.C. Gregory in the 1850’s; the subsequent introduction of cattle
and settlement of the area by Europeans in the 1880’s; and the recent pastoral history of the
VRD. Presently, the VRD is dominated by cattle grazing, however the Gregory National Park
occupies 11,000km2 (9%) and Aboriginal Land Trusts occupy 12,500km2 (10%) of the VRD.
Reviewing the records of the environmental setting, provided by the early explorers, compared
with the present day conditions, highlights the environmental changes that have occurred. These
include a change to riparian vegetation composition, whereby reeds and grasses no longer
dominate, as well as changes to the channel bank morphology, which has become less steep, as
a result of the deposition of sand on the channel banks.

INTRODUCTION
The overarching aim of this research, as described in Chapter 1, is to develop an understanding
of riparian erosion in the VRD, including determining the role of cattle in such erosion. A key
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question this research aims to answer is whether or not the erosion evident in the VRD is purely a
response to pastoral land use, or whether it is entirely a natural process (the null hypothesis) that
occurs independently of cattle grazing. Most likely, the erosion occurring in the VRD is a
combination of natural processes and adjustments to land use. It is widely recognized that there
is potential to misunderstand the natural instability of an erosion system, and attribute the change
to human impact, or to overemphasize the impact of human activity (Dollar, 2000; Knighton, 1998;
Sandercock, 2004). To distinguish between land use impact and natural processes driving
change in the VRD, the history of land use needs to be examined in addition to the environmental
setting in which it occurs. Historical documents are investigated in this Chapter in an attempt to
find early references to the state of the environment in the VRD, in particular any description of
the Victoria River riparian zone.
An outline of the historical events that have shaped the VRD is presented below, adapted from
Ludwig and Stafford Smith (2005). The timeline divisions are subjective, but highlight significant
events or periods of activity. Each event is discussed in detail later in this chapter.

•

Pre-1830’s: traditional Aboriginal occupation – The VRD had been inhabited by Aboriginal
people for more than 15 000 years prior to European settlement. The diversity of the
catchment would have provided resources for a large Indigenous population (Sharp and
Whittaker, 2003). The Aboriginal people actively managed the VRD’s resources through
an annual fire regime, which was characterized by the burning of floodplains in patches
from the start of the dry season until the end (Ludwig and Stafford Smith, 2005; Sharp
and Whittaker, 2003).

•

1830 – 1870: European exploration – Philip King first entered the Victoria River mouth in
1819, and Wickham and Stokes ventured slightly further upstream in 1839, but it was not
until 1855 that the VRD was fully explored by the party lead by Augustus Charles
Gregory.

•

1870 – 1960: early Pastoral settlement – The first pastoral lease was granted in 1879, to
Charles Fisher and Maurice Lyons who established the Northern Australian Pastoral
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Company (Buchanan, 1997; Ludwig and Stafford Smith, 2005; Makin, 1970). Stock were
largely uncontrolled, with fences being difficult to construct and even harder to maintain.
Water was only available in the rivers and as a result riparian zones were heavily grazed.
During this period of pastoral settlement Aboriginal people were initially displaced from
their lands, but given the opportunity, proved to be excellent stock hands and were the
primary source of labour (Kraatz, 2000; Lewis, 2002; Ludwig and Stafford Smith, 2005).

•

1960 – 1990: modern Pastoral development – Many events occurred during this period
that were crucial to instigating change, and ultimately shaping the VRD to what we see
today. The first major event was the development of roads and road-trains in the 1960’s
which allowed all-weather access by trucks, and therefore more rapid transport of cattle to
markets. (A quicker method of transport allows for greater stock numbers and therefore
increased grazing pressure.). Secondly, the artificial watering points established by bores
reduced the impact on natural watering points. Thirdly, as a result of the strike by
Aboriginal workers at Wave Hill station, fair wage rights were introduced in 1967. This
event was also important in granting Aboriginals the right to return to, and claim title, to
their land. The fourth major event occurred during the 1970’s when there was a change
in the type of cattle that were grazed in the VRD. Until the 1970’s, short-horn Bos taurus
(Herefords) were grazed throughout the VRD, but the tick resistant and heat tolerant longhorn Bos indicus (Brahmans) became the preferred choice. The final event was the
Brucellosis and Tuberculosis Eradication Campaign (BTEC) carried out during the 1980’s,
which eliminated these diseases from the VRD cattle (Ludwig and Stafford Smith, 2005;
Makin, 1970; Roth et al., 1999). BTEC demanded the mustering of all cattle in the VRD
which provided an opportunity for station managers to gain greater control over their
stock, and also to assess the feral animal (donkey and horse) numbers.

•

1990 – 2006: heightened pastoral conservation practices – An extensive survey of the
degradation of the VRD was completed in 1986 (Condon, 1986), and in conjunction with
the ‘Decade of Landcare’, funded by the Australian Government, the pastoralists of the
VRD established the Victoria River District Conservation Association (VRDCA). The aims
of the VRDCA are to rehabilitate degraded country, and improve management practices
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to ensure the value of the land is improved and able to be maintained (Ludwig and
Stafford Smith, 2005; Sullivan and Kraatz, 2001). Management practices that are being
encouraged by the VRDCA are: fencing of riparian zones; limited stock access to riparian
zones; reducing the number of feral animals (in particular donkeys); elimination of weeds;
and the use of a controlled fire regime, such as that used by the Aboriginal people before
European settlement.
This timeline provides a starting point from which to consider how these events impacted on the
environment. Explorers’ notes and diaries, pastoralists’ journals, and published research are all
examined to develop the historical timeline, and the following discussion.

ENVIRONMENTAL SETTING
The landforms, soils and topography are all closely linked to the geology of the region (see Table
2.1). The vegetation of the VRD is savanna, growing on limestone and sandstone ranges, mesas
and plateau, gorges, and undulating rocky surfaces. Cambrian flood basalt and the Proterozoic
limestone and sandstone groups of the Victoria Basin dominate the geology (Beier et al., 2002).
Cracking clays, duplex soils and red and yellow earths are the major soil types in the VRD
(Kraatz, 2000; McKenzie et al., 2004). Vegetation communities range from Mitchell and Flinders
grass plains, to low Eucalypt woodlands and scrub lands through to rainforest patches (Lewis,
2002).

Table 2.1 Relationship between parent material, soils and topography in the VRD (Karfs, 2000)
Parent Material
Basalt
Limestone, dolomitic and
calcareous sediments
Sandstones and calcareous
sandstone
Non-calcareous shales (northern
VRD)
Calcareous sedimentary rock or
basalt















Soils and Topography
Red earths on sloping terrain
Cracking clays on lower to flat slopes
Rock outcrop and/or very stony surfaces common
Earths and yellow earths on well drained slopes
Cracking clays on poorly drained, lower slopes
Sandy red earths
Some yellow earths and lateritic podzolic soils
Rugged stony country; some undulating erosional plains
Yellow earths
Shallow sandy soils also prevalent on floodplain deposits
Rugged stony country; many rock outcrops; some sloping or low hilly
dissected areas
Clays dominate alluvial plains
Gently sloping plains, often mantled with stones
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The physical setting of the VRD is discussed under six headings: geology, soils, landforms,
climate, hydrology and land use.

Geology
The Proterozoic Victoria Basin occupies much of the VRD, and the sedimentary rock types have
been subdivided into four groups, namely the Auvergne, Wattie, Bullita and Tijunna Group (Beier
et al., 2002). In addition to these groups, the Victoria River flows through the Cambrian Antrim
Plateau Volcanics (Beier et al., 2002). A simplified geology map is presented as Figure 2.1.
The Wattie Group is subdivided into seven formations, although the group can be described more
generally as consisting of siltstone, sandstone and dolostone (Beier et al., 2002). The Wattie
Group is exposed in some areas of the VRD, mainly in the south-western area towards Wave Hill.

The Bullita Group, which follows the Wattie Group in ascending stratigraphic order, comprises five
formations. Like the Wattie Group, the Bullita Group contains dolostone, siltstone and sandstone
(Beier et al., 2002), and these are mostly concentrated around the central VRD. The Bullita
Group can be distinguished from the Wattie Group by the higher content of carbonate (Beier et al.,
2002).

Only two formations make up the Tijunna Group, the Wondan Hill Formation and the Stubb Hill
Formation (Beier et al., 2002). Generally described as sandstone and siltstone, both groups also
contain mudstone (Beier et al., 2002). Typically the Tijunna Group forms mesas and ridges in the
downstream extent of the central Victoria River reaches (Beier et al., 2002).

Finally, the Auvergne Group is made up of seven formations, only one of which crops out in the
VRD, the Jasper Gorge Sandstone (Beier et al., 2002; Dunster et al., 2000). Unlike the Wattie,
Bullita and Tijunna Groups the Auvergne Group consists not only of sandstone, siltstone and
dolostone, but also conglomerate and dolarenite (dolomite sand) (Beier et al., 2002). The Jasper
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Gorge Formation is exposed in cliff sections in the Gregory National Park, bordering Jasper
Creek, a tributary of the Victoria River.
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Figure 2.1 Geologic Divisions of the VRD
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Soils
The distribution of soil types is illustrated in Figure 2.2. The soil unit codes are derived from the
‘Factual Key for the Recognition of Australian Soils’ (Northcote, 1971). Several ‘chief soil types’
and topography are grouped to form the soil unit codes presented in Figure 2.2, and a description
of each soil unit within the riparian zone, including the chief soils codes, are provided in Table 2.2.

The shallow sandy soils (BA6) and the grey and brown clays (CC55) clearly dominate the soil
distribution map, with grey and brown clays in the middle to upper eastern catchment, and shallow
sandy soils in the middle to lower western catchment. The BA6 soils, are also described as
‘rugged stony country’ (McKenzie and Hook, 1992; Northcote, 1971), and are found on siltstone,
sandstone and shale rocks. Similarly, the ‘gently sloping and undulating plains’ comprising unit
CC55 (McKenzie and Hook, 1992; Northcote, 1971), corresponds to the area of flood basalt, the
Antrim Plateau Volcanics (APV). This pattern reinforces the relationships presented in Table 2.1
between parent material and soil type and topography.

The grey clay floodplains (CC53) are found along the margins of the Victoria River in the central
Victoria River Downs region, and are also prominent along the length of the West Baines River in
the north western VRD. As described in Table 2.1, steep gully systems are common in these soil
types, and this is endorsed by on-ground observations by the author. Cracking clays, or vertisols,
are the chief soil type, and often weak gilgai (patterned ground) are associated with the vertisols
(McKenzie and Hook, 1992; McKenzie et al., 2004).

Associated with the grey and brown clay soils, and the APV, are red and brown loam soils (Gg5),
found on ‘hilly country on basic and igneous rocks’ (McKenzie and Hook, 1992). Red and brown
loams are the chief soils, and the description provided in Table 2.2 refers to the rounded hills and
mesas associated with the flood basalt. Red and brown loams are particularly prevalent in the
headwaters of the Victoria River, as well as the eastern mid-catchment, on Victoria River Downs
station.
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Table 2.2 Soil Unit Codes, Description and Chief Soils of the VRD (McKenzie and Hook, 1992; Northcote, 1971)
Soil Unit Code
BA3
BA6

CC53
CC55

Gg5

JJ27
Qa18

Description
Rugged stony country; ridges, cuestas and plateaus; formed in sandstone, quartzite, shale
and some limestone; rock outcrops are common. Chief soils are shallow, often stony, sands
and sandy loams (Uc1.43, Uc4.1) and also some loams (Um4.1)
Rugged stony country; ridges, cuestas and plateaus with some sloping or low hilly dissected
areas on sandstone, quartzite, shale and some limestone; many rock outcrops. Chief soils
are shallow sandy, often stony soils (Uc1.43, Uc4.1) together with shallow, often stony, loamy
soils (Um4.1, Um4.2)
Flat to gently sloping floodplains. Chief soils are grey clays (Ug5.24) on the nearly flat plains
with small areas of brown clays (Ug5.34). Various undescribed loamy and clayey soils occur
in often steep gully systems.
Gently sloping and undulating plains derived from intermediate and basic igneous rocks and
usually mantled with stones; some low stony rises. Chief soils are grey and brown clays
(Ug5.24, Ug5.34, Ug5.37, Ug5.38, Ug5.22 and Ug5.28) on moderate to gentle slopes
sometimes with weak gilgai.
Hilly country on intermediate and basic igneous rocks with residual mesas and buttes;
numerous rock outcrops. Chief soils are red and brown shallow porous loamy soils (Um6.24,
K-Um6.24 and Um6.23) with scattered boulders on mesas, buttes, crests and slopes of
rounded hills.
Undulating to low hilly shaley country with some rock outcrops. Chief soils are shallow sandy
soils (Uc4.1m, K-Uc4.1), often stony and gravelly, with some shallow loams (Um4) on
moderate to gentle slopes.
Narrow valley plains with terraces, valley side slopes, and some undulating to low hilly
portions; derived from sandstones, shales and limestones. Chief soils are hard neutral, and
also alkaline, red soils (Dr2.12, Dr2.13) on the valley plains and terraces, some of which are
stone-covered.

The VRD geology and soils can be divided into two major zones: 1) the Antrim Plateau Volcanics,
illustrated by flood basalt in Figure 2.1 , and associated grey and brown clays (CC55) and red and
brown loam (Gg5) soil units in the eastern central to upper catchment; and 2) the siltstone,
sandstone and shale of the Victoria River Basin, and the shallow sandy soils (BA6) in the western
central to lower catchment.
The major divisions of the Northcote (1971) Factual Key of Soil Types, that are represented in the
VRD include the Uc (sands), Um (loams), Ug (cracking clays), and Dr (red duplex soils) groups.
The sand (Uc) and loam (Um) textured soils have a natural susceptibility to erosion due to their
porous texture, through which water can easily infiltrate, and soil particles are removed by water.
Furthermore, the distribution of these soils within the catchment increases the risk of erosion, as
they are located along the channel margins, in areas of high seasonal rainfall (central to lower
catchment), and in those areas regularly inundated, and drained, by flood waters. The inherent
nature of these soils to erode may be exacerbated by anthropogenic processes.
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Figure 2.2 Soil Classes of the Victoria River District
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Landforms
The landforms of the VRD are linked closely with the geology of the region. The VRD is divided
into five geomorphic groups, namely the Victoria River plains and benches, Victoria River Plateau,
Sturt Plateau, Victoria River Basin, and the Cambridge Gulf Lowlands (Karfs, 2000).
Approximately half of the area of the VRD is characterized by rugged rock outcrops and shallow,
sandy soils (Condon, 1986; Karfs, 2000). The remaining area is dominated by gently undulating
erosional plains, flat lateritic surfaces, and alluvial plains associated with the major rivers and
creeks (Beier et al., 2002; Condon, 1986; Dunster et al., 2000; Karfs, 2000). Most of the VRD lies
less than 300m above sea level (Karfs, 2000).

The upper catchment falls into the ‘Victoria River plains and benches’ geomorphic subdivision,
dominated by flood basalts (Bultitude, 1973). The sloping terrain contains red and brown loam
soils, while on low to flat slopes cracking clays are also apparent. The mid catchment area, which
includes the Victoria River Downs and Humbert River stations, occurs in the ‘Victoria River
plateau’ subdivision, where escarpments and rocky outcrops are common (Beier et al., 2002).
Sandstone, dolostone and limestone dominate, with associated grey and brown clays, as well as
earths and yellow earth soil types. Closer to the Victoria River itself, gently undulating erosional
plains, gently sloping floodplains and lateritic surfaces are more common. These areas contain
grey and brown clay soils, and red sandy loams and grey clay soils in the steep gullies (McKenzie
and Hook, 1992; Northcote, 1971). In the lower catchment, plains of the ‘Victoria River plateau’
subdivision occur.

The ‘Whirlwind Plains’ occurs through the limestone and sandstone

escarpments, and shallow, sandy soils are most common (Dunster et al., 2000). This area can be
described as rugged, stony country, with numerous rocky outcrops. The flat to gently sloping
floodplains that occur within the rugged country are similar to those found in the central VRD, with
grey and brown clays along with grey clays and red sandy loams exposed in steep gully systems
(McKenzie and Hook, 1992; Northcote, 1971).

CLIMATE
The VRD is located within the semi-arid tropics of northern Australia. Rainfall is seasonal, with
approximately 90-95% of the annual rain falling between November and April (Roth et al., 1999).
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Figure 2.3 presents the average annual rainfall for the Northern Territory, based on data from
1961 to 1990. Mean annual rainfall at Timber Creek is 951mm (recorded from 1981 to 2008),
over 200mm higher than that at Wave Hill (689mm; recorded from 1974 to 2008; 456mm recorded
from 1928 to 1962), which is 250km to the south (Bureau of Meteorology, 2004). Victoria River
Downs has a mean annual rainfall of 658mm, recorded from 1885 to 2008. All three recording
stations have their highest rainfall in February (mean 228mm in Timber Creek, 162mm at Victoria
River Downs, and 176mm at Wave Hill), and their lowest mean monthly rainfall in August (0.2mm
at Timber Creek, 1.0mm at Victoria River Downs, and 1.1mm at Wave Hill). Wave Hill has higher
monthly averages than Victoria River Downs, despite being over 100km to the south and within a
more arid environment. This is a result of the period over which the averages were taken. At the
Wave Hill Post Office recording station, for which records are from 1928 to 1962, February also
has the highest monthly rainfall with 112mm, while August has the lowest monthly rainfall, with
0.8mm. The average annual rainfall at this station, during the period it was operating, was
456mm. The difference between these figures (especially the average annual rainfall), and those
for the Wave Hill station operating from 1974 to 2008, is indicative of the increased rainfall
experienced over the past 20 to 30 years.
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Figure 2.3 Average Annual Rainfall (mm) for the Northern Territory (Bureau of Meteorology, 2008) – note location of
Timber Creek and Wave Hill.

The Victoria River floods during the wet season, making parts of the catchment inaccessible for
many months. In particular, alluvial floodplains may be inundated for several months at a time,
especially in the tidal reaches (Sharp and Whittaker, 2003). Similarly, non-tidal black soil plains
can also become waterlogged for up to 6 months. The Victoria River peaked at 23.4m at the
Victoria River bridge (in the lower-mid catchment), on the Victoria Highway, in 1974. The bridge
has a deck height of 12m.
Despite most of the VRD being located in the ‘semi-arid tropics’, the north of the VRD (lower
catchment) is located in the wet-dry tropics, which also experiences a seasonal rainfall pattern,
including tropical cyclonic events during the wet season. Cyclones play a significant role in rainfall
generation in the north of the catchment, and the average annual number of cyclones is presented
in Figure 2.4. While the eyes of the cyclones are most often further north than the outlet of the
Victoria River, the low pressure system associated with cyclones brings considerable rain across
the region. On the other hand, Wave Hill to the south of the VRD, borders the edge of the Tanami
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Desert, and experiences a semi-arid climate, with high temperatures and lower rainfalls. Cyclonic
events also bring rain to the southern VRD, however the amount of rainfall is not as significant.
Therefore, widespread heavy falls occur with the passage of tropical cyclones which are more
frequent in the north than the inland southern regions (Gentilli, 1972). Convective storms and
thunderstorm activity may occur for up to 60 days in the north, but less frequently in the south, on
average 20 days. Cyclone and storm events have important implications for flooding. They can
result in prolonged, major flood events that can occur for days to weeks. Localized storm activity,
on the other hand, can bring heavy rainfall, but is related to shorter, more frequent flood events, or
flash floods, that may occur only for several hours. Rainfall intensity-frequency-duration (IFD)
data are presented in Figure 2.5, Figure 2.6, Figure 2.7 and Figure 2.8.

Figure 2.4 Average annual number of tropical cyclones in Australia (Bureau of Meteorology 2008)
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Figure 2.5 IFD Curve for Timber Creek (Bureau of Meteorology, 2008)

Figure 2.6 IFD Curve for Victoria River Downs (Bureau of Meteorology, 2008)
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Figure 2.7 IFD Curve for Wave Hill Post Office (record from 1928 to 1962) (Bureau of Meteorology, 2008)

Figure 2.8 IFD Curve for Wave Hill (record from 1973 to 2008) (Bureau of Meteorology, 2008)

While the rainfall averages are markedly different between the northern and southern VRD, the
difference between the mean daily maximum temperatures for Timber Creek and Wave Hill is less
41

significant. The mean daily maximum temperature in July for Timber Creek is 31°C, and 28°C at
Wave Hill, and there is even less difference in the November temperatures, recorded at 38°C and
39°C respectively (Bureau of Meteorology, 2004). The mean monthly rainfall and mean daily
maximum temperature are illustrated in Figure 2.9 and Figure 2.10, below.
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Figure 2.9 Mean monthly rainfall and daily maximum temperatures for Timber Creek, N.T. The mean annual rainfall
is 951mm (Bureau of Meteorology, 2008)
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Figure 2.10 Mean monthly rainfall and daily maximum temperatures for Wave Hill, N.T. Mean annual rainfall is
689mm (Bureau of Meteorology, 2008)

Over the past 30 years, there has been a marked increase in rainfall. Figure 2.11 presents the
average monthly rainfall for the period of record (1885 to 2008) at Victoria River Downs station,
and it also shows the average monthly rainfall at the same station between 1971 and 2000. There
is an obvious increase in average rainfall across the wet season months (November through
April), particularly in February and March. The average number of tropical cyclones across the
Northern Territory has generally declined since the early 1980’s, which suggests that the increase
in rainfall over the past 30 years is more likely a result of frequent, short-lived intense rainfall
events, as opposed to large cyclonic events (Bureau of Meteorology, 2008). Increased rainfall,
and rainfall intensity, has significant implications for local hydroclimatological processes,
particularly, channel, riparian (including the floodplain) and upland erosion processes.
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Figure 2.11 Mean rainfall (1885 - 2007) versus average monthly rainfall during the past 30 years (1971 - 2000)
(Bureau of Meteorology, 2008)

HYDROLOGY
The Victoria River is the largest river in the Northern Territory at over 700km long, with a
catchment area of 125,000km2. Seasonal rainfall results in high flows during the wet season and
low flows during the dry, with six gauging stations recording the flow characteristics (Figure 2.12).
The mid and upper river reaches cease to flow during April-May at Wave Hill (G8110016), and
during August in the mid catchment, as recorded at Dashwood Crossing (G8110113). The
Victoria River at the Coolibah gauging station records flow all year round, except in exceptionally
dry years (G8110007).

There are several major tributaries of the Victoria River, all of which are perennial. The largest
tributaries include the Camfield River in the upper catchment, the Wickham and Humbert Rivers in
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the mid catchment, and the East and West Baines rivers in the lower catchment. There are
numerous smaller (both perennial and ephemeral) tributaries in the catchment. Based on the
north-south rainfall gradient, and the gauging station records, most of the runoff is generated in
the middle and lower catchment.

Figure 2.12 N.T. Government maintained gauging stations in the Victoria River Catchment (NT Government, 2006)

Flood Frequency Analysis
Flood Frequency Analysis (FFA) was undertaken as a precursor to the determination of stream
power (see section 2.4.2 following). FFA fits observed stream flow records to a Log Pearson III
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probability distribution, allowing the peak discharge to be determined for specific flow events
(termed either Annual Exceedance Probability (AEP) or Annual Recurrence Interval (ARI))
(Pilgrim, 2001).
Flow data were provided by the Northern Territory Department of Natural Resources, Environment
and the Arts (NRETA) for 6 gauging stations in the Victoria River catchment. Flood frequency
analysis (FFA) was undertaken for each gauging station using the methods described in Pilgrim,
(2001), using a Log Pearson III distribution. Table 2.3 presents the annual recurrence intervals
(ARI’s) for each of the gauging stations. FFA curves for each of the gauging stations are included
in Appendix 1.
Table 2.3 Flood frequency analysis for Dashwood Crossing (Victoria River)- G8110113, Coolibah Homestead
(Victoria River) – G8110007, Wave Hill (Victoria River) – G8110016, and Williams Crossing (Wickham River) –
G8110232.
ARI
(years)
1
2
10
100

G8110113
165
3405
6438
7746

Gauging Station Number (discharge m3 sec-1)
G8110007
G811001
269
8.72
2265
1055
5768
2797
11038
3654

G8110232
11.7
113
132
133

The length of records on which these flood frequency analyses are based is short, ranging from
32 to 51 years (see Table 2.3). The largest recorded discharge was 8870m3sec-1 in the flood of
2001, at the Coolibah Homestead gauging station (5km downstream from the Victoria River
bridge). The results demonstrate that large flow events occur regularly on the Victoria River.
Stream Power
A stream power profile has been generated for the Victoria River by using a catchment scale 3
second DEM and discharge information. Stream power is the energy available to transport
sediment (Jain et al., 2006; Knighton, 1999). Defined further by Knighton (1999), stream power is
potential energy which is converted to kinetic energy as water flows downslope. Once a critical
threshold has been reached, soil particles are detached and transported. The stream power
curve represents the rate of energy expenditure at any given point in the river system.
Stream power (Ω) per unit channel length (Wm-1) is defined as
Ω = y.Q.s

Eq 1
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where y is the specific weight of water (=9810Nm-3), Q is the water discharge (m3s-1), and s is the
energy slope (m/m) considered equivalent to the channel bed slope. This equation represents the
rate of energy expenditure per unit length of channel. Slope (s) and discharge (Q) are the two
variable components of the stream power equation (1), with y constant. Slope was calculated from
the DEM, while an area discharge relationship of the form:
Q = kAc

Eq 2

where, Q (m3s-1) is the discharge (k) for a unit area watershed, A is the drainage area, and c is the
scaling power dependency, was fitted to the FFA data to obtain discharge estimates along the
main channel (where the DEM was also used to calculate catchment area). Generally, but
certainly not always, the trend observed is of increasing discharge with decreasing slope for
natural rivers (Knighton, 1999).
Figure 2.13 presents the change in elevation with distance (m/m), considered to be equivalent to
the channel bed elevation, from the headwaters of the Victoria River to the outlet. As expected
the slope decreases from the headwaters to the outlet, with a 2nd order polynomial (r2 = 0.987)
providing a smoothed representation of the relationship between elevation and distance along the
main channel.

Stream Power (Wm-1)
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Figure 2.13 Stream Power at 10km intervals for the Victoria River
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The stream power curve was averaged (running average) at 10km intervals, to enable patterns to
be viewed more easily, and to reduce noise in the graph. The oscillation in the graph represents
changes in channel morphology (narrowing or widening of the channel), or where a tributary
enters, which would result in an increase in upstream area, and therefore an increase in Q.

General patterns in the curve indicate that stream power increases over the first 200km, before it
plateaus in the mid catchment region and then declines over the final 150km. The catchment can
be divided into upper, middle and lower regions based on this curve. The upper catchment is
defined as the 200km length of river from the headwaters. The mid catchment includes the
section from 200km to 550km where stream power plateaus on average, and the final 150km can
be considered the lower catchment where the curve declines as the channel widens, before the
river flows into the Joseph Bonaparte Gulf. Throughout this thesis there are references to the
upper, middle and lower Victoria River catchment, as defined above.

The mid catchment, or the plateau evident in the stream power curve, exhibits the greatest stream
power values. As stated above, stream power is the energy available to transport sediment.
Therefore, it is expected that channel bed incision will be most significant in the mid catchment (if
there are no other changes) based solely on the stream power curve, and if this is the case there
will be an increased hydraulic head in the riparian zone. Based on the environmental variables
presented in this Chapter, it is hypothesized that much of the riparian erosion along the Victoria
River will occur in the mid catchment, due to regular flooding of the riparian zone (resulting in the
need for floodwaters to drain back to the main channel, creating a Flood Drainage Channel, or
FDC, which is the locus for gully complex growth upstream) and increased stream power (which
may lead to incision of the main channel, increasing hydraulic head, and in conjunction with soil
distribution, results in knickpoint creation and the locus at the head of the FDC for gully complex
growth). The inferred incision based solely on stream power should be tested by measuring
cross-sections of the channel. This was beyond the resources available for this project.
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LAND USE
Land use in the VRD is divided between pastoral lands, Aboriginal Land Trusts, national parks
and Australian Defence Force land. Pastoral production is the dominant land use in the VRD, and
is its primary source of income.

Cattle arrived in the VRD in 1883, and by 1894 much of the area was settled and taken up by
pastoral leases. Today, many of the cattle stations are large company owned enterprises, with
estimates of between 500,000 and 750,000 head of cattle on the VRD (Kraatz, 2000). There are
approximately 20 cattle stations currently operating in the VRD, ranging in size from 1,100km² to
12,000km² (Kraatz, 2000). Three of Australia’s largest privately owned pastoral companies,
Heytesbury Beef, Consolidated Pastoral Company and Australian Agricultural Company, run 15 of
the 20 stations in the VRD. Property boundary changes are common, as lands are taken up for
Aboriginal communities, extension of national parks, and properties selling lands to neighbouring
stations (Kraatz, 2000). Change of station managers is also frequent in the VRD.

Gregory National Park (GNP) is 13,000 km² in area, and the second largest national park in the
Northern Territory. Much of GNP consists of sandstone gorges and escarpments, and smaller
pockets of black and red soil plains. Management issues facing park rangers include feral
animals, weeds, fire and the protection of threatened species, with programs being undertaken to
address all of these issues, while still enabling access for visitors.

Aboriginal communities in the VRD range from small outstations to small permanent communities,
as well as six Aboriginal run cattle stations. There are approximately 27 communities, with the
four major communities at Yarralin, Amanbidji, Daguragu and Kalkarindji, each of which support a
population of over 100 people (Kraatz, 2000). Aboriginal run cattle stations include Amanbidji,
Malngin 1 and 2, Fitzroy and Innesvale Stations and the Daguragu Land Trust area, which cover
approximately 10% of the total VRD (Kraatz, 2000). Aboriginal identity is closely linked to
geography and ecology, as well as family, language, region, and clan (Kraatz, 2000), and as such
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it is important to recognize the role Aboriginal people have played, and will continue to play, in the
history and development of the VRD both socially and environmentally.

Bradshaw Field Training Area, formerly known as Bradshaw Station, was purchased by the
Australian Defence Force (ADF) in 1996, to serve as a major training resource (Kraatz, 2000).
Until its purchase by the ADF, Bradshaw operated as a cattle station from the early 1880’s, having
been one of the first areas of the VRD discovered by early European explorers (Gregory and
Gregory, 1884; Lewis, 2002). Cattle have now been removed from Bradshaw, and the ADF
continues to develop the land for training.

HISTORICAL SETTING
Australia’s river systems were a primary focus of early exploration and settlement (Tooth and
Nanson, 1995) and, as such, the diaries of explorers provide an invaluable source of information.
Exploration of the Victoria River District (VRD) began in 1839, but it was not until 1879 that the
first European settlers arrived, to be followed by cattle in the following few years. A wide array of
historical documentation is available for the VRD and therefore it is possible to piece together an
environmental snapshot using explorers’ diaries, drovers’ and Aboriginal accounts. Of particular
use is the diary of A.C. Gregory which has been provided, for free, online. Through the journal,
when read in conjunction with a modern day map of the VRD region, it is possible to trace the
journey of A.C. Gregory and his team, and identify the particular locations to which he is referring
in his journal. This component of the research draws on the historical records to compile an
understanding of the state of the environment at critical points throughout the history of the VRD.

Aboriginal History
Aboriginal people occupied the VRD for more than 15 000 years before settlement by Europeans
(Clarkson, 2002, 2006, David et al, 1994). The richness of the VRD supported a large population
of Indigenous people, and these people actively managed the available resources primarily
through a regular burning regime. The Victoria River flows almost year round, and there are
numerous deep, permanent waterholes that supported Aboriginal people. Such waterholes

50

provide a plentiful supply of fish, and animals grazing by and drinking from the river would also
have been a valuable food source. During the period of European settlement, Aboriginal people
were removed from their land to make way for pastoral enterprises, although they returned before
long, as Aboriginal men proved to be excellent stock hands and cheap labour, while the women
were useful around homesteads. It remains unclear whether traditional burning practices were
carried on during this time. It is a fair assumption that pastoral managers did not allow traditional
practices to be continued on their newly acquired land.

In 1967 fair wage rights were granted to

Indigenous people, and this meant that station managers had to consider alternative management
practices as their greatest source of cheap labour had been removed. In addition to equal wages,
land right claims also began around the same time, granting traditional owners the title to their
land. Today, there are many Aboriginal communities in the VRD, including the four major centres
of Yarralin, Amanbidji, Daguragu and Kalkarindji. There are also several Aboriginal run pastoral
stations, and some of the Daguragu Land Trust is used for pastoral purposes (Kraatz, 2000).

European Exploration and Settlement
Captain John Wickham and his lieutenant, John Stokes, were officially the first Europeans to
explore the Victoria River District in 1839, aboard the ship Beagle (Lewis, 2002). They sailed the
ship into the mouth of the Victoria River, and from the head of the tidal reach the lieutenant
walked a further 60 to 70 km upstream (Lewis, 2002). This particular voyage lasted only one
month and, although the explorers’ notes provide some description of the vegetation, the notes
are generally poor (Lewis, 2002). It was not for another 16 years that the next European
explorers entered the Victoria River District.

In 1855-56 Augustus Charles Gregory led the North Australian Expedition from Treachery Bay
(north of the Victoria River mouth) to Lake Gregory in Western Australia. Gregory’s journey took
him through the entire VRD, out of the catchment area into the inland flowing Sturt Creek
catchment, eventually arriving at Lake Gregory in Western Australia. After completing the oneway trip, Gregory again headed north before crossing back into the Northern Territory, returning to
the base camp on the lower Victoria River. After completing this journey he overlanded his party
across Australia to Brisbane. The entire trip took over 18 months.

51

Gregory kept a journal of this expedition describing in detail the country they traversed, as well as
the day to day operations. He encountered many distinct types of country from rugged, rocky
ranges to open-plains; however, there are three general observations that are recurrent: firstly,
that much of the VRD was lightly timbered open grasslands; secondly, that river and creek banks
were very steep; and, finally, that these banks were densely vegetated, particularly by reeds
(Gregory and Gregory, 1884; Lewis, 2002). All three of these observations are expressed in the
excerpt below, for an area near the present day Pigeon Hole Community:
“9th April - Continued our route down the creek in a northerly direction, leaving the camp at 6.15 a.m.,
and at 7.55 reached its junction with the Victoria. The river had high banks and formed deep reaches
of water, with a dense growth of pandanus, melaleuca, flooded-gum, and other trees in the dry
portions of the channel; the country on both banks was basaltic, and rose gradually into fine grassy
downs; the soil very stony, but a good dark loam; sandstone showed where the river had cut through
the basalt, which is not of any great thickness. At 2.35 p.m. camped on a back channel of the river, as
the principal channel was difficult of access from the steep bank and dense growth of reeds. Although
the upper part of the Victoria had long ceased to run, this part of the river was flowing with a strong
stream ten yards wide and six feet deep. Latitude by Regulus and Argus 16 degrees 45 minutes 30
seconds.”

(Gregory and Gregory, 1884)
Gregory described a number of times, and in some detail, the channel bank morphology of the
Victoria River and its tributaries. Below are two examples of Gregory’s notes, which describe how
many of the channels were difficult to cross owing to very steep channel banks and riparian
vegetation:
“…reached the bank of the Victoria; but it was so steep that the horses could not approach the water”
“The bank of the Victoria being so densely covered with reeds that the water was not accessible.”

(Gregory and Gregory, 1884)
It was also noted by Gregory that much of the Victoria River District was good pastoral country.
This is highlighted in the following two examples, the first of which describes an area near Jasper
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Creek, and the second a tributary creek of the Victoria River between the present day Mt. Sanford
and Camfield Stations:
“12th January. The general character of this part of the country is good and well suited for stock,
though not equal to the basaltic country to the eastward on the Victoria. Hard sandstone, jasper, and
coarse limestone are the prevailing rocks.”
“8th April. At 6.0 (sic) a.m. left the camp, and steered an average west-north-west course over an
undulating grassy country of basaltic formation; at 11.45 reached the bank of the creek, which formed
fine pools fifty yards wide, with fine open grassy country on both sides, well suited for stock. Followed
the creek west till 1.5 p.m., when we crossed to the left bank and encamped. Latitude by Regulus and
Argus 16 degrees 59 minutes.”

(Gregory and Gregory, 1884)

Post-European Settlement
Early European settler’s accounts generally elaborate on the observations by A.C. Gregory, and
describe the grasslands, geology and characteristics of the Victoria River and its tributaries. The
following excerpt is from the Government Resident (Lewis, 2002), in which Nat Buchanan
describes Wave Hill station, where he was the pioneer:
“Mr. Buchanan describes the country as being chiefly basaltic, well watered, and with Mitchell and
blue grasses.”

“The country is well watered back from the river and its tributaries, which are permanent. The timber
is good and in sufficient quantities for building and fencing, but the bulk of the country is open plains
with bald hills.”

(Lewis, 2002)
Also cited in Lewis (2002), the same Government Resident published another letter from Lindsay
Crawford, the first manager of Victoria River Downs station (Makin, 1970):
“At the junction of the Wickham and Victoria it (the country) consists of mimosa plains, well grassed
with Mitchell and barley grasses, cotton bush, blue grass, blue bush, &c. This extends for some
twenty miles, when it runs into high downs, with good grasses, and the only timber being nut tree,
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similar to the quandong. There are lots of herbs and melons. This sort of country extends right up the
river, getting slightly better until, at Camfield Creek, you meet with salt bush. Splendid sheep
country.”

(Lewis, 2002)
The excerpts above provide very early accounts of the environmental setting after European
settlement, which serves only to consolidate the records of explorers, as opposed to providing an
indication of change since the introduction of cattle.

The accounts of A.C. Gregory and early settlers and pastoralists, such as Nat Buchanan, provide
baseline descriptions from which the impacts of settlement and pastoral land use, amongst other
factors, can be compared.

ENVIRONMENTAL CHANGE AND CONCLUSIONS
The environment which the first explorers to the VRD encountered in 1883 appears to have
changed, based on more recent surveys. The three recurrent observations of explorers and early
pastoralists were that river banks were steep and difficult to cross, river banks were densely
vegetated by reeds and other vegetation, and that the open plains were lightly timbered and well
grassed. Of these observations, only the third relating to open grasslands is accurate today. The
following discussion based on historical accounts, recent environmental surveys, and the author’s
observations, will identify some of the changes that have occurred.

The observation in the historical records of frequently steep river and creek banks, which made
crossing difficult for the early explorers and pastoralists, is no longer the case. Steep channel
banks (approximate average 50-60º) do occur, however, they are generally much less than 50º,
which implies either a widening of the channels since European settlement, or gentler slopes
caused by deposition of sand on the channel banks. Presently, the banks of the Victoria River are
commonly sandy, cattle cross the river in many locations, which differs from Gregory’s notes that
they found the rivers often impossible to cross, particularly for the horses. Furthermore, Gregory
notes the vegetation, particularly reeds, also limited access to the river. Dense vegetation no
longer occurs along the river edge. Where access may be restricted by vegetation, it is only for a
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short distance, and rather than being restricted by reeds it is more often restricted by weeds,
especially Noogoora Burr. Plate 2.1 provides an example of the present day channel bank
morphology and vegetation structure at a location within the study reach. Note the sandy nature
of the bank, and its angle which, although steep, does not restrict access to the bank. The angle
of the opposite bank is similar, if somewhat lower. In addition, there are large gaps in the
vegetation on the bank, allowing a clear path to the river. Again, these bare areas are also visible
on the opposite bank. The change to the vegetation structure of the channel bank assists in
overcoming the restriction provided by the steepness of the banks. Plate 2.2 provides an example
of a sand cap on the channel bank in the mid-VRD, indicating that the deposition of sand (and
possibly an altered sediment regime, discussed further in following chapters) has played a role in
altering the channel bank morphology since the time of the early explorers.

Plate 2.1 Channel bank morphology and vegetation along the Victoria River, within the study reach.
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Plate 2.2 Sand cap on the Victoria River channel bank, mid VRD

A cause of this reduction in riparian vegetation is the consumption, or the trampling and eventual
removal of it by livestock. Gregory reported that Pandanus palms (Pandanus aquaticus) were
widespread on river banks, and this is still the case today, growing predominantly at low flow
levels. Many recent surveys of riparian vegetation highlight the invasion by weed species, in
particular Noogoora Burr (Xanthium strumarium) and Bellyache Bush (Jatropha gossypifolia) (NT
Government, 2006). There are many possible reasons for the introduction and subsequent
invasion of riparian zones by weed species, which may include the transportation of weed seeds
by cattle overlanded from other Australian states, seed dispersal by birds or other animals, and
biological factors, such as less competition from native species that have been removed by cattle
grazing. It is concluded that riverbanks may have become less steep since the introduction of
cattle, possibly as a result of sand deposition rather than mud deposition, which prevailed before
sand became dominant, and oblique accretion of the floodplain (the deposition of fine grained
sediment, as is evidenced in Plate 2.2) (Page et al, 2003). Also, riparian vegetation has become
thinner, and reeds in particular have almost disappeared.
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The historical observations of well grassed, lightly timbered open plains away from the rivers
could be used to describe the rangelands today. Common tree species of these rangelands
include rosewood (Terminalis volucris), nutwood (Terminalis arostrata) and bauhinia (Lysiphyllum
cunninghamii), and common grasses are Mitchell grass (Atrebla spp.) and Flinders grass
(Chrysopogon fallax, Iseilerna spp.) (Brock, 2000; Williams, 2000). Gregory notes many of these
species, particularly the Mitchell and Flinders grass plains in his exploration diary.

A well documented vegetative change is the thickening of woody species, which has occurred
since European settlement. Riparian woody thickening is reported at several locations throughout
the VRD, and appears to have increased markedly over the past 40 years. A number of authors
have described this change and list possible causal factors as: rainfall variations, climate change,
changed fire regime, long-term natural climate cycles, stocking rates, native and feral animals,
carbon dioxide fertilization, and the intensification of land use (Bowman et al., 2004; Lewis, 2002;
Sharp and Bowman, 2004a; Sharp and Bowman, 2004b; Sharp and Whittaker, 2003).

There have been numerous changes to the environmental setting of the VRD since European
settlement, and the introduction of livestock to the region. The changes described above, relating
to channel morphology and riparian vegetation, are a component of environmental change, and
are addressed further in this research as they illustrate the dynamic environmental setting of this
research.

The following chapter will examine the questions raised in Chapter 1 relating to erosion form and
spatial distribution, and how the environmental variables discussed in this chapter relate to
morphology and distribution, at the catchment and study reach scale.
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CHAPTER 3:

CLASSIFICATION, SPATIAL DISTRIBUTION AND

MORPHOLOGY OF RIPARIAN EROSION FEATURES
SUMMARY: In this chapter the distribution and form of riparian erosion features along the length of
the Victoria River are examined. The erosion classification developed in this chapter provides a
starting point from which to consider the nature, cause and extent of riparian erosion. Three
primary morphologies were identified; sheet erosion; gully erosion; and gully complexes.
Distinctive characteristics of the gully complexes include a naturally occurring flood drainage
channel (FDC) giving way upslope to an outer erosion feature with badlands morphology, a scarp
and alluvial deposition surface.

Based on the initial catchment overview of erosion along the

Victoria River, the most extensive form is the gully complex type. Some of these systems have
changed from simple gully forms in 1948 (14 of 25 features), or already existed as gully
complexes (11 of 25 features), based on examination of the 1948 aerial photography. The
distribution of each of the three classes follows a clear pattern. Sheet erosion features occur
mostly in the upper catchment, while gully and gully complex features occur in the mid and lower
catchment. Aerial photo analyses and field surveys showed that gully complexes were the most
significant form of erosion, in terms of area, as well as number of features. A reach in the mid
catchment, where eight gully complexes occur, was selected for a detailed field and aerial photo
survey.

INTRODUCTION
Studies relating to riparian gully morphology and processes in tropical environments are limited in
the geomorphological and soil management literature (Saynor et al, 2004). Most research
considers temperate zone gullying, and while there are similarities between temperate and
tropical morphologies and processes, there are also significant differences. Riparian gully erosion
and hillslope gully erosion have both been identified as a major sediment source of many for the
rivers across northern Australia (Roth et al., 1999). For example, research using the tracer
caesium-137 in the Lake Argyle reservoir and catchment in north-east Western Australia,
estimated that 80% of the sediment in the reservoir had come from gully and channel erosion
(Wasson et al., 2002), although the riparian component was not determined. It is essential to
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describe tropical riparian gullies and understand the processes driving them so as to better
manage this major sediment source.
Gully morphology has been widely described in the literature. Gullies from Kenya (Oostwoud
Wijdenes and Bryan, 2001), New Zealand (Parkner et al., 2006), the United States ((Heede, 1967,
1974; Leopold and Miller, 1956; Patton and Schumm, 1975), Europe (Vandekerckhove et al.,
2000; Zucca et al., 2006), India (Singh et al., 1993) and New Guinea (Ollier and Brown, 1971)
have all been described in detail, to provide just a few examples. Similarly, there is much
literature describing gullies across Australia, particularly southern Australia (Boucher and Powell,
1994; Hughes et al., 2001; Prosser et al., 2001; Prosser and Winchester, 1996; Rutherford et al.,
1997), and as well as northern Australia (Aldrick et al., 1978; Bartley et al., 2007; Branch, 1981;
Condon, 1986; Hancock and Evans, 2006; Hughes et al., 2001; Riley and Williams, 1991; Saynor
et al, 2004; Wood et al., 1979). However, compared with the wealth of literature on temperate
gully form and process, gullies in the semi-arid tropics are poorly documented and understood.

OBJECTIVES
The objectives of this chapter are to:
1. Examine the form of riparian erosion features and create a classification of form; and,
2. Describe the spatial distribution of riparian erosion features along the Victoria River; and,
3. Identify the major type of erosion, select a focus reach for detailed analyses and detail the
morphology of the erosion type, and the environmental setting in which it occurs.

LITERATURE REVIEW
The main focus of this chapter is to establish in what forms erosion exists in the riparian zone of
the Victoria River, as well as determining what relationship exists between form and distribution.
In the following literature review, gully classifications and morphologies are discussed. The main
factors responsible for the distribution of riparian gullies, especially the pedologic and geomorphic
controls, are also discussed. Finally, a review of geomorphic research in the VRD is provided,
with particular reference to the major work carried out by Condon (1986) on the nature and extent
of erosion in the VRD.
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Morphology
Gullies have been defined in various ways in the literature. Gullies differ from river channels in
that they often have a distinct headcut at the upstream end, have steep sides and a low width:
depth ratio (Knighton, 1998). More simply, a gully can be defined as a channel that has been
fluvially incised (this can also describe a river) into unconsolidated earth (Ebisemiju and Ado,
1989). Further, characterized by ephemeral flow, a gully has steep sides and a steeply sloping or
vertical head scarp, which can be delineated from a rill by its larger size (Imeson and Kwaad,
1980; Ollier and Brown, 1971). The distinction between a gully and a river channel is not always
clear. The range of gully definitions within the literature results in a range of gully classifications,
where gullies exhibit an array, and often a continuum, of morphologies.
Integral to the description and understanding of gully morphology is the recognition of a continuum
of gully forms. That is, any classification of gully type may include characteristics of other types
and thus a continuum exists. An early classification of gullies, applicable to the Western United
States, separates them primarily according to appearance, as either continuous or discontinuous
(Leopold and Miller, 1956). Continuous gullies evolve from numerous small rills, often having their
beginning high up a hillside continuing down to the main valley floor, while discontinuous gullies
start with an abrupt headcut which can intersect the surface slope at any point and end in an
alluvial fan upslope of another headcut, gully and fan (Heede, 1974). Discontinuous gullies often
evolve into the continuous form.
A recent classification of gullies, in semi-arid Kenya, is provided by Oostwoud Wijdenes and
Bryan (2001) where gullies are defined by their apparent driving force. These include base-levelcontrolled gullies, subsurface flow-controlled gullies, and catchment-controlled gullies which are
generated by surface runoff (Oostwoud Wijdenes and Bryan, 2001). Furthermore, gully head
planform and catchment properties were closely examined for each gully type as part of this
classification (Oostwoud Wijdenes and Bryan, 2001). Gully activity is best defined by headward
retreat, and as such gully head morphology and rate of expansion can be related to catchment
properties, and therefore the causes of erosion can be inferred.
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Another classification stems from research in New Zealand, where the authors identify three basic
types of gully, also differentiated by formative process. The first type, simply termed ‘gully’ applies
where fluvial incision is the only formative process; secondly is ‘gully complexes’ where deep
seated sliding occurs, also referred to as ‘fluvio-mass movement gully complexes’; and finally
‘slide complexes’ which apply where gullying is induced by mass movements (Parkner et al.,
2006).
Badlands are a common evolutionary feature of gully complexes (de Ploey, 1992). Intense rilling
and gullying are typical of badlands topography (Fanning, 1994), as are steep slopes, high
drainage densities and erosion rates, and a lack of vegetation (Howard, 1994). While badlands
can be quite regular in appearance, erosional processes on badland slopes can be spatially and
temporally complex, and much of the activity may occur in pipes and cracks (Howard, 1994). The
junction between badlands and an alluvial surface downstream is often sharp, and the flow either
unconfined or in drainage lines inset just below the general level of the alluvial surface (Howard,
1994). Alluvial surfaces are zones of transportation for runoff and sediment from the upstream
badlands, and the alluvial surface may also be lowering at a very slow rate (Howard, 1994). An
alluvial surface is a major component of badlands topography.

Spatial Distribution
The factors controlling gully processes will naturally also determine the location of erosion
features within a landscape. Gully erosion is a threshold phenomenon of slope and catchment
area (Knighton, 1998), and is initiated when the characteristics of flow (shear stress) exceed a
critical value (Sidorchuk, 2006). In the mid VRD, where gully complexes are clustered, it is
difficult to determine the threshold position, and difficult to determine the catchment area of each
of the complexes, due to terrain of low relief. Variables relating to the slope-catchment area
threshold that are most significant in driving gully processes are the geomorphic controls, as well
as the hydrological regime, including local base-level. Furthermore, these relationships can be
altered by changed land use and/or land cover.
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The geology, soils and geomorphology of a region play a major role in gully processes, including
spatial distribution. There are numerous examples worldwide where the pedological substratum,
in particular, controls gully distribution, frequency, morphology and formative processes (Harvey,
1992, 2002; Knighton, 1998; Valentin et al., 2005; Zucca et al., 2006). In addition, particular soil
types are more susceptible to erosion than others (Piest et al., 1975). Such soil types include
duplex soils, with a permeable A horizon and less permeable B horizon, resulting in lateral flow
along the top of the B horizon and, in some instances, soil removal in pipes. Australian soils are
typically shallow and infertile and are often prone to erosion from both water and wind (Boucher
and Powell, 1994).

Environmental Influences
European settlement, subsequent land clearing and the introduction of sheep and cattle to the
Australian landscape has had a significant affect on the environment. In south-eastern Australia,
settlement and stock introduction triggered a phase of stream incision and gully erosion (Eriksson
et al., 2006; Prosser and Winchester, 1996; Wasson et al., 1998). This is reported elsewhere in
Australia (Bartley et al., 2007; Conacher and Conacher, 1995; Condon, 1986; Medcalf, 1944) and
throughout the world (Boardman et al., 2003; Oostwoud Wijdenes and Bryan, 2001; Rowntree et
al., 2004). Fluvial systems are dynamic environments, and channel incision and gully erosion are
not recent phenomena (Eriksson et al., 2006). A wealth of literature exists that provides evidence
of long-term periods of aggradation and incision during the late Pleistocene and Holocene, as a
result of sea level change due to glaciation (Fryirs and Brierley, 1998; Nanson et al., 2003; Nott et
al., 2001, 2002; Prosser et al., 994; Prosser and Winchester, 1996; Thomas, 2008). While there
is conclusive evidence for periods of channel incision and gully erosion in the long term, as a
result of the natural variability of climate, it is clear that land use can cause gullying and impact the
fluvial system, by triggering incision and erosion. The question that does remain, however, is the
relative significance of the factors of land use, soil type, hydrology, and climate variability and
change.

Prior Research in the VRD
The most comprehensive report on erosion in the Victoria River District (Condon, 1986)
recognizes 11 forms of erosion within the catchment. It is important to note that this report
62

addresses erosion throughout the catchment and not specifically riparian erosion and, as such,
some of the 11 forms are not directly relevant to this research. Table 3.1 lists the types,
descriptions and locations of the erosion reported by Condon (1986).
The survey conducted by Condon (1986) covers almost one-third of the catchment, or
approximately 48,000km2. Condon (1986) estimated that 2.4% (1160km2) of the study area was
suffering from moderate to severe erosion. Most of this erosion was along the Victoria River, near
the Victoria River Downs Station, which was the original homestead established in 1883 (Condon,
1986). Of the 2.4% of the total landscape affected by moderate and severe erosion, 60% of this
occurs within a 60-70km radius of the Victoria River Downs Centre Camp (Station homestead)
(Condon, 1986). This is a result of highly erodible soil types within this area (sand and loam
textured soils), a lack of control of cattle numbers, and heavy stocking during the early pastoral
period (Condon, 1986).
Condon (1986) identified the cause of the major fan and finger gullying (see Table 3.1) along the
Victoria River as a result of the close proximity of highly erodible soil types to the longer lasting
waterholes in the principal rivers and creeks. In the days of ‘open-range management’ (pre1970’s) stock were turned out into the more favourable environments, and were not controlled
(Condon, 1986; Lewis, 2002; Roth et al., 1999), allowing access to waterholes, resulting in intense
grazing and trampling pressure within approximately 5km of waterholes particularly in the riparian
zones.
Generally, fan and finger erosion is localised, confined to the riparian zones of the Victoria River in
the mid catchment regions. Severe gully and sheet erosion also commonly occur on the gently
undulating country at the base of steep slopes.
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Table 3.1 Classification of 11 forms of erosion in the VRD, adapted from Condon (1986)
Type
Loamy soft scalding

Sloping
scalds
with
associated rilling and gullying

Wind sheeting

Water sheeting

Fan Gullying (badlands)
Finger-gullying

Gullying of lower slopes and
minor drainage lines

Gullying
of
unincised
watercourses and drainage
lines
Streambank erosion
New Channel Formation
Tunnel erosion

Description
Smooth, caked surface crust (2mm) with
fine polygonal cracks over fine crumbly
dispersible clay, sometimes with gravel
or small stones. Product of wind and
water erosion
Smooth slaked scald surfaces as above,
with rills and shallow gullies at 20-50mm
intervals, often with shallow fan-rilling, on
slopes in excess of 1%.
Often develops from loamy soft scalding.
High runoff from bare surfaces cuts into
dispersible clay.
Soft silty uneven crust (2-3mm) over
crumbly clay with granular calcium
carbonate over surface.
Often
developing deep rills and shallow fan
gullying.
Occurs on terrace areas adjacent to
small and large watercourses, often
where two watercourses join, or joined
by a tributary drainage line.
Hard bare surfaces, massive sometimes
large cloddy structure below surface.
Often strewn with gravel or small stones.
Rills and gullies developing on slower
edges on steeper slopes.
Sheet erosion by water.
Typical scalloped semi-circular fan
shape with shallow or deep rills spread
out like the ribs of a fan.
Riverside situations on alluvial soils
distinct from fan gullying as walls are
vertical, the bed deep and narrow.
Expands by headward retreat.
Extension of water sheeting.
Gullying has become extensive as a
result of severe and extensive water
sheeting or sloping scalds on middle and
upper slopes.
Gullies to 1m deep and 2m wide
meandering through level ‘flats’ as flow
lines.
Undercutting of vertical streambanks in
deep clay or alluvial soils.
Gently curving, recent stream channels
cutting through established braided or
meandering stream systems.
Small slumps or holes linked by
underground passages. Horizontal holes
outletting in gully walls.

Soil Type
Occurs on near level or slightly sloping
duplex calcareous earths, and duplex
red earths; generally associated with
stream systems.
Sloping duplex red earths and
calcareous earth of very high erodibility.

Mildly cracking grey-brown calcareous
clay soils with granular limestone to
surface.

Red and yellow earths and calcareous
earths and brown non-cracking clay
soils.

Calcareous clay soils, red earths and
duplex calcareous earths.
Sandy and silty, deep alluvial soils.

Loamy
calcareous
earths,
occasionally loamy red earths.

and

Local medium and heavy textured
alluvial soils.
Deep grey-brown cracking clays, and
deep loamy alluvials.
Find (heavy grey clays) and medium
(loamy) textured alluvials.
Duplex calcareous earth and duplex red
earths in areas close to streams and
watercourses.
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METHODS
Gully Classification and Spatial Distribution
A comparison of aerial photographs from 1948 (1:48,500) and 1991 (1:50,000) provided the basis
for the development of the morphology classification. Major features of gullies were identified
from the aerial photography. The preliminary classification was tested through field surveys.
To map the spatial distribution of the gullies, the 1948 and 1991 air photographs were scanned
(1200 dpi and 24 bit colour depth) and georeferenced to a 1:250,000 topographic map.
Furthermore, to ensure that the aerial photography was accurately overlaid, consistently
identifiable features occurring in consecutive air photos, for example natural features such as
bedrock escarpments, and man-made features such as bores and fences, were used to tie the
1948 imagery to the 1991 aerial photography. Initially, each erosion scar was mapped as an
individual point and classified based on erosion form. Where gully complex features linked
together, a point was created for each individual gully. However, where these features were
dense, and individual gullies either hard to locate or points tended to be on top of each other, only
one point was created. Therefore the spatial distribution map may not accurately represent the
density of these features. A final distribution map was created, showing the location of the three
types of riparian erosion along the length of the main channel (presented in Results section 3.5.2,
page 73).

Gully Ground Survey
A single reach was selected for detailed study based on the initial gully mapping. The reach,
located in the mid-catchment region, contains eight gully complex features. Gully complex
features are considered to be the most severe form of erosion, in terms of area, number of
features and probably volume, although this has not been determined in this study, and represent
the final stage of development in a continuum that begins with single gullies (this is explored
further in Chapters 5 and 6). Furthermore, the reach contains features at varying stages of
development and features that have both changed and remained relatively stable between 1948
and 1991.
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A ground survey was conducted during the 2006 dry season to describe and document the eight
gully complex features in detail. The ground survey included using a Topcon® DGPS (5mm
vertical accuracy) to create slope profiles of each feature, from the upper slope above the scarp to
the gully outlet. The DGPS survey was also conducted around the boundary of the feature, as well
as two survey lines parallel to the river, orthogonal to the main gully, in the alluvial zone, the
second of which included a profile of the badlands morphology. The survey lines are shown on
Figure 3.1. Gully cross sections were also measured at the outlet, mid and outer (that is, upslope)
sections within the main gully, and the scarp height averaged from 20 measurements. The height
of badland interfluves was also averaged from 20 measurements. Soil properties were also
measured in the alluvial zone of the feature, including dispersibility, soil surface roughness and
texture using the methods of Tongway (1994) and Tongway and Hindley (2004). Soil surface
roughness, soil texture and dispersibility were also determined, because they are indicators of the
stability of the soil and the rate at which water is able to infiltrate the profile, which are directly
linked to the susceptibility to erosion.
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Figure 3.1 Survey design for DGPS ground surveys of erosion features. Dashed yellow lines represent the two
parallel and one upslope (from gully outlet) survey lines conducted in the field. The boundary of the erosion feature
was also surveyed.

RESULTS
The results from the aerial photo and GIS analyses, along with field surveys, will now be
discussed in three main themes; the development of the classification of form, spatial distribution
of each form, and the selection of a focus form and study reach. Results for each theme are
presented below.
Classification of Erosion Type
Three major forms of riparian erosion have been identified from the aerial photo analysis, and
confirmed through field reconnaissance. Termed ‘gully’, ‘sheet’ and ‘gully complex’, a description
and example of these features is provided in Table 3.2 below. Figure 3.2 (a, b, and c) provides a
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diagrammatic representation of the planform of each of these features. The long profile of a gully
complex is show in Figure 3.3.
Table 3.2 Classification of riparian gully morphologies
Type
Gully

Description
This is usually a single gully, with
steep sides, and a clear headcut. It
does not form a dendritic network,
although in some instances additional
lateral headcuts are forming. These
gullies are very deep and hazardous
to stockmen and cattle alike.

Example

Formative process are headward
retreat, fluvial corrasion, and sideslope rilling and slumping.

Sheet

Little vegetation occurring within the
gully, apart from occasional large
trees (mainly Eucalyptus spp.).
Sheet erosion includes areas of
nearly flat, bare surfaces adjacent to
the river. Often no, or very little,
riparian vegetation occurs on the main
channel margins.
Runoff processes appear to be the
formative drivers. Wind erosion may
also be important.
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Gully Complex
Features

This feature has a well developed
channel, hereafter termed Flood
Drainage Channel (FDC) in the
downstream section, combined with
an outer erosion feature distinguished
by a ‘badlands’ morphology, with a
distinct scarp at its head.
Characteristics of this feature include
developed or developing badlands
around the upslope perimeter,
badlands surface covered with
calcium
carbonate
nodules,
depositional (alluvial) surface at the
base of the badlands that has very
little vegetation and numerous rills,
and shallow channels giving way to
the large FDC downslope.
The FDC, as the name suggests, is
most likely a result of erosion due to
draining of overbank flood waters,
while the outer erosion feature is a
function of rainfall runoff processes.
Vegetation (as seen from the aerial
photo, right) is generally thick in the
downstream area of the complex,
comprising large trees, grasses and
herbs. The alluvial surface contains
little vegetation.
The badlands
contain some small herbs and
grasses on the crest of interfluves, but
are mostly bare.

Alluvial Surface
Badlands
Boundary Scarp

FDC
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Gully headcut
Gully

Lateral
headcut

Victoria River

Approx. scale

a

20m

Area of sheet erosion; very
few drainage lines present

Small drains
to channel

Victoria River
b

Approx. scale

20m
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Terrace Margin

X

Gully

Headwall

Slope
between
terrace
margin
and
floodplain

Interfluves

Alluvial apron
Y

Flood Drainage Channel (FDC)

Floodplain

Z
Victoria River

c

Approx.

20m

Figure 3.2 a) Diagrammatic representation of a typical gully, b) of a sheet erosion feature, and c) typical example of a
gully complex planform. Not to scale.
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Terrace X

Slope
Y

Floodplain

Z
Victoria
River

Approx 500m
Figure 3.3 Diagrammatic representation of a gully complex long-profile. Not to scale.

Catchment Scale Distribution
The catchment scale distribution of each erosion type was mapped along the main river (Figure
3.4). Sixty-one erosion features were identified, comprising 11 gullies, 25 sheet erosion features,
and 25 gully complex features. Sheet erosion was most common in the upper catchment, while
gully and gully complex features were found throughout both the mid and lower catchment, as
demonstrated in Table 3.3. Most noticeable is the prevalence of gully complex features in the mid
catchment area. Often individual complexes merge with neighbouring complexes to form massive
areas of erosion. These scars are difficult to represent on the distribution map, and a feature was
recorded where flow was directed into one gully network (that is, where two complexes have
merged, flow is still generated into the individual complexes, and this is treated as one complex).
Individually, these systems cover large areas (up to 10km2), and are the most severe (number of
features, area, and volume) form of erosion, providing a major source of sediment to the Victoria
River.
Eleven gully features were located along the Victoria River, mainly in the mid catchment area, but
also in the lower catchment. However, many more of these features were identified along the
major tributaries, the Wickham and Humbert Rivers, which have not been included in this
distribution map, but are also located in the mid catchment zone. Sheet erosion features, found
predominantly in the upper catchment, are as numerous as gully complex features, but are often
small in area. In comparison to the much larger gully complex features, sheet erosion sites may
only occupy 100m2.
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Figure 3.4 Distribution of erosion features along the Victoria River. There is a clear cluster of gully complex features in the mid catchment, and sheet erosion features in the upper
catchment.

The number of features identified in Table 3.3 highlights the dominance of sheet erosion features.
However, these numbers are not strictly comparable, as gully complex features occupy a far
greater area than sheet erosion features (both individually, and as a group). As a result of this,
erosion types are analysed separately. The issue of comparability could be addressed in future
research (see Chapter 7), by adjusting the classification to incorporate area, or some index of
severity, such as volume of soil loss.
Table 3.3 Number of erosion features (by type) occurring in each reach, soil type and geological group
Variable
Catchment Position
Lower Catchment
Mid Catchment
Upper Catchment
Soil Type – McKenzie and Hook (1992), Northcote (1971)
BA6 – Shallow loamy soils
CC53 – Grey clays, and small areas of brown clays
CC55 – Grey and brown clays
Gg5 – Red and brown shallow porous loams
JJ27 – Sandy, stony and gravelly soils
Qa18 – Red soils
Geology
Siltstone, shale and sandstone
Dolostone, limestone and sandstone
Flood Basalt

Gully
3
9
-

Erosion Type
Sheet Gully Complex
2
3
8
18
14
4

2
7
1
2

5
14
2
2
1

14
7
3
1

3
8
1

1
7
16

2
11
12

Gully erosion features occur mainly in the mid catchment (9 of 11, or 82%), with no gullies
identified in the upper catchment, and only three in the lower catchment. They largely occur on
the flat to gently sloping floodplains, associated with soil type CC53, as well as on BA6, Qa18 and
CC55 soil types. The CC53 soil type occurs along the channel margins of the Victoria River in the
mid catchment.
Sheet erosion features are found predominantly in the upper catchment with 60% occurring there,
with another 32% in the mid catchment, and 8% in the lower catchment. Sixty percent of the
sheet erosion features occur on the grey and brown clays of CC55, with 20% occurring on CC53,
the grey clays. Sheet erosion also occurs on the red and brown loams (Gg5), red duplex soils
(Qa18), and on the sandy soils of JJ27. Soil type is partly dependent on geology, and in the
instance of sheet erosion features, 68% occur on the flood basalt of the central eastern to upper
catchment. Another 28% occurs on dolostone, limestone and sandstone, also found in the central
to upper catchment.
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Seventy two percent of gully complex features occur in the mid catchment, with 16% and 12%
occurring in the upper and lower catchments respectively. Accordingly, 84% of gully complexes
occur on either CC53 (56%) or CC55 (28%) soil types. The remainder occurs on the red duplex
soils (Qa18) or the red and brown loams (Gg5). Ninety two percent of the gully complexes occur
on the flood basalt (48%) and dolostone, limestone and sandstone (44%); the flood basalt occurs
largely in the eastern mid catchment, and the dolostone, limestone and sandstone occurs in the
western mid catchment. Two gully complexes occur on the siltstone, shale and sandstone in the
lower catchment.
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Figure 3.5 Victoria River Catchment Soil and Erosion Type. Note the occurrence of erosion in the mid-catchment,
particularly on soil types CC53 and CC55.
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The position of an erosion feature on a channel may provide useful information about likely
controls. For example, if the outer bank of a bend is migrating laterally, it may provide a higher
hydraulic head which leads to either formation or rejuvenation of a gully until it is consumed by the
migration of the channel. Table 3.4 presents the relationship between erosion type and its
position within the channel context. Sixty-seven percent of the erosion features occur either on
the inside or outside of channel meander bends, with slightly under half (49%) of these being gully
complex features. There is an almost equal number of erosion features occurring on inside and
outside meanders, which is evidence of the process dominance in the riparian zone. Additionally,
all three forms of erosion were identified close to a tributary junction (4 gullies, 4 sheet features
and 2 complexes), and gully and gully complexes were also recorded on channel anabranches (2
each). Erosion is likely to form at or near tributary junctions because there is a larger area of
erodible soils. Also, flood waters from the main channel (Victoria River) during large events, may
back up the smaller channel and therefore scour the smaller channel’s banks, as its own flood
waters meet those of the main channel.

Table 3.4 Location of erosion type within the channel context
Count of
Type

Feature Location

Type

Anabranch

Inside
meander

Outside
meander

Straight
reach

Tributary
junction

Total

Gully

0

2

3

3

4

12

Sheet
Gully
Complex

2

9

8

1

4

24

2

12

8

1

2

25

4

23

19

5

10

61

Total

Fifty-eight of the sixty-one erosion features occur in riparian zones on cattle stations. It is not
surprising that 95% of the erosion features occur on cattle stations, as cattle stations are the
primary land use of the VRD, and they tend to occupy the ‘best’ grazing lands where (erodible)
soils occur. Only three features are evident in the Gregory National Park. However, the channel
is confined by bedrock escarpments within the Park and riparian zones are narrow and floodplains
largely absent.
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Study Reach
The study reach is identified in Figure 3.4. The reach extends for 20km and includes eight gully
complex features. In some instances these features have developed from the ‘gully’ classification
in 1948 to gully complex features, while others were well established gully complexes in 1948
(based on comparison between 1948 and 1991 aerial photos). The reach is located on Victoria
River Downs Station, within 50km of the homestead, and all of the erosion features are located on
the eastern (right) bank. The reach was selected for detailed analyses due to the range of gully
and gully complex features that could be examined. Also, the reach was relatively accessible
(during the dry season), and was covered by the aerial photo record.
As the study reach is the focus of following chapters, a detailed description of the morphology of
gully complex features is included in this chapter. A detailed description of two gully complexes is
provided below (remaining descriptions are provided in Appendix 1).

Morphology of Gully Complex Features
A detailed description of the morphology of two of the eight gully complex features is presented in
Table 3.5, Figure 3.6, Table 3.6 and Figure 3.7. The remaining descriptions are included in
Appendix 1. Each description contains information on the 1948 and 1991 classification, soil
properties, channel characteristics, boundary characteristics, a planform map, FDC longitudinal
profile, and FDC cross sections, along with photos depicting the major features of each site.
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Table 3.5 VRD01 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Victoria River
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD01
16°02’56.0” S
131°06’51.3 E
Gully complex
Gully complex
Channel width: 35m
Bank height and angle: 13m, 60º
Planform: Outside meander
Soil surface roughness: 2 – low retention
Surface nature: 2-3 – moderately hard
Slake test: 2 – unstable
Texture: Loamy
Average scarp height: 192cm
Average height of badland interfluves: 127cm

Area of complex:
0.44km2
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Badlands

Figure 3.6 VRD01 Erosion Feature Longitudinal Profile and FDC Cross Section

Depositional
(alluvial) zone

Scarp Upper and Lower Limits
Av. Scarp Height: 192cm

River
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Plate 3.1 VRD01 Badlands at outer edge of erosion feature. The author in foreground is 1.7m tall (but not standing
straight up)

Plate 3.2 View from alluvial zone to badlands at outer feature of VRD01. Alluvial zone is distinctive in that it is poorly
vegetated and forms a depositional surface at the base of the badlands. Badlands are visible in the distance, below
the tree line.
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Plate 3.3 Actively eroding badlands at VRD01

Plate 3.4 VRD01 FDC outlet. Person at left of picture is 1.7m tall. A characteristic of many of the FDC outlets is the
small outlet to the Victoria River to the right of picture, upstream of which is a much larger channel. Slumping and
mass wasting of the FDC wall (at the rear of photo) is a result of backwater undercutting and eroding the FDC wall.
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Table 3.6 VRD07 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Victoria River
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD07
16º12’14.4” S
131º08’51.5” E
Gully
Gully complex
Channel width: 40m
Bank height and angle: 12m, 60º
Planform: Straight
Soil surface roughness: 2 – low retention
Surface nature: 3 – moderately hard
Slake test: 2 – unstable
Texture: loamy
Average scarp height: 8cm
Average height of interfluves: 5cm

Area of complex:
1.29km2
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Plate 3.5 1948 Aerial Photograph of site VRD07
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Deposition
(alluvial) zone

Badlands

Figure 3.7 VRD07 Erosion Feature Profile and FDC Cross Section

Scarp Upper and Lower Limits
Av. Scarp Height: 8cm

River
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Plate 3.6 VRD07 Outer erosion feature. Developing badlands are visible in the foreground, as is the characteristic
alluvial zone (middle ground) with little or no vegetation. Calcium carbonate nodules are also clearly visible on the
undulating badlands surface. Rills and shallow gullies described by Condon (1986) are also evident in the
foreground.

Plate 3.7 VRD07 Upstream view of FDC from its outlet at the river. The FDC is 22m deep and the FDC floor is 5m
wide.
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DISCUSSION
Riparian erosion exists in three main forms throughout the VRD. These are: gully erosion; sheet
erosion; and gully complex erosion. Each of these features has been identified throughout the
Victoria River catchment; however, there is a clear clustering of gully complex features in the mid
catchment, and a clustering of sheet erosion features in the upper catchment. Riparian erosion
distribution and form is primarily linked to soil type. Additional environmental correlates of erosion
distribution and form are likely to include rainfall, hydraulic head in the riparian zone and land use.
In this discussion, erosion form, the distribution of these forms throughout the catchment, and the
causal explanation of type and distribution will be discussed.
Gully features that do not evolve into gully complexes exist in the western mid-catchment, along
the Wickham and Humbert Rivers, and other smaller tributaries. These gullies are up to 3m deep
and do not form a dendritic network. Gully erosion features comprise less than 20% of the total
erosion features, along the Victoria River. Sheet erosion features are large areas devoid of
vegetation, which have no distinct rills or gullies. There may be several outlets, directing runoff,
from the sheet erosion area to the channel.

Gully complexes form principally in the mid

catchment; however they are not restricted to this region, and have been recorded in both the
upper and lower catchment. Gully complexes comprise a naturally formed flood drainage channel
(FDC), from the head of which a dendritic gully network forms upslope, forming an amphitheatre,
which has a distinct boundary (including a clear scarp in the most developed stages), and
extensive badlands forming downstream of the complex margins.
Gully features are identified primarily in the mid-catchment, particularly along the Humbert and
Wickham Rivers. The area in which these gullies are found is within 20km of the Gregory
National Park, which has extensive sandstone escarpments, mesas and plateaus, and
surrounding rugged, stony country with shallow, stony, sand or loam soils. There are fewer areas
of gently sloping plains, with associated grey and brown clays, than in the eastern mid-catchment
area, within which gully complexes are common. Gullies have formed on the floodplains, as a
result of knickpoint migration, through the grey and brown clay soils. Unlike along the Victoria
River, an upslope river terrace of red and yellow earths does not exist. They erode through
headward migration, particularly undercutting and slumping of the gully head by floodwaters and
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runoff. Grazing is the sole land use in the locations where gullies form, however as the gullies
themselves pose a threat to cattle, they are often fenced off, and access to them is restricted.
Sheet erosion features are most common in the upper catchment, largely due to the occurrence of
duplex soils, which are susceptible to sheet erosion. Furthermore, a lower average annual rainfall
in the upper catchment results in less ground cover (when compared with the middle and lower
catchment), and as such a greater vulnerability to wind erosion, and rainfall events when they
occur. Additionally, the lack of an upper terrace in the upper catchment, which provides relief for
enhanced runoff, also promotes sheet erosion. There are fewer FDC’s and gully complex
features in the upper catchment due to the lower rainfall and less frequent overbank flows,
resulting in fewer locii for gully complex formation.
Gully complexes mostly occur in the mid-VRD on grey clays of flat to gently sloping floodplains
(CC53), with some features occurring on undulating plains composed of grey and brown clays,
derived from intermediate and basic igneous rocks (CC55). The floodplain soils (CC53) do not
appear to be dependent on geology, while the grey and brown clays of CC55 do appear to have
been derived from the flood basalt that extends through the central eastern to upper catchment.
The formation of gully complex features appears to have occurred by two main processes. Firstly,
the FDC, as the name implies, was probably formed during floodplain development to drain
overbank flows back to the channel. FDC co-evolution with the floodplain is a natural formative
process. Secondly, the outer erosion feature, containing badlands and a depositional surface, is
most likely a result of runoff processes from upslope. Headward migration of erosion from the
FDC upstream led to the formation of the outer complex, possibly initiated from cattle tracks. It is
likely that cattle favoured, or used, the FDC’s for gaining access to the river.
The soils of the mid to upper VRD are susceptible to erosion, for a number of reasons. Typically
the flood basalt of the Antrim Plateau Volcanics forms extensive, deeply weathered, benched,
rounded hills interspersed with mesas, bare scree slopes, cuestas and residual blocky rubble over
black soils and undulating plains (Beier et al., 2002). Further, the Volcanics are intercalated with
limestone, sandstone, siltstone and chert (Beier et al., 2002). The overlying Rudosols, or
minimally developed soils, include grey, and grey and brown clays (types CC53 and CC55 in
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Chapter 2), and red and brown shallow porous loams (Gg5 in Chapter 2) (McKenzie and Hook,
1992; McKenzie et al., 2004; Northcote, 1971). The susceptibility to erosion is threefold; firstly,
the gently sloping undulating plains produce high runoff (as a result of low vegetation cover, the
presence of numerous livestock tracks which become preferred flow paths, the gentle decline in
slope towards the river, and the runoff generated from hillslopes abutting the plains) and are
preferred by land managers for high stocking rates (as a result of access to water from the main
channel, and the extensive grasslands occurring on the plains); secondly, the minimally
developed red and brown shallow porous loams are highly erodible owing to their weak structure
and high porosity; and finally the pastures supported in these areas are highly preferred by cattle,
and so vegetation cover is usually low.
Gully complexes are also evident in the lower catchment. The soils and geomorphology of this
part of the catchment help to explain the occurrence of fewer erosion features.
Geomorphologically, the lower VRD is dominated by escarpments, ridges, plateaus and cuestas,
with small areas of gently sloping plains. Siltstone, sandstone and shale dominate the geology
(Dunster et al., 2000), and associated are shallow sandy or shallow loam soils, both of which are
often stony (Northcote, 1971). Riparian erosion does not occur in these areas where the channel
is constrained by escarpments and bedrock, because there is little but rock. However, riparian
erosion was observed on small areas of gently sloping plains, not dissimilar to those observed in
the mid VRD. These areas comprise the same grey and brown clays, and shallow red and brown
shallow porous loams as those identified in the mid and upper catchment, which are susceptible
to erosion. These erosion features are localized (they exist within an area of 10km of each other),
and all three forms of erosion have been identified, although gully complex features were, again,
the most severe (in terms of area).
The spatial distribution of erosion types can be partly explained by the distribution of the upslope
surfaces through which FDCs develop into gully complexes in the mid-catchment. That is, both
the floodplain and the upslope terrace The clearest pattern to arise from the spatial distribution
mapping was the presence of gully complexes in the mid-catchment, and the restriction of sheet
erosion features to the upper catchment. As described above, the evolutionary sequence of a
gully into a gully complex occurs through co-evolution of the floodplain and FDC, and
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development of gullies and badlands by headward migration from the upstream part of the FDC
through a gently sloping plain (outer complex including badlands development) to the edge of a
river terrace. The soils of this area grade from grey and brown clays, deposited during flood
events and through which the FDC was established, to red and yellow porous loams and duplex
soils, promoting the development of badlands topography by runoff processes. In the upper
catchment, the floodplains and the associated soils are absent, and as such the red and yellow
earths and duplex soils are prone to sheet erosion of the porous A layer, while the finer grained B
horizon is more resistant. This delineation between soil horizons is also exemplified in the soil
structure and topography of the badlands, where interfluve height is closely related to the A-B
horizon boundary. That is, the height of the interfluve at its maximum height (at, or near, the
boundary scarp) is determined by the depth of the A horizon. Plate 3.8 provides an example of
this relationship. The height of the interfluve declines downslope, which is representative of the
original surface elevation. Interfluve surfaces continue to erode slowly, with the development of
pipes and cracks, however, the relationship between the interfluve height in the badlands, and the
boundary of the A-B horizon, is clear. Therefore it is plausible that the absence in the upper
catchment of the grey and brown clay floodplain soils, through which gully complexes and gullies
form, results in development of sheet erosion on the porous A horizon of the red and yellow
earths.
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Upslope surface

Maximum height of
interfluves

Plate 3.8 Boundary between upslope surface and badlands, demonstrating the relationship between interfluve height
and the A-B soil horizon boundary of duplex soils. A scarp is clearly visible around the boundary of the entire
complex.

Understanding local hydroclimatological factors is central to delineating riparian erosion
distribution and morphology. Moreover, gully complexes are a product of both bottom up (gully
development through channel processes, including overbank flood events) and top down (runoff
driving badlands development, including runoff from draining floodwaters) processes that are
driven by the local climate and hydrological regime. In the mid-catchment, average annual rainfall
is 800mm/yr (at Victoria River Downs Station) (Bureau of Meteorology, 2004), with high intensity,
frequent rainfall events. Runoff from rainfall events on the upslope plains drains into the outer
gully complex, driving badlands development. In addition, high channel flow results in floodwaters
entering the FDC system from the Victoria River, and as floodwaters rise, water in the FDC backsup, producing large ‘wash-out’ areas close to the FDC outlet (see Plate 3.4). Wash-outs formed
at the FDC outlet as a result of flooding have been observed at each of the gully complexes along
the study reach. It is hypothesized that when the river floods, water ‘backs up’ upstream, filling
FDCs with flood waters from the channel. At the same time, runoff from upslope enters the FDC
system, draining towards the main channel. As flood waters rise, a vortex is created near the
FDC outlet forming the wash out, eroding the FDC wall. Wash outs are often parallel to the
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channel, occurring on the outer edge of a FDC meander bend. This hypothesis is yet to be
tested.
Stream power is at its peak throughout the mid catchment, which means that the ability of the flow
to incise the channel (all else being equal) is greatest in this area (Figure 2.13), increasing the
likelihood of knickpoints being created on the channel bank. The stream power peak in the mid
catchment may also correspond with increased overbank flows. As discussed, FDCs form to
drain overbank flows; therefore the concentration of FDCs in the mid catchment is probably
related to stream power. Also, there may be a link between stream power and channel form. For
example, the channel is deeper in the mid catchment, compared to the upper catchment, which
may increase hydraulic head and the likelihood of FDC formation. Again, these hypotheses are
yet to be tested. Therefore, hydrologic variability can drive erosion of the channel, which can
initiate bank and riparian erosion.
The gully complex and gully erosion features presented in this research originate from the Victoria
River banks, and ramify through a vegetated riparian corridor, of variable width, to an upslope
terrace surface, dominated by savanna grasslands. The riparian corridor contains large Eucalypt
spp. and Melaleuca spp. trees, as well as a thick understorey of grasses, herbs, and weeds
(particularly Noogoora Burr). The grasslands of the upslope are heavily stocked, and cattle have
had a major impact in reducing cover, which is particularly apparent in the depositional zone and
badlands of gully complexes. Presently, cattle are now excluded from many of these areas (outer
gully complexes), however, well worn cattle tracks are common, and very little grass grows in
these areas because of the compacted soil surface making it difficult for vegetation to establish
itself. At the upstream reaches of the FDC network, before reaching the alluvial zone, sparse
Eucalypt trees remain on remnant land surfaces, indicating the elevation of the surface prior to
erosion. The removal of vegetation by cattle in the riparian zone, floodplain and upslope terrace
has almost certainly had an impact in either driving, or accelerating erosion. This is evidenced by
the more recent (compared to FDC development) and continued erosion of the upslope surface.
This is highlighted by remnant surfaces throughout the depositional zone of gully complexes,
where young Eucalypt species have exposed root systems up to 1m (vertically). Plate 3.9
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demonstrates this. Furthermore, cattle have been observed removing grass tufts, loosening soil
in the process. The loosened soil is then easily transported by runoff.

Plate 3.9 Exposed root systems of young Eucalypt species on remnant surfaces, in the outer erosion feature

Cattle grazing is the sole land use along the Victoria River where erosion has been identified. A
significant point of difference between the lower, middle and upper catchment is the time at which
cattle were introduced. Victoria River Downs, in the mid VRD, was the first station to introduce
cattle in the late 1880’s, and was the most heavily stocked. Stations in the lower and upper
catchments were stocked 1-5 years later, but these stations weren’t as heavily stocked (Condon,
1986; Makin, 1970). The role of cattle in instigating and exacerbating geomorphic change has
already been discussed, and their introduction to the region may be directly linked to the formation
of the outer erosion feature. Dating of sediment samples from within the FDC should determine
whether the outer erosion feature formed pre or post the arrival of domestic stock (see Chapter 4).
The range of gully complex morphologies, and in some instances their transition from the gully to
gully complex form, highlights an evolutionary sequence. Table 3.7 presents, by way of aerial and
on-ground photography, the three stages of development identified within the study reach. The
events occurring at each stage are also discussed. The final two stages represent a nucleation
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of the upslope erosion feature at the head of the FDC, including upslope growth. This nucleation
appears to have occurred after the introduction of cattle to the region. Chapter 5 examines the
evolution of these erosion features over 60 years.

Table 3.7 Photographic representation and description of the basic stages of development of FDC to gully complex
evolution.
Stage 1: the evolution of a FDC by co-evolution with the floodplain. As floodwaters top the channel bank, the natural
channel for floodwaters is created in the co-evolving floodplain. The floodplain (100 – 500m wide), incorporating both
the FDC and the vegetated riparian corridor, gives way upslope to a gently sloping, well grassed plain. The soils of
the floodplain are typically grey and brown clays, while those on gently sloping plains are red and yellow porous
loams, with patches of grey and brown clays. The FDC has steep walls and a clear headcut.

FDC

Stage 2: The FDC has stabilized. Vegetation is also becoming established on the sidewalls, and the tops of FDC
walls. On the upslope side, small rills are developing as a result of runoff from upslope surfaces, and a depositional
(alluvial) zone is developed, between the rills and the main FDC network. The depositional zone is largely devoid of
vegetation, and sediment from the upslope badlands is deposited here, and transported during high intensity rainfall,
runoff and flood events. Badlands are developing in the rilled area, with small interfluves becoming apparent.

Rilled area
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Stage 3: The FDC system remains stable. Vegetation is well established in the FDC system. The depositional zone
remains largely devoid of vegetation, however, some remnant vegetation persists on small, mounded surfaces, and
some small herbs and grasses are colonizing the area. Badlands are very well developed, with high interfluves, and
distinct rills. Often, badlands are still active, with undercutting of interfluves apparent. Very little vegetation grows on
badlands surfaces, although some small herbs and grasses are apparent. As a result of the badlands development, a
distinct scarp is formed at the complex boundary delineating an amphitheatre form.

Badlands

CONCLUSIONS
The objectives of this chapter were to establish a classification of erosion type, describe the
distribution of these features along the Victoria River, identify and detail the form of the major
erosion type, and to consider causes of each erosion type. Three major forms of erosion were
identified, each with a distinctive morphology and formative processes, and occurring almost
exclusively in separate areas along the Victoria River.
Sheet erosion features occur mostly in the upper VRD, consisting of areas of exposed sub-soil
with little or no vegetation. Soil type and landform plays a major role in the distribution of sheet
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erosion features. These are found in the upper catchment on soils derived from flood basalt,
especially the grey and brown clays of gently sloping plains, but also the red and brown shallow
porous loams. In this region, runoff processes dominate, eroding the upper porous soil horizon,
leaving the finer textured B horizon exposed. Wind erosion may also contribute to the erosion of
the A horizon.

Local climate and hydrological variability is important for sheet erosion

development, however the soil type is the major environmental correlate, as well as the absence
of a floodplain.
Gully erosion forms consist of a single gully feature with steep walls and a clear headcut, and are
found predominantly in the mid catchment region, especially along the major tributaries of the
Victoria River, the Humbert and Wickham Rivers. Gully features are the result of knickpoint
migration, followed by sidewall erosion. The gullies identified in the western mid-catchment form
on gently sloping undulating plains, dominated by grey clays (CC53) and hard red duplex soils
(Qa18). These gullies do not evolve into gully complexes, largely as a result of the soil type
through which they propagate, and the absence of the upslope surface comprised of porous
loams. Unlike those features that evolve to complexes by expanding through an upslope surface
of shallow, porous red and brown earths promoting runoff processes, the gullies found along the
Wickham and Humbert Rivers persist as a single gully feature expanding by undercutting
processes of the gully head and from rainfall runoff and backing up flood waters, through grey
clays. The largest of these gullies extends up to 200m from the river, while the grey clays may
extend several kilometers from the river. That is, there is no upslope, porous loam surface
through which runoff processes from rainfall can drive rill formation, and ultimately badlands
development.
Gully complex features have two distinct components: a flood drainage channel (FDC); and an
outer erosion feature characterized by a scarp, badlands topography and a bare zone of
deposition. The more recent, distinctive outer feature is the result of runoff processes, while the
FDC has naturally co-evolved with the floodplain during large overbank flood events.

A

depositional zone also exists that represents the transition from badlands to the FDC. Gully
complex features are most extensive in the mid VRD and have been observed in the lower
catchment. The gully complexes occurring in the eastern mid-catchment occur on flat to gently
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sloping floodplains, consisting of grey clays, and small areas of brown clays, through which the
gully network develops. Gully complexes migrate headward through red and brown shallow
porous loams on the sloping margin of a river terrace, which, combined with the impact of cattle,
are largely responsible for the resultant badlands formation. A significant conclusion of this
Chapter is the recognition of the evolution of gullies into gully complexes, in the eastern mid-VRD.
In this region soil type and landform allow this development.
Gully Complex features were identified as the most severe erosion feature, based on an
assessment of the area they occupy. A 20km reach of the Victoria River in the mid catchment
area, on Victoria River Downs station, was selected to undertake a detailed field and GIS survey
that contained eight gully complex features. Aerial photos (1:50,000) taken in 1991, along with
field surveys in 2006 were used to compile detailed descriptions of the features. The morphology
of the eight features presented varying degrees of development. The badlands are a particularly
distinctive feature, and at several sites (VRD01 – VRD 05) are well developed. At the remaining
sites, badlands are active and approaching the form identified in sites VRD01 – VRD05. Similarly,
the characteristic scarp was well developed at those sites with developed badlands, but not as
clear at the remaining sites. Soil properties were consistent between all eight sites. At all sites the
FDC has similar dimensions and characteristics. It is likely that the outer erosion feature has
developed as a result of the introduction of cattle to the region; however it does not develop until
the FDC has stablised.
The conclusions to arise from the research in this chapter are that:
1. Three major forms of erosion occur in the riparian zone of the Victoria River.
2. The morphology and distribution of the erosion features are directly related to the soils,
and landforms of the region, as well as the hydroclimatological conditions and land use.
3. Often gullies will evolve into gully complexes, dependent on soil type and landform.
4. Gully Complex features, although identified in other semi-arid tropical regions in Australia,
are both poorly described and understood.
The content of the following chapters is centred on describing and understanding the processes
occurring in gully complexes. Attempts to date the features, given that many of the features were
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already well developed in the 1948 aerial photos, are made in Chapter 4. In Chapter 5 the
changes that have occurred during the available aerial photo record are assessed, and processes
and rates of development will be discussed. The findings from Chapters 3, 4 and 5 and how they
relate to one another, are discussed in Chapter 6.
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CHAPTER 4:

AGE OF RIPARIAN GULLY EROSION FEATURES

SUMMARY: In the previous chapter, the spatial distribution of riparian erosion features along the
Victoria River was determined, and a classification of morphology developed. Eight gully complex
features were then selected, along a single reach in the mid-catchment, for further analyses.
Determining the age of these features is the logical first step in conducting additional analyses,
and this is the aim of this chapter, to determine if gully complexes formed prior to European
settlement and the introduction of cattle. Aerial photo analysis proves a useful tool for monitoring
change over the past 50 years, but as is evident from the aerial photos, most of the gully features
existed prior to this and thus an additional method needed to be employed. The diaries of the first
explorers to the VRD in 1855-56 are available for examination, and excerpts relating to the
environmental setting of the time were presented in Chapter 2. In this chapter, descriptions of
large FDCs, channel bank morphology, vegetation characteristics and landforms in these diaries
are examined. There are numerous references to such FDCs in these documents, and this
indicates that some of the FDCs are greater than 150 years old. A further analysis involves
sediment within the FDCs. Several inset alluvial terraces were identified within the FDCs, which
indicate that the FDCs were fully formed at the time of deposition of the terraces. The terraces
exist along the FDC margins, and were often well vegetated by trees, grasses and herbs.
Optically stimulated luminescence (OSL) is a dating technique, which, in short, can estimate the
date at which a single grain of sand was last exposed to sun light. Samples from inset alluvium
terraces were taken for OSL dating, and show that the FDC at VRD08 has a minimum age of
81±7 years. While this does not conclusively prove that the FDCs were present prior to the
introduction of cattle, the extrapolated age at the base of the terrace deposit within the FDC does
suggest the FDC is significantly older than 81±7 years. The OSL age also provides information
about when the outer erosion feature formed because the sediment in the dated inset terrace
came from this feature.
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INTRODUCTION
The primary aim of this research is to determine whether or not the introduction of cattle to the
VRD has impacted on, or even caused, riparian erosion. It is therefore necessary to establish
whether erosion features were present in the VRD prior to the introduction of cattle to the region in
the 1880s (Buchanan, 1997; Lewis, 2002; Ludwig and Stafford Smith, 2005; Makin, 1970). In the
previous chapter, a simple comparison of morphology was undertaken using aerial photography,
while creating the classification of form. From this analysis we know that many of the gully
complex features that exist in the 1991 photos were present as gullies in the 1948 photography.
These features were well established in the 1948 photos, leading to the conclusion that they
formed well before this date. This issue is examined by reviewing historical records of the first
explorers of the region and Optically Stimulated Luminescence (OSL) dating of alluvial inset
terraces in an FDC (VRD08).

OBJECTIVES
The aim of this Chapter is to determine the age of gullies in the mid-catchment. The following
objectives will achieve this aim:
1. Determine the minimum age of the FDCs through OSL dating;
2. Examine the historical records to determine the existence of gully erosion features prior to
European settlement in 1879; and to,
3. Use the data acquired in the above objectives to infer the age of riparian outer erosion
features.

LITERATURE REVIEW
The Victoria River District was subject to a reconnaissance erosion survey in 1985, in an attempt
to describe the nature and extent of erosion, and to derive relationships between controlling
factors (such as soils and landform) (Condon, 1986). Eleven forms of erosion were identified, of
which gully and sheet erosion were considered the most severe and extensive (Condon, 1986).
Specifically, the eleven forms of erosion identified were loamy soft scalding, sloping scalds with
associated rilling and gullying, wind sheeting, water sheeting with associated rilling and gullying,
fan gullying, finger gullying, gullying of lower slopes and minor drainage lines, gullying of
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unincised water courses and drainage lines, stream bank erosion, new channel formation and
tunnel erosion (Condon, 1986).

While the report does achieve its aim of describing the nature

and extent of erosion in the VRD, little is inferred about the history of the erosion. The same can
be said for the numerous reports on the Ord River, also located in the semi-arid tropics in north
eastern Western Australia. The factors contributing to the erosion are clearly identified, however,
the initiation process, the timing, and the role of land use are not. Plate 4.1 shows sites VRD01 to
VRD05 in 1948. Four of the sites already existed as gully complexes, and one (VRD03) as a
single gully network)

VRD02
VRD01
VRD03

VRD04 VRD05

Plate 4.1 1948 Aerial Photograph of Sites VRD01 to VRD05

Many of the reports relating to erosion form and extent in the Kimberley region of northern
Western Australia, and the Victoria River District clearly identify grazing by cattle as a significant
factor contributing to erosion. However, none of these reports hypothesizes about the age of
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these features, or whether these features existed prior to the introduction of cattle.

The

implication from many of these reports is that the erosion throughout the region has probably been
initiated, and further developed, by the impact of grazing and probably overgrazing.
A hypothesis of this research is that cattle have played a role in the formation of gully complexes,
however it is unlikely that they initiated the formation of the FDC. The development of the
morphology classification in Chapter 3, which includes a simple aerial photo comparison, has
shown that all of the gullies were well developed by 1948. Furthermore, based on this simple
comparison, the outer erosion features were, at some sites, also well developed by 1948. The
FDC of each of the gully complexes appears stable; that is, planimetric and cross sectional growth
has stopped. Therefore, it is hypothesized that the FDC at the outlet of the gully complexes is
unlikely to have been initiated in the 120 years since the arrival of cattle. OSL dating may provide
an age bracket in which the FDC is likely to have developed, and therefore definitively answer the
question of whether FDCs pre-date the arrival of cattle. Also, by examination of the materials in
inset terraces within the FDCs, inferences about the age of the upslope badlands can be made.

OPTICALLY STIMULATED LUMINESCENCE (OSL) DATING
Aerial photo records are only available from 1948, therefore an additional method for determining
the age of gullies was required. OSL dating, described by Olley et al. (2004), has proven to be a
reliable technique for dating fluvial deposits. The technique utilizes the accumulation of a trappedcharge population, within a buried quartz grain, which increases in a measurable way in response
to the ionizing radiation dose to which the grains are exposed (Olley et al., 2004; Rustomji and
Pietsch, 2007). The ionizing radiation dose may come from both cosmogenic sources and from
radioactive decay in the surrounding regolith. When the quartz grains are exposed to sunlight, the
light sensitive charge is released, and the OSL signal is reset, a process known as ‘bleaching’
(Furlonger, 2004; Olley et al., 2004; Rustomji and Pietsch, 2007). The time since burial can be
determined by measuring the OSL signal from a sample of sediment combined with an estimate of
the radiation dose received by the sample since burial.

102

Optical dating has been widely used for dating fluvial, aeolian and coastal dune sediments, which
are subject to sunlight exposure prior to deposition (Furlonger, 2004; Olley et al., 2004). Aeolian
sediments are often completely, or nearly, zeroed by sunlight at the time of deposition. Fluvial
sediments, however, are rarely completely zeroed, as they are often not exposed to a sufficient
amount of sunlight due to the reduced efficiency of bleaching under water (Olley et al., 2004).
Incomplete bleaching is overcome by measuring burial ages from a population of mixed bleached
and unbleached quartz grains, and reporting the population of grains with the lowest equivalent
dose, which will provide the most accurate burial dose (Olley et al., 1998, 2004; Rustomji and
Pietsch, 2007).
Determination of the concentration of radionuclides within the deposit allows calculation of the
dose rate to which the grains were exposed. Thus:
Equivalent Dose ÷ Dose Rate = Age
Inset alluvial terraces were identified in many of the FDCs, and several were identified within the
FDC at VRD08, of which two were selected for optically stimulated luminescence (OSL) dating
(Plate 4.2 and Plate 4.6). The inset terraces were deposited after the natural FDC had formed,
and can therefore provide a minimum age of the FDC. Additionally, the terraces also represent a
sediment input event, followed by incision, as the cross-section diagrams (Figure 4.2 and Figure
4.3) demonstrate. Three samples were taken from two sites on terraces, located at S 16º12.887’
E 131º09.216’ and S 16º12.903’ E 131º09.190’ respectively, and presented in Figure 4.1. While a
more comprehensive sampling regime could not be undertaken due to budget considerations, it
was envisaged that these samples would provide a minimum age of the FDC and, together with
examination of the stratigraphy, provide unique insight into the formation of the FDCs and the
outer erosion feature. Cross sections of the sampling sites and the litho-stratigraphy of both sites
are presented in Figure 4.2, 4.3 and 4.4 below.
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Figure 4.1 Location of inset alluvium terraces for OSL dating along VRD08 longitudinal profile. The profile extends
from the upslope surface (above the scarp), through the badlands, the depositional zone, to the FDC outlet at the
river.

Each sample was taken by inserting a 30mm diameter steel pipe into finely laminated sand layers.
The pipe was carefully excavated and each end of the pipe was secured by using a PVC cap and
tape. An additional 1kg sample of surrounding sediment was also taken for dosimetry. The
samples were stored in an air tight, sealable, plastic bag. Samples were sent to the CSIRO
laboratory at Black Mountain, ACT, for analysis which was carried out by Dr. Tim Pietsch, using
the method described in Appendix 2.
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Figure 4.2 Cross section diagram of OSL sampling site 1. Sample locations are indicated by the stars (upstream
view). Both axes in metres.
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Figure 4.3 Cross section diagram for OSL sampling site 2. Sample location indicated by the star (upstream view).
Both axes in metres.
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Figure 4.4 Litho-stratigraphy of inset alluvial terraces located within the FDC at site VRD08. At site 1, the top 47.5cm
is made up of alternating layers of finely laminated sand and carbonate nodules/gravel layers. Sample VRD08OSL1
is from the top layer of finely laminated sand, which is 4.5cm thick. Sample VRD08OSL3 is taken from the deepest
laminated sand layer at approximately 30cm. At a constant rate of sedimentation, based on the OSL dates
calculated, the deepest clay layer at Site 1 is approximately 91 years old. At site 2, an additional layer of backwater
deposits occurs, consisting of dark, fine grained sediment. The origin of the backwater deposit was determined by its
colour and texture, as sediment fitting its description was not located upstream within the FDC. Therefore the
sediment had to be transported from the river, and deposited in the FDC from backed up floodwaters. A sample was
taken from the finely laminated sand layer (VRD08OSL6), at the maximum depth of 58cm so that the age of the
terrace can be determined, and hence the minimum age of the FDC can also be established. At both sites it was
determined that the base of the inset terraces was reached. At Site 1, the deepest clay layer was consistent with the
soil found at the surface 5m upslope, which is evident in Plate 4.1 at the top left hand corner of the photo.
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Initial large aliquot analysis of the samples suggested doses of 15 to 30 Gy, hence single grain
analyses were run with procedures designed to be most accurate within this range. Figure 4.5
provides an example of the resultant dose distributions, showing that the sample is
heterogeneous, with all samples having a very low dose component (identified in Figure 4.5). The
initial single grain analysis procedure tailored for doses above 10 Gy was not appropriate for
accurately distinguishing between low doses, hence an additional analysis of all samples was run,
providing the results shown in Figure 4.6. Each of these plots should be interpreted as showing
only the lowest dose component of a much wider distribution that extends to at least 100 Gy, the
higher dose grains being interpreted as representative of the variety of bleaching histories
experienced by the grains between erosion and deposition (Pers. Comm. T. Pietsch).
The possibility that the low dose component represents bioturbation of a much older deposit is not
considered likely given the well preserved bedding visible in each site (Pers. Comm. T. Pietsch).

Figure 4.5 Initial measured dose distribution of VRD 08 OSL 3
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Figure 4.6 Kernel density plots for all De distributions

Concentrations of

238U, 226Ra

and

210Pb

are consistent with minor secular disequilibrium in most

samples (Table 4.1, Figure 4.7) however, the effect of these disequilibria is insignificant for the
calculation of doses. For example, assuming radioactive equilibrium conditions for VRD08OSL6
(the sample with the greatest 210Pb deficiency) results in a fall in calculated age of just one year.
For simplicity therefore, dose rates for all samples have been calculated assuming the measured
activities to have persisted throughout the burial period.
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Plate 4.2 VRD08 OSL Site 1: Tape measure shows
location of inset terrace, litho-stratigraphy presented
in Figure 4.2. Euc. spp. at peak of inset terrace
surface in background.

Plate 4.4 VRD08 OSL Site 1: excavated face.

Plate 4.3 VRD08OSL1: sample taken in uppermost
layer of finely laminated sand.

Plate 4.5 VRD08 OSL Site 1: Clearly visible layers of
finely laminated sand and gravel containing
carbonate nodules.
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Plate 4.6 VRD08 OSL Site 2: Site location. Inset
alluvial terrace, and remnant surface.

Plate 4.8 VRD08 OSL Site 2: Excavated face of
sample location. Depth of face is 60cm, sample
VRD08OSL6 taken at depth of 55cm. Layering of site
is clearly visible.

Plate 4.7 VRD08 OSL Site 2: Clearly visible layers of
finely laminated sand, gravel containing carbonate
nodules, and slightly darker layers of deposited river
sediments, which were deposited during backflow up
the gully.

Plate 4.9 VRD08 OSL Site 2: Location of sample
VRD08OSL6 in deepest sand layer.
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Table 4.1 All radionuclide values are in Bq kg-1. Values less than 10 (and their uncertainties) reported to 2 decimal
places. Values between 10 and 30 (and their uncertainties) rounded to 1 decimal place. Values above 30 (and their
uncertainties) rounded to nearest integer.
Sample

238U

225Ra

210Pb

232Th

40K

VRD08OSL1

22.8 ± 2.0

22.2 ± 0.3

19.2 ± 1.3

36 ± 1

380 ± 8

VRD08OSL3

25.8 ± 2.3

26.7 ± 0.4

23.4 ± 1.5

38 ± 1

338 ± 8

VRD08OSL6

29.1 ± 2.4

29.9 ± 0.4

22.6 ± 1.5

35 ± 1

306 ± 7

Sample

D.R. (Gy ka -1)

De (Gy)

Age (yrs)

VRD08OSL1

2.24 ± 0.17

0.16 ± 0.02

71 ± 11

VRD08OSL3

2.21 ± 0.18

0.18 ± 0.02

81± 7

VRD08OSL6

2.08 ± 0.17

0.04 ± 0.01

19 ± 5

At the site OSL 1, the deepest sample, VRD08OSL3 (Figure 4.4) was dated at 81±7 years, with
the sample taken in the uppermost layer (VRD08OSL1) at 71±7 years. At the second sample
site, OSL2 (Figure 4.4) the deepest sample (VRD08OSL6) returned a much younger date of 19±5
years. This terrace is not as large as that at OSL1, and has developed approximately 50 years
since the OSL1 sampling site.
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Figure 4.7 Activity concentrations of 226Ra vs 238U and 210Pb vs 226Ra. Radioactive equilibrium is shown by the line.
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ANALYSIS OF HISTORICAL RECORDS
Examination of historical records suggests that gully systems were well established throughout
the Victoria River District prior to European settlement. Descriptions indicate that gullies ranged in
size, and often caused difficulties for the exploration party. In particular, Gregory regularly
mentions “bivouacking in a small gully” as on the 24th January 1856 (Gregory and Gregory, 1884).
The extracts below are typical of the diary entries where gullies are noted:
“…examine the country to the southward, and followed the river through a fine grassy plain til 10.00,
when it entered the sandstone ranges, and the valley contracted to half a mile; the hills were steep,
but the level ground in the valley, except where intersected by gullies, was good traveling and well
grassed.”
“The aneroid barometer was completely put out of adjustment by the principal lever having been
moved from its position by a violent shake in crossing one of the deep gullies.”
“Several tributary gullies having passed, but none worthy of special notice.”

(Gregory and Gregory, 1884)
The first two extracts are from an area near the present day Victoria River Downs homestead,
while the third excerpt is from the present day Pigeon Hole station.
In addition to the diary kept by A.C. Gregory, several other members of the expedition made
observations of their surroundings, contained in personal diaries and letters home. Lewis (2002)
quotes from a letter J.R. Elsey wrote to his parents while stationed at the Depot Camp:
“The bank on wh.(sic) we are, sloped rather Steeply to the River, which is here lined with a dense
thicket of mangroves, except at our landing place. This bank is traversed at frequent intervals by
gullies, which carry down the waters during the rainy Season, but are usually dry, & their beds
occupied by dense masses of hard tall reeds, among wh.(sic) at our first arriving, wallabies were
abundant.”

Undated letter from J.R. Elsey to his parents in (Lewis, 2002)
The above descriptions from A.C. Gregory (1856) and J.R. Elsey (undated) clearly describe
riparian gully formations, and qualitatively, the range of gully dimensions encountered (that is,
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both small and large, deep gullies). This indicates that riparian gully erosion was, or had been, an
active process before cattle arrived. A difficulty of interpreting these records is the consideration
of how a gully is defined, and whether the gullies referred to in the historical records are simply
tributary channels, FDCs, or whether they are the gullies and gully complexes considered in this
thesis. It should be noted that whilst gullies are described in the historical records, there is no
mention of the areas of sheet erosion (or scalds) and/or badlands bordering the gully features
today. It could be inferred that these badland features formed at a date after the first exploration,
and therefore after the arrival of domestic stock. Based on the descriptive entries relating to the
range of landforms encountered, it is hypothesized that the badlands formed post stock
introduction. Gregory has provided a comprehensive and detailed description of the VRD
environment, describing channel banks, vegetation, savanna grasslands, gorges and
escarpments. Had the badlands been developed, or developing, at the time, it is likely that they
would have been described because they would have been a major impediment to travelers on
horseback. Therefore, it is proposed that the gullies described by Gregory are equivalent to the
flood drainage channel (FDC) of the present day gully complexes, and therefore these were
present prior to the arrival of stock, while the badlands formed at a later date.

DISCUSSION AND CONCLUSIONS
The historical data presented in this chapter indicates that FDCs were both well developed and
widespread throughout the Victoria River catchment, prior to European settlement. This result is
not surprising, given that this has been reported for other catchments across northern Australia,
such as the Ord River (WA) (Sandercock, 2004. Wasson et al, 2002) and the Burdekin River (Qld)
(Bartley et al., 2007).
The oldest date provided by the OSL dating, from VRD08OSL3 is 81±7 years, which occurred
approximately 30 years after the arrival of cattle. While the OSL dates do not conclusively prove
that the riparian FDC is older than the historical record, that is greater than 150 years old, it is very
likely. At a constant rate of deposition, the base of the inset terrace is ~90 years old. Given the
location of the terraces, in particular OSL site 1, 300m from the FDC outlet, the implication is that
the FDC must have been well developed before the inset terrace accumulated 90 years ago.
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The inset alluvial terraces are also indicative of processes occurring within the area upstream of
the FDC at this time (90 years ago). The inset terrace sediments contain re-worked carbonate
nodules (Figure 4.4, Plate 4.5 and Plate 4.8). The source of the carbonate nodules must be the
outer erosion feature, since, as described in Chapter 3, the surface of the badlands, in well
developed sites, is densely covered by these nodules derived from the B horizon. Therefore, the
incorporation of these nodules in the site 1 sediments indicates that the outer erosion feature was
well established up to 90 years ago, as the carbonate nodules occur at the base of the sample
site (see Figure 4.4 and Plate 4.4). The terraces may therefore be considered a pulse signal of
increased erosion, possibly as a result of cattle grazing, upslope of the FDC. This is illustrated by
Figure 4.8. The extrapolated basal age of the terrace of ~90years occurs approximately 30 years
after the introduction of cattle. Potentially this indicates a significant lag period before the impact
of cattle became obvious, that is, a period of resistance to erosion by the vegetation and soil
surface. Sediment pulses post European settlement are reported elsewhere, both within Australia
(Eriksson et al., 2006; Prosser and Winchester, 1996; Wasson et al., 1998), and internationally
(Burkard and Kostaschuk, 1995).

Pulse of sediment

Second
sediment pulse
19+5 years ago
Introduction of
cattle to the VRD

1880

1940

2007

Figure 4.8 Diagrammatic representation of a sediment pulse, in the VRD, since the introduction of cattle
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Flood events are a major feature of the mid catchment. At Site 2, the litho-stratigraphy described
identifies a layer of river-derived sediments, which is an indication of a major flood event, since
the sediments are a slack water deposit. The sampled layer (VRD08OSL6) is deeper than the
river sediment layer therefore a major flood event occurred less than 20 years ago. This is
supported by the hydrological data collected at a gauging station only 10km upstream, where a
major event was recorded in 1993, around the time of the second sediment pulse. Given the high
rotation of managers and staff on Victoria River Downs station, it is difficult to find supporting
evidence from local observers.

Major flood events, where flow tops the channel bank, are common along the mid-Victoria River;
where the study reach is located. FDCs provide the means for these massive overbank flows to
drain back to the river. This is observed in several large rivers across the Australian tropics,
including the Ord (Wasson et al., 2002), Fitzroy (Taylor, 2000) the Burdekin River (Bartley et al.,
2007), and also in the Daly River catchment (Wasson, 2006). This suggests that the occurrence
of riparian FDCs is a natural phenomenon, where FDCs serve to drain overbank flows from large
flood events. Major flood events must have occurred prior to the introduction of cattle, to produce
the floodplain and the co-evolution of the FDC. It is possible that the riparian FDCs have existed
for hundreds of years before the arrival of stock.

Therefore, while the data collected in this chapter do not irrefutably establish the age of riparian
FDCs, they do provide some indications of the timing of FDC formation and development of the
badlands.

In this chapter the evidence relating to the origin of riparian FDCs in the Victoria River District has
been reviewed. Examination of the historical records, principally the diaries of the first explorer to
the region, A.C. Gregory, confirm that gullies (FDCs) were widespread throughout the catchment,
prior to European settlement and the introduction of cattle to the region. Optically stimulated
luminescence dating of three samples from inset terraces provided a maximum date of 81±7
years (sample terrace 1). While this does not conclusively prove that the FDCs were present prior
to the introduction of cattle, the extrapolated age at the base of the terrace deposit within the FDC
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does suggest the FDC is significantly older than 81±7 years, but that the formation of the terrace
is younger, and probably post-dates the introduction of cattle. Evidence for the development of
the outer badland erosion is provided in the next chapter.
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CHAPTER 5:

RECENT HISTORICAL CHANGES TO RIPARIAN EROSION

FEATURES

SUMMARY: Used in this chapter are aerial photo records and fallout radionuclide analyses to
determine the recent historical changes in eight gully complexes located along the study reach.
The total area of the gully complexes has increased from 1948 to 2006, with VRD02 presenting
the greatest change in area (0.07km2), and VRD07 presently the largest complex along the reach
(1.29km2). Headward retreat has occurred at an average rate of 1.3m/yr, for those sites that were
classified as gully complexes in both 1948 and 1991. The remaining sites that have evolved from
gullies in 1948 to gully complexes in 1991 have migrated at a similar rate for the 15 year record
from 1991 to 2006. Total flood drainage channel (FDC) length has increased slightly over the 43
year aerial photo record, while the number of large trees at each of the sites has increased
dramatically. These are indicators of FDC stability, suggesting that the FDC of each of the
complexes have stabilised, while the outer erosion feature continues to evolve. Caesium-137
results provided near-zero values for each of the sampling locations within the badlands, at sites
VRD02, VRD07 and VRD08. This implies either that erosion has occurred since the time of
fallout, or was taking place at the same time as the fallout was occurring. This supports the
results of the aerial photo mapping, which confirms that erosion of the outer gully complex has
taken place during the past 50 years, and continues to do so today.

INTRODUCTION
Recognized in previous chapters is that gully complexes are the major form of erosion along the
Victoria River, particularly in the mid-catchment region.

Further, research undertaken to

determine the origin of these features suggests that the flood drainage channel (FDC) pre-dates
the arrival of livestock to the district, while the badlands have most likely developed after both the
FDC has stabilized and cattle were introduce. Having considered the morphology and origin of
these features, the most pressing question remaining, from a land management perspective is,
how and to what extent have they changed in recent history? This information can be used in
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future predictions of change and management decisions, both of which are avenues of future
research.
The badlands morphology of gully complexes is particularly striking, both from aerial photos and
on the ground. The conditions under which gullies entrench drainage lines, retreat upslope,
bifurcate and tend towards the development of badlands is not always clear (de Ploey, 1992).
Quite often badlands development is rapid and direct observation of coupling processes and
landform evolution is possible (Howard, 1994). Certainly, in the case of the eight gully complexes,
varying stages of badlands development are apparent, as discussed in Chapter 3. Through a
detailed field survey and air photo analyses, assessed in this Chapter, the means by which the
badlands have developed and continue to develop has been documented. The processes
responsible for such development will be discussed in this Chapter at the scale of individual
features, and linked to the discussion of gully and gully complex evolution in Chapter 6.

The primary aim of this chapter is to determine how and to what extent the eight gully complex
features, along the study reach, have changed over the past c.60 years. The complexes are
separated into the two major components, that is, the FDC and the badlands, in order to
undertake this assessment.

The extent of change will be measured, and the processes

responsible determined. The remaining question of ‘why have they changed’ will be addressed in
Chapter 6.

OBJECTIVES
To satisfy the aim of this chapter, the following objectives will be met:
1. Map and analyze change of characteristic features of gully complexes along the study
reach;
2. Incorporate 2006 ground survey measurements of the same characteristic features to
determine how and to what extent features have changed from 1948 to 2006;
3. Record any additional observations that may not be directly measured (owing to scale
and distortion issues);
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4. Use caesium-137 to date the gully complex badlands.
LITERATURE REVIEW
As discussed in the Introduction to this Chapter, gully complexes can be divided into two major
components in order to consider the extent of change and the processes responsible. The
discussion following the presentation of results will also consider the components independently,
before discussing the complex as a whole. Furthermore, prior research conducted in the VRD
into the extent of change, and processes, will also be reviewed.

Badlands Development and Characteristics
Characteristic features of badlands include steep slopes, high drainage density, a lack of
vegetation, thin regolith, highly dispersive regolith, and rapid erosion rates (Howard, 1994, 1997;
Howard and Kerby, 1983; Piccarreta et al., 2006). Erosional processes on badlands slopes are
often hidden from direct observation in cracks and pipes, and these processes have often very
complex spatial and temporal variability, despite a well organised slope morphology (Howard,
1994).

Badlands display a wide range of slope forms throughout the world, from steep and straight with a
narrow divide, to a convex form with much gentler slopes (Howard, 1994; Piccarreta et al., 2006).
The badland slopes contained within the gully complexes have a form more like those with the
convex shape and gentle slopes, not dissimilar to the badlands described for the Mancos Shale,
Utah (Howard, 1994), or the biancane form described throughout Italy (Piccarreta et al., 2006).
The Mancos badland slopes have an almost linear profile, with narrow rounded divides ranging in
width from 0.5m in high-relief badlands to 2m in low-relief areas (Howard, 1994). The rounded
shape of the divide is thought to be a result of rain splash erosion (Howard, 1994).

Another characteristic feature of badlands is the alluvial surface, which forms a sharp junction with
the downslope edge of badland areas.

Howard (1994) describes this surface as one of

transportation, with the gradient determined by the relationship between supplied sediment load
and discharge. The alluvial surface can be any width compared with that of the badlands
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(Howard, 1994).

Howard (1994) further describes the flow on alluvial surfaces as being

unconfined or concentrated in wide, braided washes inset slightly below the level of the alluvial
surface. This is not the case in the gully complexes in the VRD. Runoff from the badlands in the
VRD flows through a series of rills and small channels located within the alluvial zone,
approaching the main dendritic FDC network. This description fits more closely with that of
Engelen (1973), who notes that the lower part of the pediment (alluvial surface) is either dissected
by headward cutting channels of a larger ephemeral stream downstream, or it is flat without
pronounced channels. In addition, the sediments on the lower pediment are likely temporary, and
will be transported during the next major runoff event (Engelen, 1973).

Previous Research in the VRD
Very little prior research has been conducted in the VRD regarding changes to the extent of
erosion throughout the catchment. However, it has been claimed that since the introduction of
hard-hoofed animals, land degradation has become prevalent along river systems (Lewis, 2002).
Additionally, areas of sheet erosion and tree stumps with exposed root systems are also reported,
although these are not just confined to the margins of rivers and creeks (Lewis, 2002). The report
by Condon (1986) is the most extensive review of erosion in the VRD, as discussed in Chapter 3.
Predominantly the report focuses on erosion form. There is, however, some speculation in these
reports about erosion development over the past c.100 years. There are also several other
reports that describe erosion extent, and attempt to quantify total soil loss for specific sites.

Calculated in two separate reports is the extent of erosion within smaller regions of the VRD, and
estimates of the total soil loss at six locations within the Ord-Victoria Plain region in a third report.
The reconnaissance erosion report in 1986 estimated only 2.4% of the 48,000km2 surveyed was
suffering moderate to severe erosion, and of that 2.4%, 60% was located within a 60-70km radius
of Victoria River Downs station homestead (Condon, 1986). Humbert River station was surveyed
as part of the second report, and it was estimated that 41% of cattle grazed areas are suffering
erosion (Foran et al., 1985; Wood et al., 1979). Research carried out as part of this thesis
supports the findings that the areas most affected by erosion are in the mid catchment, and within
a 60-70km radius of the Victoria River Downs station homestead. The study reach itself is located
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within a 60-70km radius from the Victoria River Downs station homestead identified by Condon
(1986), and the mid-catchment area, incorporating Humbert River Station, is the area, presently,
most affected by erosion. As this research does not go so far as to determine the total area of
erosion, nor rank it on a moderate to severe scale, the actual figures determined in the Condon
(1986), Foran et al (1985), and Wood et al (1979) reports are not confirmed by results presented
in this thesis.

Quantitative estimates by Elliot et al (2002), using the caesium-137 method, estimated total soil
loss by sheet erosion on hillslopes over the past 50 years at six sites within the VRD. In the report
soil loss above 0.5 t ha-1 yr-1 is considered to be unsustainable, and at each of the six locations
soil loss exceeded this value (Elliot et al., 2002). Sites at Camfield Station in the mid-upper VRD
have eroded at rates of 3.35 t ha-1 yr-1, and 0.55 t ha-1 yr-1 on waning slopes and areas adjacent to
drainage channels, and both sites had been heavily stocked. Sites at Mistake Creek produced
much higher values of 9.3 t ha-1 yr-1 and 10.6 t ha-1 yr-1 (Elliot et al., 2002). The two sites at
Timber Creek, located in the lower catchment and not as heavily stocked, produced lower
estimates of soil loss, specifically 0.64 t ha-1 yr-1 and 0.91 t ha-1 yr-1 (Elliot et al., 2002). The
results of these reports highlight the fact that sheet erosion is proceeding at an unsustainable rate,
and furthermore, the authors imply that the erosion problem is likely a consequence of overgrazing or over-stocking.

Similarly, Condon (1986) also attributes much of the erosion problem to cattle, by way of cattle
tracks and over-grazing.

While this report does not specifically quantify soil loss, it does

recognize a continuum of form between some features. Eleven forms of erosion were identified,
as detailed in Chapter 3, and of these, eight are considered to be closely related. Of the
remaining three, two are linear forms of erosion which are largely attributed to the impact of cattle,
and the final form, streambank erosion, is considered likely a result of high rainfall-flood events.
The eight forms of erosion believed to be somewhat related are: loamy soft scalding, sloping
scalds with associated rilling and gullying, wind sheeting, water sheeting with associated rilling
and gullying, fan and finger gullying, gullying of lower slopes and minor drainage lines, and tunnel
erosion (Condon, 1986).
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Condon (1986) identified numerous relationships between erosion form and process, without
specifically recognizing a continuum. Loamy soft scalding, found on duplex calcareous earths and
duplex red earths, often develops into sloping scalds with associated rilling and gullying,
sometimes with fan gullying. Water sheeting and shallow rilling are identified as the dominant
factors in the early development process in the formation of the sloping scalds. Therefore, it can
be assumed that water sheeting (aided by wind sheeting) which develops into broad shallow fan
gullying, are both factors’ driving the formation of loamy soft scalds and sloping scalds.
Additionally, gullying of lower slopes and minor drainage lines are also identified as an extension
of water sheeting with associated gullying. Fan and finger gullying are also closely related, with
finger gullying considered a secondary erosion form in the beds of large fan gullied areas. Finger
gullying may develop in a timbered gully basin, in a light to medium textured alluvial substrate.
Finally, tunnel erosion is often associated with the upper ‘ribs’ of fan and finger gullies, as well as
on the upslope surface, which may increase the rate of headward extension.

The reconnaissance erosion survey (Condon, 1986) achieved exactly what it set out to; to identify
erosion forms and extent of erosion within approximately one-third of the VRD. A comprehensive
description of eleven erosion forms is provided, as well as some indication regarding initiation and
developmental processes. The most severe and extensive erosion is considered to be primarily
linked to duplex calcareous earths and duplex red earths (both highly erodible), and some loamy
calcareous earths, in addition to a lack of control over livestock distribution and cattle numbers
before the 1970’s (Condon, 1986). Without directly calculating change to individual erosion
features, this report (Condon, 1986) has identified linkages between the forms, and as such
provides a useful background to the data collected in this Chapter.

METHODS
To fulfill the aim of this Chapter, that is to determine how and to what extent riparian gully complex
features have changed over a 50 year period, three methods have been adopted. Firstly, a
comprehensive analysis of aerial photos (1948 and 1991) was undertaken in a GIS environment.
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To complement and update the GIS analysis, a ground survey was carried out during the 2006 dry
season, which measured those variables assessed in the aerial photo analyses. Also, soil
samples were collected from three sites to undergo caesium-137 (137Cs) and excess lead-210
(210Pb) inventory assessment, to aid understanding of the development of the badlands
morphology. A brief introduction to the use of fallout 137Cs and excess 210Pb is provided below.
Fallout Radionuclides
Caesium-137 (half life of 30.17 years) is an anthropogenic radionuclide produced by nuclear
weapons testing, primarily during the late 1950s and 1960s. These atmospheric nuclear weapons
tests have resulted in 137Cs being dispersed globally, and subsequently deposited as fallout on the
land surface, binding to soil particles. It can be used as both a tracer of surface soils (Loughran et
al., 1993; Wasson et al., 2002; Zhang et al., 1994) and to determine rates of erosion or
sedimentation (Loughran et al., 1993; Walling and He, 1997). In this research the 137Cs method
will be used to assess the erosion occurring in the badlands of three gully complex features.

Caesium-137 provides a useful tool for tracing sediment and providing estimates of erosion rate
over medium-term time scales (40 years).

210Pb

excess, however, can provide an indication of

longer-term patterns (up to ~120 years). Lead-210 is a naturally occurring radionuclide, with a
half life of 22.2 years. It is a product of the 238U decay series, formed by a series of short-lived
radionuclides from the decay of gaseous

222Rn,

the daughter of

226Ra

(Walling et al., 2003).

Supported 210Pb is produced from the in-situ decay of 226Ra, and is usually in equilibrium with its
parent (Walling et al., 2003). Excess, or unsupported, 210Pb is produced when a small proportion
of 222Rn is released into the atmosphere (by upward diffusion from the 222Rn occurring naturally in
rocks and soils), and the subsequent fallout of
equilibrium with

226Ra

(Walling et al., 2003).

210Pb

to surface soils and sediment is not in

Unlike

137Cs,

the fallout of

210Pb

has been

approximately constant over time. Given that the fallout of 137Cs and 210Pb excess is controlled by
different factors, it is unlikely that both inventories will be low at the same location if undisturbed
by erosion (Walling et al., 2003).
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Aerial Photo Analysis and Ground Survey
As described in Chapter 3, aerial photos of the study reach in 1991 (1:48,500) were scanned and
georeferenced in ArcGIS. The same process was undertaken for the 1948 (1:50,000) aerial
photos, which were georeferenced to the 1:250,000 topographic map (MGA projection, GDA94
datum), as well as to the 1991 photos. This was completed using distinct landforms and manmade features as control points due to the absence of surveyed benchmarks. While absolute
accuracies using this method are low, relative accuracies are high between the photography and
geometric properties of mapped features. After individual photos had been georeferenced, they
were combined into mosaics to provide complete coverage of each erosion feature.

Variables were selected which were easily viewed and, therefore, mapped at each site to undergo
detailed GIS analyses. A new GIS layer was created for each variable at each site per year (for
example, VRD01 1948 and 1991 Badlands). The type of feature created for each variable and
unit of measurement used are listed in Table 5.1. On-screen digitizing of the features was carried
out in ArcGIS 9.1 and feature geometry added to the attribute table of each GIS layer. The
headward retreat of the scarp boundary, and areas of badlands and depositional zone were
recorded by 20 measurements for each, and the values averaged to produce a single figure.

Table 5.1 Types of shapefiles created to undertake GIS mapping of erosion features
Variable

Type of shapefile

Unit of Measurement

Boundary

Polygon

Area (km2 ) and Length (m)

Badlands

Polygon

Area (km2 )

Depositional Zone

Polygon

Area (km2 )

Gully

Line

Total Length (m)

Trees

Point

Number of Trees

A ground survey was carried out during the 2006 dry season using a DGPS (5mm vertical and
horizontal accuracy). The DGPS survey was conducted around the boundary of each feature and
following the main FDC, from the outer erosion feature to its outlet at the river (to create the slope
profiles included in Chapter 3). The results were incorporated into the GIS aerial photo mapping
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environment, so that the headward retreat of the upslope boundary could be determined from
1991 to 2006. The average headward retreat (m), from 1991 to 2006, is included in Table 5.3.

137Cs

and 210Pb excess
Eighteen soil samples were collected from three gully complexes (VRD02, VRD07, VRD08), in
addition to two reference samples (Ref 2 and Ref 7/8) from apparently the undisturbed upslope
surface of the river terrace. Two 50m transects were laid out at each gully complex site, with the
transects crossing the scarp boundary, such that three samples were taken from within the
erosion feature (in the badlands), and three outside the erosion feature (upslope of the complex
margin; on the top of the scarp as shown in Figure 4.1). Samples were collected from the surface
20cm using a steel core (110mm diameter), and stored in plastic sample bags. Samples were
taken at 0m, 20m and 50m on each transect. Figure 5.1, 5.2 and 5.3 below, highlight the soil
sample locations at sites VRD02, VRD07, and VRD08 respectively. Two reference samples were
taken at VRD02, only one sample each from VRD07 and VRD08 given their close proximity to one
another. Samples were then sent to the Environmental Research Institute of the Supervising
Scientist (ERISS) environmental radioactivity laboratory for sample preparation and analysis, by
the author, and Therese Fox.
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Figure 5.1 Location of VRD02 soil sampling sites for 137Cs analyses
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Figure 5.2 Location of VRD07 soil sampling sites for 137Cs analyses
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Figure 5.3 Location of VRD08 soil sampling sites for 137Cs analyses
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Excess 210Pb ± error was calculated using the following equations (Taylor, 1982):
210Pb

excess = (210Pb ± error) – (226Ra ± error)

Eq. 1

210Pb

excess = (210Pb - 226Ra) ± √(210Pb error)2 + (226Ra error)2

Eq. 2

RESULTS
The results of this research are separated into the aerial photo and ground survey assessment,
and the radionuclide analysis. The aerial photo analysis and 2006 ground survey provide results
on both the spatial extent and temporal change of the gully complexes. On the other hand, the
radionuclide analysis provides additional information about the timing of erosion.

Aerial Photo Analysis and Ground Survey
Table 5.2 contains the results of the aerial photo analysis for each of the gully complexes (total
area), and their badlands and depositional zone (alluvial surface) components, for both 1948 and
1991. In the case of sites VRD03, VRD06, VRD07 and VRD08 ‘NA’ is entered into the 1948
columns, as these sites developed from gullies in 1948 to gully complexes in 1991. The total area
of the four features that were recognized as gully complexes in both 1948 and 1991 has increased
at each site. VRD02 shows the largest change, from 0.48km2 to 0.55km2 over the 43 year period.
VRD07 has the greatest area of all eight sites at 1.29km2. Similarly, the area of badlands at sites
VRD01, VRD02, VRD04 and VRD05 has also increased between 1948 and 1991, with VRD02,
again, presenting the greatest change. Three of the four 1948 gully complexes have an increased
depositional zone area in the 1991 aerial photos. VRD01 has a smaller depositional zone in 1991
(0.04km2) compared with the 1948 area (0.053km2).
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Table 5.2 Area of erosion feature, badlands and depositional zone for eight gully complexes
Site

Total Area
(km2)

Badlands
(km2)

Depositional
Zone (km2)

1948

1991

1948

1991

1948

1991

VRD01

0.41

0.44

0.05

0.07

0.053

0.04

VRD02

0.48

0.55

0.02

0.082

0.11

0.15

VRD03

NA

0.49

NA

0.065

NA

0.064

VRD04

0.13

0.14

0.009

0.012

0.01

0.03

VRD05

0.22

0.24

0.012

0.026

0.038

0.04

VRD06

NA

0.17

NA

0.006

NA

0.06

VRD07

NA

1.29

NA

0.05

NA

0.28

VRD08

NA

0.37

NA

0.014

NA

0.066

Badlands vs. Depositional Zone Change: 1948 to 1991

Depositional Zone Change (km 2)

0.3

VRD07

0.25
0.2
0.15
0.1

VRD06

VRD08

VRD03

0.05

VRD04

0
0

0.01

VRD02

VRD05
0.02VRD01

0.03

0.04

0.05

0.06

0.07

-0.05
Badlands Change (km 2)

Figure 5.4 Graphical representation of change of badlands area versus deposition zone area change from 1948 to
1991

Table 5.3 summarizes the headward retreat of the gully complex margins (scarp boundary), the
badlands and the depositional zone. Headward retreat of the complex margins is presented for
sites VRD03, VRD06, VRD07 and VRD087 despite the fact that they existed as gullies in the 1948
aerial photos. These sites did not fit the gully complex classification in 1948, however, the
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margins of the FDC network were identifiable on the photos, and this is the point from which
headward retreat of the scarp is measured. As described in the methods, the upslope migration
of the complex scarp was averaged for 20 measurements. These measurements were taken from
the margins of the entire feature, not just those that are perpendicular to the river. That is,
measurements were also taken where the scarp migrated parallel, or near parallel, to the river.
As a result of the measurements being taken in such a manner, the results contained within Table
5.3 may be somewhat higher than if the measurements were taken in a direction perpendicular to
the main channel. Typically, the badlands and the depositional zone have migrated upslope
slightly less than the extent of the complex margins. Furthermore, the rate at which the scarp
boundary has migrated upslope during the 15 years from 1991 to 2006 reflects the rate at which it
migrated during the previous 43 years (1948 to 1991). On average the gully complexes migrate
upslope at 1.3m yr-1.
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VRD08

VRD07

VRD06

VRD05

VRD04

VRD03

VRD02

VRD01

Site

10.4
0.69
15.6
1.04
13.2
0.8r
4.5
0.3
7.8
0.52
12.2
0.81
16.0
1.06
12.8
0.85

(m)
15.3
89.4
26.8
101.8
11.9
87.7
1.8
21.5
2.4
31.6
12.9
54.5
13.6
101.4
21.9
65.4

Rate (m/yr)

41.15

0.96

60.25

1.4

54.7

1.27

14.2

0.33

16.4

0.38

38.3

0.89

69.45

1.62

42.43

0.99

Rate (m/yr)

Mean (m)

Max

Mean (m)

1991 – 2006

Min

1948 – 1991

Scarp Boundary

14.8

3.2

21.9

2.3

16.4

3.2

9.9

1.2

8.6

0.3

14.7

0.8

21.7

1.4

12.3

0.6

(m)

Max

Min
Rate (m/yr)

(1948 – 2006)

0.95

55.23

1.47

85.45

0.87

50.5

0.42

24.2

0.32

18.7

1.17

67.9

1.31

75.85

0.89

51.55

NA

NA

NA

0.37

15.7

0.25

10.8

NA

1.26

54.2

0.92

39.75

Mean (m)

Boundary

Mean (m)
Rate (m/yr)

Badlands

Total Scarp

NA

NA

NA

21.3

1.8

15.4

0.9

NA

87.3

1.6

62.9

5.4

(m)

Max

Min

NA

NA

NA

0.31

13.2

0.21

8.9

NA

1.14

48.9

0.78

33.35

Rate (m/yr)

Mean (m)

Depositional
Zone

NA

NA

NA

16.7

0.9

11.8

1.0

NA

65.9

6.7

52.1

4.5

(m)

Max

Min
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Table 5.3 Mean headward retreat (m) of the scarp boundary, and increase of badlands and depositional zone at eight gully complexes from 1948 to 1991. The headward retreat of
the scarp boundary from 1991 to 2006 is also presented. NA is not applicable. Rate of retreat per annum is also provided.

At all sites the number of trees has increased from 1948 to 1991, predominately along the FDC,
as is demonstrated in Table 5.4.

This is unsurprising as increased vegetation is usually

associated with the increased stability of a gully and/or badlands. FDC length has increased for
five of the eight sites, and decreased for the remaining three. FDC length was difficult to map
from the 1991 aerial photography as a result of the increased vegetation obscuring FDCs. This
could explain the reduction in total length for the three sites: VRD01, VRD02 and VRD08. Total
FDC length applies to the entire FDC network, so it can be said that generally the FDCs have
increased very little over the past 43 years, given that the length shown in Table 5.4 is for several
branches of the FDC network. Similarly, knickpoint migration in the outer complex was difficult to
map due to photo resolution, and increased vegetation.

Furthermore, as gullies migrate

headward, they are best described as small rills, and identifying these on aerial photos is
particularly difficult, and identifying small knickpoints is impossible. Nonetheless gullies have
increased very little over the 43 year aerial photo record, and knickpoint migration has also not
changed significantly.

Table 5.4 Total FDC Length and number of trees at eight gully complexes, including the percent increase in number
of trees
Site

Total FDC
network
Length (m)
1948

1991

Number of Trees

1948

1991

%
increase

VRD01

1031

1005

372

721

94

VRD02

4366

2772

429

888

107

VRD03

2649

3101

218

961

341

VRD04

1233

1359

164

370

126

VRD05

1217

2300

203

509

151

VRD06

1607

1719

90

320

256

VRD07

5166

5568

236

1174

397

VRD08

2628

2066

114

512

349

There are several additional changes between the 1948 and 1991 aerial photos, which could not
be quantified, that should be made note of. A common observation made for each of the eight
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sites is the tendency of the outer erosion feature to retreat in a south-easterly direction, and also
to the north, as opposed to retreating due east, and therefore perpendicular to the river, as
demonstrated in Plate 5.1. In several cases (VRD01, VRD04, VRD05, VRD07) the erosion
features have, or are in the process of, merging with the neighbouring gully complex, to form large
erosion areas. There are many additional gully complexes along the study reach that have not
been subjected to detailed analyses, which are part of the large erosion areas where gully
complexes have merged. For example, between surveyed sites VRD01 and VRD02 there is
another large gully complex. Likewise, immediately downstream of VRD04 and VRD05 is another
erosion feature that forms part of the same scar. Although the rate of expansion has almost
stopped, it is foreseeable that, over the medium term future (40 years), more of these features will
merge, and the result will be erosion scars for up to 5 or more kilometres parallel to the Victoria
River, extending up to 1-2km upslope. This is likely because cattle traverse these features, and
cattle tracks between two features can result in further erosion and the merging of gully
complexes.
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Plate 5.1 VRD02 planform demonstrating the expansion of the feature in a south easterly direction

Another observed change, again at all eight sites, is the increased sinuosity of the drainage lines
within the gully complex. Difficult to quantify, as a result of distortion when zooming in on a
feature on aerial photographs, the FDCs and smaller gullies and rills upslope had become more
sinuous by 1991, compared with the 1948 aerial photos. Increased sinuosity implies ongoing
erosion, as the course of the drainage line changes regularly (perhaps even seasonally) with large
flood events (draining back to the channel), or large rainfall generated runoff events.
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Radionuclide Analyses
Table 5.5 presents the results for the 137Cs inventories, while Table 5.6 presents the excess 210Pb
results. The reference sample for site VRD02 (on the upper floodplain) has a

137Cs

activity of

5.6x10-5 ± 3.2x10-5 (mBq cm-2), and the reference value for sites VRD07 and VRD08 has an
activity of 7.48x10-5 ± 3.3x10-5 (mBq cm-2). Both reference values are very low, results that
obliged a further examination of the reference sites that had been considered largely undisturbed.
It was found that floods can be ~2m over the site, as shown by flood debris in trees. The
reference sites of Elliot et al (2002) have 45.5 mBq cm-2 on hilltops which are not subject to
erosion. Tree root exposure on the near flat, upper surface within the gully complex is common,
with some root systems exposed up to, and over, 1m. This is evidence of active erosion within
the gully complex.

All the samples (Table 5.5) from both gully bottom (eroded) and the top, non-eroded surfaces,
excluding one (VRD07 CsT2), show a near zero activity for 137Cs. VRD07 CsT2 shows a slightly
higher 137Cs activity on the non-eroded surface, compared to the eroded surface samples. This
result implies that the erosion, at this location, occurred either after or during the

137Cs

fallout

period. That erosion is still occurring is evidenced by the exposed tree roots described above.
Table 5.5 Caesium-137 values ± error (mBq cm-2) for 3 gully complex features and net soil loss (kg ha-1 y-1)
Sample Site

Eroded surface samples
0m

VRD02 CsT1

4.89x10-6

±

3.34x10-5

Non-eroded surface

20m
1.06x10-5

±

3.4x10-5

50m
5.3x10-5

± 3.48x10-5

Net Soil Loss

17.41

17.5

17.5

VRD02 CsT2

-5.75x10-5 ± 3.62x10-5

-4.11x10-5 ±3.53x10-5

2.49x10-5 ±3.51x10-5

Net Soil Loss

17.51

17.5

17.5

VRD07 CsT1

-2.54x10-5 ± 2.25x10-5

2.89x10-5 ± 3.53x10-5

1.27x10-5 ± 3.54x10-5

Net Soil Loss

17.5

17.5

17.5

VRD07 CsT2

5.6x10-6 ± 3.44x10-5

-1.37x10-5 ±3.57x10-5

1.52x10-4 ± 3.55x10-5

Net Soil Loss
VRD08 CsT1

17.5
4.3x10-5

±3.4x10-5

17.5
-1.63x10-5

±

3.47x10-5

17.48
4.7x10-5

± 3.46x10-5

Net Soil Loss

17.49

17.5

17.49

VRD08 CsT2

1.91x10-5 ±3.35x10-5

-2.92x10-5 ± 3.43x10-5

5.38x10-5 ±3.43x10-5

Net Soil Loss

17.49

17.5

17.49
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The excess 210Pb activities are presented in Table 5.6. The reference sample for site VRD02 has
a value of 1.12x10-3 ± 6.65x10-4 (mBq cm-2), and for sites VRD07 and VRD08 the reference
sample activity is -4.9x10-4 ± 6.53x10-4 (mBq cm-2). The excess

210Pb

activities follow a similar

pattern to the 137Cs results, in that both the eroded and non-eroded surface samples are much the
same. However, as was the case with

137Cs,

VRD07 CsT2 has a greater excess

210Pb

on the

non-eroded surface, compared with eroded surface samples. Additionally, VRD07 CsT1 and
VRD08 CsT1 also show the same result. These results likely represent sampling location
selections, where those sites whose activities are similar on eroded, gully bottom and non-eroded
top surfaces have been poorly selected, as the non-eroded surface may have undergone some
soil loss. In the instances where the non-eroded surface activities are higher than the eroded
surface values, these results imply that erosion has occurred during the past 100 years, and more
importantly that is has occurred during the past 50 years, as the 137Cs results show.
Table 5.6 Lead-210 excess ± error (mBq cm-2) values for three gully complexes
Sample Site

Eroded Surface Samples

Non-eroded Surface

0m

30m

50m

VRD02 CsT1

8.9x10-4 ± 6.43x10-4

-1.5x10-3 ± 6.79x10-4

2.06x10-4 ±7.16x10-4

VRD02 CsT2

-5.2x10-4 ± 6.7x10-4

6.54x10-4 ± 7.25x10-4

1.11x10-3 ± 7.15x10-4

VRD07 CsT1

-4.15x10-4 ± 8.37x10-4

-3.92x10-4 ± 7.27x10-4

1.34x10-3 ± 7.06x10-4

VRD07 CsT2

3.96x10-4 ± 6.7x10-4

-1.17x10-3 ±6.84x10-4

4.05x10-3 ± 7.46x10-4

VRD08 CsT1

7.04x10-4 ± 6.89x10-4

-4.24x10-4 ± 7.13x10-4

2.245x10-3 ± 7.39x10-4

VRD08 CsT2

9.3x10-4 ±7.51x10-4

8.96x10-4 ± 7.43x10-4

5.7x10-5 ±7.44x10-4

DISCUSSION AND CONCLUSIONS
The main conclusions of this research are threefold: firstly the gully complexes are retreating
upslope at an average rate of 1.3m/yr; secondly, the flood drainage channel (FDC) component of
the complexes has largely stabilized with a minor increase in FDC length and an increase in large
trees since 1948, while the outer gully complex continues to erode; and finally, the radionuclide
results confirm that ongoing erosion removed the

137Cs

and

210Pb

(excess), within the last ~50

years.
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The total area of the gully complexes, the badlands and the depositional zones at the four sites,
that were classified as gully complexes in both 1948 and 1991, have increased over the 43 year
aerial photo record.

The greatest increases occurred at VRD02, for all three measured

components, while VRD07 is presently the largest gully complex at 1.29 km2.

All of the gully complexes have migrated upslope during the past 58 years, at approximately
1.3m/yr (minimum 0.32m/yr at VRD04 and maximum 1.47m/yr at VRD07). The sites that have
evolved from gullies to gully complexes have, interestingly, migrated at a similar rate during the
past 15 years (determined by DGPS surveys) as those gully complexes that were mapped for
1948 to 2006. At sites VRD01, VRD02, VRD03, VRD04 and VRD05, this rate is slower during the
past 15 years, than the previous 43 years. This indicates stabilization of the outer gully complex,
or the reaching of a threshold point at which the gully complex can no longer migrate upslope.
The calculated rate of upslope retreat could appear higher than the actual rate of upslope retreat
in an easterly direction, as measurements were taken along the entire complex margins, and
therefore retreat may be occurring at a greater rate in a northerly or southerly direction (that is,
parallel to the river, and not truly upslope). Nonetheless, in conjunction with the measured data, it
appears that each of the gully complexes is continuing to erode into upslope surfaces, be it
parallel or perpendicular to the main channel.

The number of large trees contained within the gully complexes has increased dramatically at all
sites. The increase is predominantly along the FDC network, however in those sites where the
gully complex was already evident in 1948, large trees have also increased in the outer gully
complex, and on the remnant surfaces between the drainage lines of the gully network.
Vegetation is an indication of FDC stability, and the increase over the 43 year aerial photo record
suggests that the FDC component of each of the complexes is stabilizing. Those sites that have
developed from gullies to gully complexes have each shown a greater percent increase in tree
density, than those sites that previously existed as complexes. This result has two interpretations.
Firstly, those sites that existed as complexes in 1948 have not shown as great an increase in tree
density as those sites that have evolved into complexes (between 1948 and 1991), because the
older complexes were already well vegetated in 1948. Secondly, the increase in tree density on
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those sites evolving from gullies to gully complexes indicates that a stable point is being reached,
however, we know that these sites are in fact still developing, that is, eroding. It should be noted
that much of the increase in trees occurs in the FDC component of the complexes, as opposed to
the badlands and depositional zone. Therefore, it can be concluded that despite the rejuvenation
of gullies continuing in some sites, the FDCs the complexes are showing signs of having reached
(or reaching) stability. Further evidence of this is the change in total FDC length at the eight sites.
Five of the eight sites demonstrated an increase in total FDC length, while the remaining three
showed small decreases. FDC length provides the total length of all drainage lines visible (that is,
able to be mapped) in the FDC network. Therefore, while those sites that have increased total
length may appear to have changed significantly, in fact the total increase in length may be
divided between 20 or more individual drainage lines (contained within a gully complex), which
represents a much smaller increase for individual channels. Length has increased as a result of
the increased sinuosity of the gully network, particularly of the upstream drainage lines. Channels
may have become more sinuous as a result of natural processes in such unconfined channels, or
partially as a result of the increase in large trees, which disrupt flow and cause deposition on the
downstream side of the tree, and erosion of the opposite wall.

The results of the radionuclide analyses, near zero values for 137Cs and 210Pb (excess) samples,
confirm that erosion of the badlands has continued during the past century. The

137Cs

results

indicate that ongoing erosion has removed the nuclide during the fallout period. Alternatively, the
results could imply that all surfaces (eroded and non-eroded, as well as locations where reference
samples were taken) have eroded, or are eroding, post 137Cs deposition. Furthermore, the results
from the

137Cs

and

210Pb

sampling indicate that even the upslope terrace surfaces, with gentle

slopes (<2%), are eroding rapidly, presumably during overbank flows on grazed land. These
results are supported by observed tree root exposure on nearly level surfaces, as presented in
Plate 5.2 and Plate 5.3, and help to explain the 137Cs values obtained at what were believed to be
suitable reference sites. Erosion of near horizontal surfaces has also been observed in the Ord
River catchment, Western Australia (pers. comms. R.J. Wasson).
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Plate 5.2 Exposed tree roots on nearly level surfaces in the outer gully complex. Example from site VRD07.

Plate 5.3 Exposed tree roots on nearly level surfaces in the outer gully complex. Example from site VRD08.
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Therefore, major changes have taken place to gully complexes during the past c.50 years.
Primarily these changes have occurred to the badlands and the complex margins. The scarp
boundary has retreated upslope at an average rate of 1.3m/yr, while the badlands and
depositional zone have migrated very little, or not at all. The total area of each of the gully
complexes has also increased over the same period. Radionuclide analysis was unable to
provide any additional information; rather it served to confirm the hypothesis that erosion has
occurred during the past 50 years. Two variables that may impact erosion processes during such
a timescale are climate (also driving hydrology) and land use. As discussed in Chapter 2, there
has been an increase in rainfall over the past 30 years. Such an increase in rainfall could
enhance natural erosion processes, and drive the development of the gully complex systems,
particularly the outer complex. Land use, in this instance, cattle grazing, could also impact
erosion processes during a 50 year time period. Cattle tracks form relatively quickly and
vegetation is easily denuded, and both of these actions (amongst the other forms of geomorphic
change caused by grazing, identified in earlier chapters) could result in the erosion of the upslope
margins of the FDC network, and trigger the development of the outer gully complex. It is
impossible to quantify the specific impact that either climate or land use has had on the
development of these erosion features. Rather, it is concluded that erosion has certainly taken
place during the past 50 years, as highlighted by the

137Cs

results, and that both the

hydroclimatological regime and cattle have played major roles in such processes.
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CHAPTER 6:

DISCUSSION OF GULLY COMPLEX MORPHOLOGY AND

EROSIONAL PROCESSES
SUMMARY: The content of this thesis thus far addresses, separately, the themes of gully complex
morphology, causes, and evolution. This chapter provides a discussion linking each of these
themes, reviewing the erosion process, and taking into account the local and catchment scale
controls on process and form. The process of flood drainage channel (FDC) formation occurs in
conjunction with floodplain evolution. As receding floodwaters drain back to the channel, a FDC is
created in the newly deposited floodplain material. The FDC network expands by fluvial scour of
the FDC head and/or sidewalls, basal sapping, knickpoint migration at points along the FDC wall
(forming the dendritic network), and block or mass failure of the FDC head and/or sidewalls. Each
of these mechanisms can be triggered by overbank flooding, or rainfall generated runoff and
infiltration. As the FDC migrates upslope it approaches its maximum depth, and the depositional
surface forms, as flow from overbank flood events drains back to the main channel. The outer
gully complexes develop at FDC head and retreat upslope to a threshold point, determined by
slope and catchment area, while runoff processes continue to drive gully complex evolution.
Vegetation denudation and cattle tracking are largely responsible for enhanced runoff. As runoff
processes become more pronounced in the outer erosion feature, this enhances development of
the alluvial surface and drives the formation of the badlands. Runoff on the badlands creates the
interfluves, as well as defines the scarp, as runoff is directed down the interfluves into a network
of rills and small channels, which are eroding the base of the interfluves. The local topography
and soil type, in conjunction with local hydrology and climate, are the main local scale controls on
these processes, and ultimately gully complex morphology, evolution and distribution. At the
catchment scale, the system is driven by the monsoon, so climate and hydrology are major
factors, as well as the physical environment, especially soils. Land use is the trigger for driving
the development upslope of badlands.

INTRODUCTION
Determining the local and catchment scale controls, particularly climate and land use change, on
gully formation and development is the objective for many national and international research
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projects dealing with soil erosion by water (Oostwoud Wijdenes and Bryan, 2001; Piccarreta et al.,
2006; Poesen et al., 2003; Prosser and Winchester, 1996; Rowntree et al., 2004; Singh et al.,
1993). Soil type, climate, hydrology and land use are considered the main environmental controls
on gully development (Boardman et al., 2003; Burkard and Kostaschuk, 1995; Eriksson et al.,
2006; Foster et al., 2007; Kakembo and Rowntree, 2003; Keay-Bright and Boardman, 2007).
Research from the Central Karoo, South Africa, points to badlands and gullies developing postEuropean settlement (Boardman et al., 2003; Keay-Bright and Boardman, 2007). Although
overgrazing is cited as the most likely cause of the degradation, extreme rainfall is also cited as a
key contributing factor (Boardman et al., 2003).

Simulated rainfall experiments show that

badlands are active under high-frequency, low-magnitude rainfall events, while gullies are driven
by occasional, high magnitude events (Boardman et al., 2003). Additionally, gully initiation, in the
nearby Eastern Cape, South Africa, has been driven by a period of extreme rainfall events, from
the mid-1970’s (Kakembo and Rowntree, 2003). Although this research points to overgrazing
(and climate) as driving gully and badlands development, there are indications that these features
can pre-date cattle grazing (Kakembo and Rowntree, 2003; Rowntree et al., 2004). However, it
must be noted that cattle grazing has a very long history in Africa, in comparison with Australia.
The aim of this chapter is to link process and form to local and catchment scale controls in the
VRD. Considered in previous chapters are the spatial distribution of riparian erosion in the
catchment, and a detailed description of the morphology of gully complexes (Chapter 3),
examination of the origin of gully complexes (Chapter 4), and the extent to which gully complexes
have changed in recent history (Chapter 5). This chapter ties each of these components morphology, origin, and evolution - together, and relates this to local and catchment scale controls
to provide a holistic overview of gully complex development. Erosion processes will be reviewed
and discussed, and local and catchment scale variables controlling erosion processes identified,
and their roles determined. Finally, conclusions will be drawn regarding the process and controls
of gully complex evolution in the VRD, and comparisons made with other northern Australian
catchments.

Provided in Chapter 3 was a photographic representation of the stages of gully complex
development (Table 3.7), which also served to describe the continuum of form. To briefly review:
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Stage 1 described the formation of the FDC, which resulted from co-evolution with the floodplain
due to overbank flood events.

FDCs are formed at the same time as a channel for floodwaters

to drain back to the river; During Stage 2, the FDCs form a dendritic network in the floodplain
surface, draining overbank floodwaters. The maximum reach of the FDC network is related to the
extent of the floodplain and flooding. At this point the FDC can stabilize and exist without the
development of associated badlands. Badlands begin to form, mainly via runoff process upslope
of the FDC. The alluvial surface also develops, as the badlands provide the source of sediment
for its formation, and eventually the gully complex forms an amphitheatre. At Stage 3 badlands
development is continuing in the outer gully complex, with the interfluves becoming more
pronounced and a sharp scarp created at the complex boundary. Runoff processes dominate the
outer gully complex, with some piping and clay movement through voids.

The environmental setting and land use history was explored in Chapter 2, and form the basis of
the local and catchment scale controls discussed within this chapter. The main environmental
variables that are considered include the physical environment, incorporating geology, soils and
geomorphology, climate, hydrology and vegetation. These variables fall into both local and
catchment scale categories, and are discussed accordingly. Discussion of land use history largely
includes the impact of the introduction of livestock to the VRD. The study reach is located on one
of the earliest founded, and stocked, cattle stations and provides an avenue for future research
into local scale issues of stocking rate and riparian fencing be addressed.

OBJECTIVES
To satisfy the aim of this Chapter, the following objectives will be met:
1. Review the processes driving gully complex formation;
2. Describe the local and catchment scale controls on gully complex formation;
3. State the main conclusions about why gully complexes have formed in the mid-VRD; and
to,
4. Identify the implications for other catchments across northern Australia.
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PROCESSES DRIVING GULLY COMPLEX FORMATION AND DEVELOPMENT
The research presented thus far indicates that the large FDCs in the riparian zone along the
Victoria River are a natural feature of the landscape, as the results have indicated that FDCs
developed prior to the introduction of livestock. However, results also suggest that outer complex
development (gully network, badlands and scarp formation) are directly linked to land use, and
post-date the arrival of cattle. Figure 6.1 provides a schematic diagram of a gully complex
(adapted from Figure 3.3) and provides a brief description of the processes driving the
development of each of the two major components, the FDC and the outer gully complex. Likely
processes were outlined in Chapters 3 to 5, and will be discussed in further detail in this Chapter.
The mechanisms initiating FDC formation and those propagating the growth of the outer complex
will be presented and discussed with respect to both local and catchment scale controls. By
addressing the factors initiating and propagating gully complexes, it is possible to answer the
‘why’ questions raised in the introductory chapter (Chapter 1) of this thesis:
-

Why have gullies formed?

-

Why have they taken an amphitheatre form?

-

Why are they distributed throughout the catchment as they are?
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Figure 6.1 Gully Complex morphology and description of processes

Processes Driving FDC and Gully Network Formation and Development
The primary mechanism by which the FDC has formed is its co-evolution with the floodplain
during overbank flood events, these events being of large volume. This indicates that these
features are naturally occurring, and given the hydrological and physical characteristics of the
catchment are probably inherent features of the landscape. After the formation of the FDC, there
are several causal mechanisms of network expansion responsible for the development of the
dendritic network of gullies, making up part of the outer complex feature. These mechanisms
were presented in the preceding Chapters, and are related to channel flow, flood events and
rainfall generated runoff. These may include: fluvial scour during both over bank flood events and
below bank top flow events, where river flow enters the FDCs; mass failure of the gully wall; or,
basal sapping, each of which progress through knickpoint migration from the gully head. Channel
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incision is another factor that can initiate gully erosion from the channel bank, although FDCs are
unlikely to have formed via this mechanism. There is some evidence for the creation (or eventual
creation) of more recent gullies as a result of channel bank scour and mass failure, both of which
can result from channel bed incision. The processes of each of these mechanisms driving gully
complex development are discussed independently, and how they may act with other
mechanisms to drive expansion.
Channel incision is the lowering of the streambed by erosion (Schumm, 2005) and may provide
hydraulic head for gully incision. Four major variables that can influence channels, for example
erosion (including incision and bank erosion), are: time, discharge, sediment load and base level.
The stream power peaks in the mid catchment mean that any effects of changed discharge or
hydrology are most likely to be felt here. Specifically, channel incision can be a response to an
increase in discharge, base level lowering or a decrease in sediment load (Burkard and
Kostaschuk, 1995; Schumm, 2005). Channel incision is an example of equifinality, where the
same result (incision) can be reached by a number of processes (Schumm, 2005; von Bertalanffy,
1968). A summary of the causes of incision can be found in Schumm (2005, Table 3.2). Some of
the causes that may occur in the VRD include: base level lowering, a wetter climate, increased
discharge and altered sediment regime. Research from previous chapters provides evidence for
each of these causes of incision. Climate data indicate an increase in rainfall over the past 30
years, and an increased intensity of rainfall events, and increased discharge. This is evidenced
by the flood frequency analysis, provided in Chapter 2 (and Appendix 1). The causes for channel
incision creating riparian gully erosion post-European settlement can be inferred from these
results. It is possible that channel incision is, and has been, occurring in recent times and may be
the cause of future riparian gully initiation, as Plate 6.1 demonstrates. Accounting for channel
incision is an avenue of future research that should be explored. The initiation of FDCs however
does not appear to be linked to main channel incision, although the rejuvenation of FDC may be.
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Mass failure of the bank

Plate 6.1 Mass failure of the channel bank along the mid-Victoria River

The mechanisms by which the FDC network expands upslope may include knickpoint migration
by overbank flow, basal sapping at the gully head, and gully sidewall erosion. These may act
independently or in conjunction.
Knickpoint migration by overbank flow is considered to be the primary mechanism driving gully
head retreat along the VRD. This process involves overbank flow being directed to, and over, the
knickpoint at the channel bank as flood water returns to the river. As a result of this, the flow
entrains more particles, and the knickpoint is widened and deepened, upslope. This process
continues upslope, and with the creation of knickpoints along the gully wall, and their subsequent
erosion, the gully network evolves. The impact of overbank flood events is more prominent in
semi-arid tropical, and tropical, rivers, than for temperate rivers. Overbank flood events occur
more frequently in northern Australia, due to a wet-dry climate, where intense, frequent storm
events, including cyclones, can produce significant falls of rain. Overbank flow events in the midVRD occur regularly, several times per wet season, (pers. comm. VRD station employees),
although the extent of these events is not documented, while they may occur less frequently in
temperate environs. While a flood frequency analysis was undertaken for this study, with more
gauging stations along the Victoria River a more detailed examination could be carried out.
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An additional process of gully head retreat is via basal sapping or fluvial scour at the gully head.
Fluvial scour may act at any stage of gully development, where flow from backwaters scours the
base of the gully head and results in block failure. This may occur after the gully has become
established. Alternatively channel flow can also create fluvial scour of the knickpoint at the
channel bank, during within channel flood events, and low flow. This process may be more
prevalent during early gully development. Therefore, flow to a knickpoint may be via overbank
flow draining back to the river, or by rainfall generated runoff at the site (of the knickpoint). Basal
sapping may also drive gully head retreat, which is a result of groundwater.
The discussion thus far has concentrated on the processes initiating FDC development, likely a
pre-European event, and driving gully network expansion upslope of the FDC. This includes the
formation of the natural FDC during large flood events, and its network development by headward
migration, primarily by overland flow from intense local rainfall events, or overbank flood events. It
is postulated that once the FDC reaches its maximum depth and extent, and begins to stabilize,
the gully network upslope, including badlands and alluvial surface of the outer gully complex begin
to form as a result of vegetation denudation by cattle, as well as cattle tracking. The following
discussion outlines the formation and development of these features, and the processes
responsible. Channel incision, FDC rejuvenation and badlands development are all likely to be
linked. At the conclusion of that discussion, the local and catchment scale controls on the gully
complex processes will be presented.
Processes Driving Badlands Formation and Development
At the ‘end’ stages of the gully network development, that is where the gully reaches its maximum
depth and extent, and is near stable, the alluvial surface and badlands topography of the outer
gully complex begin to evolve. A natural amphitheatre forms at the head of gully systems, which
pre-dates the badlands, as is observed at various erosion features along the Victoria River, for
example VRD06, VRD07 and VRD08. Runoff from rainfall events and removal of vegetation by
cattle are considered to be the two major factors driving badlands formation. Outlining the
processes driving this evolution contribute to addressing the issue of why the complexes take an
amphitheatre form, and why the gully complexes occur mainly in the mid-VRD.
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As stated, FDCs act to drain overbank flood water back to the main channel, while gully network
development upslope of the FDC is driven by rainfall runoff. The upslope extent of the FDC is
controlled by the extent of overbank flood events, as the FDC is formed to drain overbank flood
waters back to the channel through the co-evolving floodplain. At this point, the gully network,
upslope of a FDC, is a series of incised shallow rills, on a gently sloping surface. Gullies VRD03,
VRD07 and VRD08 were of this form in the 1948 aerial photography. This is similar to the
description above, that gullies adopt an amphitheatre form which develops into badlands. These
gullies show a clear network of smaller gullies and rills, and the presence of a largely intact alluvial
surface. Runoff from upslope surfaces (local overland flow), resulting from intense local rainfall
events, and land use combine to form the alluvial surface. This surface is a continuation of the
gully network, comprising shallow rills, extending upslope (headward knickpoint migration through
local overland flow) to a threshold point, determined by catchment area and slope.

This

hypothesis of a threshold point was presented in Chapter 3, and is a typical behaviour of hillslope
gullies.
Cattle play a significant role in the formation of badlands and the outer erosion feature. Primarily
it is their consumption and trampling of vegetation, as well as their tendency to form tracks that
result in a susceptibility to erosion, by enhancing runoff processes. Plate 6.2 and 6.3 provide
evidence of cattle ‘tracking’ through an erosion feature, and down a river bank, respectively. As
discussed previously, vegetation denudation and trampling results in reduced surface roughness
and faster runoff, which can more easily entrain particles. Similarly, cattle tracks provide a path
via which runoff can flow downslope. In conjunction with the removal of vegetation, flow down
these cattle tracks incises them, and eventually leads to the formation of badlands. This is
particularly important where cattle tracks cross the minimally developed scarp. Runoff incises this
boundary, which results in the formation of a clear headcut at the scarp margin, and also
enhances badlands development as the runoff flows downslope. Essentially, cattle prepare the
surface for badlands and scarp development by rainfall generated runoff. Furthermore, cattle use
the FDC for access to the river, which can rejuvenate erosion processes within the FDC, creating
minor erosion events. Cattle tracking, and preferential use of FDCs for access to the river, help to
explain badlands formation in association with FDCs.
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Plate 6.2 Example of a cattle track through the outer erosion feature in the mid-VRD.

Plate 6.3 Example of a cattle track accessing the river.
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As indicated, rainfall generated runoff dominates the erosional processes upslope, and badlands
begin to form at the outer margins of the complex. As the complex has reached the threshold
point, it can no longer migrate upslope, but the landscape evolves into badlands, forming
mounded surfaces (early stages of badlands development) at the complex margins, extending
downstream. Runoff is then directed down the badlands slopes, into rills between the interfluves,
developing the distinct badlands morphology (Plate 6.4).

Upslope Surface
Interfluves

Plate 6.4 Badlands at VRD01. Author is 1.7m. Photo: M. Douglas.

There are additional processes acting on, and within, the badlands that further contribute to their
development. Runoff and rain splash erosion on the badlands slopes entrains particles and
erodes the badlands slopes, which contributes to the sharp angle between the badlands and the
alluvial surface. Additionally, cracking and piping of the interfluves is also common, as a result of
the highly dispersible nature of the soil. Plate 6.5 highlights the continuing erosion of rills within
the badlands, which occurs through runoff from intense local rainfall events, and is assisted by the
weakening of the badlands’ lower slope through the network of cracks and pipes, making this
surface susceptible to collapse.

These processes are factors in the evolution of the badlands.
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Furthermore, they highlight the continuing erosion occurring within the badlands, despite being no
longer able to retreat upslope.

Plate 6.5 Eroding badlands at VRD01. Cracking of the interfluves is evident.

Therefore, once the FDC has formed, and the gully network upslope of the FDC develops,
features of the outer gully complex, the alluvial surface and badlands, begin to develop. Fluvial
processes result in the formation of an FDC, while runoff processes govern gully network and
badlands evolution. It is concluded that an FDC can exist without the outer gully complex,
however the outer gully complex cannot exist without an FDC. As a whole, gully complexes
exhibit an array of erosion processes, at varying spatial and temporal scales. In the following
discussion, the local and catchment scale controls on gully complex evolution are presented, and
discussed with respect to the major erosional processes.
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LOCAL SCALE CONTROLS ON GULLY COMPLEX FORMATION
Local scale controls on gully complex formation fall into the categories presented in Chapter 2.
That is, the physical environment (geology, soils, and topography), climate, hydrology, vegetation
and land use. In this discussion these variables are considered at the local scale, that is, at the
scale of the focus reach.
Local Scale Controls on FDC Formation and Development
As stated, FDCs co-evolved with the floodplain, to drain overbank flows. Therefore, the key local
scale control on their formation and development is flood extent. Present-day local controls on
erosion processes occurring within the FDC area also related to local hydrology. Local hydrology,
driven by local climate, and seasonal flood inundation of FDCs, from the Victoria River, drives the
fluvial erosion processes occurring within the FDCs. Overbank flow frequency in temperate
environs is often referred to at the 1 in 2.33 year event. However, overbank flood events occurs
more regularly along the study reach, and although difficult to obtain exact data for, such events
may occur two to three times each wet season.

It is difficult to determine the frequency and

extent of bank topping events along the study reach, as anecdotal evidence is difficult to obtain,
and gauging stations are not located along the length of the reach.

Furthermore, flood debris

was evident in the gully complex systems, extending as far as the upslope margins of the FDC
network, as well as on the upper surface. Overbank flood waters can extend up to 750m from the
channel bank, inundating the FDC and the badlands (pers. comm. VRD station workers). Flood
modeling was not possible in this study, although it would provide a far clearer picture of the
frequency and magnitude of overbank flood events in this area. A semi-regularity of distribution of
FDCs exists along the study reach. The average river-parallel distance between FDCs is 1.8km
(including all gullies along the study reach, not just those selected for detailed analysis). This
regularity is directly related to local hydrological processes.
Local Scale Controls on Outer Gully Complex Formation and Development
The characteristics of the physical environment are significant controls on the formation of gully
complexes. These characteristics include the slope of the upslope surface (the sloping terrace
margin), through which the gullies propagate; and, the soil type and properties. The local
topography is an important factor when considering the extent of upslope retreat of the gully
complex, and the absence of gully complexes; that is, the presence of gullies. The upslope extent
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of the FDC is set by the edge of floodplain, as they co-evolved. Along the study reach, the slope
of the plains through which erosion occurs, is generally around 2%, however, due to this low slope
in the VRD, the drainage area of the gully complex is difficult to delineate and quantify. The
drainage area of the FDCs in the VRD may be reasonably large given that they exist adjacent to
extensive grassy plains, however erosion probably occurs irrespective of the drainage area due to
the frequent, intense rainfall, generating sufficient runoff. Furthermore the compacted surface
layer of the soil, caused by grazing, enhances rainfall runoff, which also results in the drainage
area, capable of causing FDC development, being smaller. Additionally, the interaction of rainfall
generated runoff and receding overbank floodwaters should be further investigated, as this
relationship may further complicate erosion processes.
In addition to the slope, the soil type and associated properties are also critical variables that will
affect gully morphology and extent. In particular, the change in soil type from the riparian zone
and floodplain, to the gently sloping upslope surface, along the study reach is important. The soil
grades from grey and brown loamy clays in the riparian zone and floodplain, to porous red and
yellow earths in the upslope plains. The associated properties, namely dispersibility, structure,
and porosity, of these soils are a component in determining the extent of gully network evolution
and badlands development. The FDC co-evolves with the floodplain surface, comprising grey and
brown clays. At the maximum extent of the FDC (and the maximum extent of the floodplain) the
soil type changes to the red and yellow earths, at or near this point, runoff processes dominate
upslope, and the outer gully complex develops through the formation of a gully network, and
eventual badlands formation. FDCs can be stable without the formation of badlands, but in the
mid-VRD, land use, in conjunction with soil type and climate combine to drive gully formation,
including the development of badlands. As stated, the maximum extent of the FDC, in the VRD
corresponds to the edge of the floodplain, and a resultant change in soil type. The red and yellow
earths, upslope of the floodplain, are duplex soils, which have a porous A horizon, into which
rainfall easily infiltrates. The B horizon of these soils is much finer grained and has a slower
infiltration rate (see site descriptions in Appendix 1). The A horizon of these duplex soils is
susceptible to erosion, and in the badlands the A horizon has been eroded to expose the B
horizon. Cattle have compacted the A horizon, and this reduces the natural susceptibility of the
soil to erosion. However, the formation of tracks allows erosion to be initiated, and once initiated,
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erosion proceeds rapidly. The slope of the A/B boundary provides the downstream slope of the
badlands interfluves. Additionally, the A horizon of the red and yellow earths has a dispersible
nature, which contributes to their susceptibility to runoff and rain splash erosion. Unlike the red
and yellow earths, the grey and brown clays of the riparian zone are more resistant to runoff
erosion due to their finer particle size, and cohesion. Grazing by cattle compacts the soil surface,
and while the A horizon does have a dispersible nature, the compaction by cattle reduces the
likelihood of sheet erosion by water or wind. Therefore, in conjunction with the slope, the soil
characteristics of the surfaces through which the gullies expand are especially critical components
in determining the morphology and extent of the erosion form.
Local climatic conditions, particularly in the semi-arid tropics, are a vital aspect of local scale
controls on outer gully complex development. Intense local storm events have been identified in
prior discussions as being a driving force in knickpoint migration by overland flow, and runoff on
the alluvial surface and badlands slopes. Such storms occur almost daily during the wet season,
and longer rainfall events result from tropical low pressure systems. Rainfall intensity-frequencyduration data were presented in Chapter 2, which demonstrate that short, intense events (for
example, storms of 5 minute duration with a rainfall intensity of 95mm/hr) occur annually. The
climate record at Victoria River Downs, which extends from 1885 to 2008, shows that there are on
average 53.7 days of rain per year (9.7 occur in December, 11.3 in January and 11.0 in February)
(Bureau of Meteorology, 2008). Further, there are on average 7.1 days per year of days with
greater than, or equal to, 25mm of rain (1.2 in December, 1.8 in January and 1.9 in February)
(Bureau of Meteorology, 2008). As the hydroclimatological regime is driven by large rainfall-runoff
events in the VRD, this can impact the area slope relationship, driving erosion processes. Large
runoff events may counteract the need for a greater drainage area, or increased slope, to drive
erosion. Both types of rainfall generate significant runoff events that can cause rapid erosion,
particularly in the rills of the badlands (as Plate 6.5, above, highlights).
The sole land use within the study reach is cattle grazing, and the impact of cattle grazing has
already been discussed. As previously concluded, the FDC component of the gully complexes
formed prior to the introduction of cattle to the region. However, the badlands of four of the gully
complexes in the study reach have been shown to have formed only in recent history, when cattle

157

were grazing this area. It is likely that grazing plays a significant role in badlands formation. The
primary actions of grazing that could affect erosion are the removal of vegetation, compaction,
and tracking. The study reach comprises a riparian corridor consisting of large Eucalypt species,
and an understorey consisting largely of weed species (Noogoora Burr), and smaller herbs and
shrubs. The surface on which the alluvial surface and the badlands develop naturally consists of
grasslands, with patchy, small Eucalypts. However, the area where the badlands occur has been
completely denuded of vegetation, apparently through the action of cattle alone, as rainfall has
increased in the past 30 years and this would result in an increase of vegetation cover.
Compaction of the soil surface reduces rainfall infiltration and increases runoff. Furthermore, the
stable FDC is an attractive path to the river for the cattle, so badlands could have developed on
cattle tracks, as cattle moved from the well grassed upslope surface, down to the FDC to access
the river. Cattle tracks are evident in the 1948 photography at site VRD08, which had not yet
developed badlands. Certainly, these factors may enhance the runoff processes occurring in the
outer gully complex. Grazing has played a major role in driving the erosion processes of the outer
gully complex, and badlands formation.
Therefore, local scale controls, especially the characteristics of the physical environment,
determine erosion process, morphology and extent. Local slope (from the FDC outlet to the
upstream surface) and soil properties in particular are important, as they are the surface through
which the outer gully complex evolves. Local climate and hydrology are drivers of erosion
processes, where intense local storms are common during the wet season, as is seasonal
inundation of the FDCs, driving runoff and fluvial processes. Land use is also important, as cattle
grazing enhances the natural processes, by removing and trampling vegetation, and creating flow
paths. Cattle grazing is responsible for the outer gully complex. Catchment scale controls fall
broadly into the same categories, and their role will be addressed in the following discussion.

CATCHMENT SCALE CONTROLS ON GULLY COMPLEX FORMATION
The catchment scale controls on gully complex formation are those variables indicated in previous
discussions including, incision of the Victoria River, hydroclimatological regime, riparian zone
morphology and soils. The main controls are the hydrology (probably leading to channel incision)
and the soils distribution. Each of these was described for the VRD in Chapter 2. FDC
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rejuvenation is initiated by channel incision, and driven by overbank flow events. Riparian zone
morphology, soils distribution and land use controls the development of badlands. The two main
erosional processes are via knickpoint migration by overbank flow, that is, flood waters draining
back to the channel, and runoff on the outer gully complex. The regional hydrology, namely the
frequency, duration and extent of flood events, therefore impacts where gullies are initiated, and
the rate at which they develop. The rivers of northern Australia are largely event driven, and 60%
of Australia’s surface runoff is generated in the river catchments of northern Australia (Petheram
et al., 2008). The VRD is similarly characterized, and runoff is driven by the seasonal rainfall
pattern. Localised rainfall-runoff events affect the distribution, morphology and evolution of outer
gully complexes. The soil distribution throughout the catchment, and riparian zone morphology,
control the distribution of erosion such that susceptible soil types are required in the first instance,
for the fluvial and runoff processes to have the greatest effect. It is the combination of these
catchment scale controls that determine the distribution, morphology and evolution of outer gully
complexes.
There is a strong rainfall gradient across the VRD. Based on the 30 year climate averages, there
is a difference of 400mm/year between the upper and lower VRD (Bureau of Meteorology, 2004).
Rainfall intensity-frequency-duration data were presented in Chapter 2, in Figure 2.5, 2.6, 2.7 and
2.8, which demonstrate the recurrence interval, duration and intensity of rainfall events across the
Victoria River catchment. Similarly, the runoff, infiltration rate, soil moisture content, vegetative
cover, and regional hydrology (that is, those factors than can impact erosion processes) vary
accordingly across the catchment.
The major point of discussion relating to the regional hydrology is the seasonal flood inundation of
the riparian zone and floodplains in the mid-catchment. The Victoria River has a shallow channel,
averaging 20m in width and 13m in depth, in the upper catchment, where the annual average
rainfall is 600mm/year at Wave Hill station (Bureau of Meteorology, 2004); in the mid-catchment,
the channel widens (average 100m at bankfull) and deepens (average 20m at bankfull), rainfall is
800mm/year at the Victoria River Downs homestead (Bureau of Meteorology, 2004); in the lower
catchment the channel widens significantly (up to 600m at bankfull) and retains its depth (20m),
the average annual rainfall is 1000mm/year at Timber Creek (Bureau of Meteorology, 2004).
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These characteristics impact the flood regime of the catchment. Flood frequency analysis,
anecdotal evidence and the author’s personal observations indicate that bank-topping flood
events are most common in the mid-catchment, and occur each wet season, as the channel
characteristics (width: depth ratio) and sufficient input from upstream and local rainfall and runoff,
permit. These events occur less frequently in the upper catchment, due to lower rainfall and
runoff, and also occur less frequently in the lower catchment, as the channel widens markedly to
accommodate the upstream inputs.
In addition to the seasonal inundation of the riparian zone and floodplains of the mid-catchment,
stream power also varies throughout the catchment (Figure 2.13). In Chapter 2, the stream power
curve was used to determine the boundaries between the upper, mid and lower VRD. The peak
stream power occurs in the mid-catchment, increasing from the upper catchment, before reaching
a plateau in the mid-catchment, and declining in the lower-VRD. This pattern may partially control
gully formation if incision of the Victoria River is occurring where stream power is high. Therefore,
as the peak stream power occurs in the mid-catchment and gully initiation is more likely to occur
here. Channel incision caused by stream power, can result in increased hydraulic head and
therefore lead to gully rejuvenation, as well as initiation. As noted earlier, this hypothesis could
not be tested within the resources (financial and time) available to the author.
There are two distinct zones of geology and soil type within the VRD, which have been discussed
in detail in preceding chapters. In the eastern central to upper catchment, the Antrim Plateau
Volcanics, mainly flood basalt, and associated grey and brown clays (CC55) and red and brown
loam (Gg5) soils dominate, while siltstone, sandstone and shale of the Victoria River Basin, and
the shallow sandy soils (BA6) occur in the western central to lower catchment. The Antrim
Plateau Volcanics have been identified as susceptible to erosion in other parts of northern
Australia (Aldrick et al., 1978; Bultitude, 1973; Medcalf, 1944). Thus, a susceptibility to erosion in
the mid and upper catchments, in conjunction with a seasonal flood regime and climate pattern,
drives gully complex formation in the mid-catchment. Gully complexes are also evident in the
upper catchment, although sheet erosion dominates. In this instance it is likely the soil type, relief,
decreased rainfall, and resultant lower vegetation cover combine to result in sheet erosion.
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It is unlikely that any single factor controls gully complex erosion, more so a combination of each
of them. Climate and hydrology are most likely to influence the type of process, while soil type is
likely to determine distribution and form.

Catchment scale variables enable those areas

susceptible to erosion to be identified. Indeed, channel incision, driven by catchment hydrology
and climate, is the likely cause of erosion initiation. However, it is the local scale controls that
predominantly impact gully complex formation.

CONCLUSIONS
The aim of this chapter was to link process and form of gully complexes to local and catchment
scale controls on their formation. The main conclusions resulting from the discussion will be
addressed under the subheading of each objective.

-

Review the processes driving gully complex formation

Gully complexes comprise two major components, the FDC and the badlands, and several
erosion processes are responsible for their development. The FDC develops through co-evolution
with the floodplain. Overbank flood waters deposit sediment, forming the floodplain, and an FDC
develops in this surface as a drain for flood waters to return to the channel. The extent of the
FDC upstream is determined by the extent of the floodplain and overbank flood events. Fluvial
scour can act within the establishing FDC system, undermining sidewalls and the channel head.
Once initiated, runoff from rainfall when overbank flows are not occurring will further drive the
development of the FDC.

The badlands and alluvial surface are derived from runoff processes upslope, and within the gully
complex (on the badlands slopes), largely as a result of vegetation removal by cattle. The gully
complex extends upslope from the head of an FDC, via shallow rills and channels, until a
threshold, or the edge of the upper terrace surface is reached, defining the boundary of the gully
complex. As rainfall falls on the outer erosion feature, badlands are formed where the runoff
drains into the rills of the gully complex and then to the FDC. Further, tracks created by cattle can
generate rills, thereby accelerating badlands development, as the rills incise and interfluves
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develop. Also, compaction of the soil surface by cattle exacerbates runoff and erosion processes.
Runoff from the interfluves into the rills, infiltration of rainfall into the interfluves, and intense local
storms serve to undermine the base of the interfluves, through scouring. An abrupt scarp also
develops at the upslope boundary of the gully complex by headward retreat of the area of
badlands.

-

Describe the local and catchment scale controls on gully complex formation

The local scale controls on gully complex formation include the local topography and soil type,
local climate and hydrologic regime, vegetation and land use. The topography and soil type are
important as they comprise the surface through which the gullies propagate. There is sufficient
slope and drainage area, as well as erodible soils (grey and brown clays within the riparian zone
and floodplain, and porous red and yellow earths in the upslope plains that promote the
development of the badlands), in the mid-VRD to enable gully complex evolution. The local
climate and hydrologic regime are linked, and are of particular importance in the semi-arid tropics
as frequent, intense storms with heavy rainfalls occur during each wet season. There are two
results from this; firstly, rainfall results in overbank flood events in the middle reaches each wet
season (if not more than once per season), and the subsequent inundation of the riparian zone
and floodplain, which drives the co-evolution of the floodplain and a drainage channel through
which flood water drains back to the main channel; secondly, intense storm activity provides rapid
runoff events, which are responsible for the development of the badlands. Vegetation and land
use are also linked, as the introduction of cattle to the VRD has resulted in the removal of much of
the vegetation on the floodplains and gently sloping upslope plains. Apart from the riparian
corridor immediately beside the river, which is densely vegetated by large eucalypts and a thick
understorey comprising herbs, weeds and small trees, the plains are grasslands with scattered
trees. In the outer gully complexes most of the vegetation has been removed by consumption, or
trampling, by cattle, encouraging badlands development. This conclusion rests largely upon the
age of the gullies and gully complexes, the absence of any other mechanism for denuding these
areas of vegetation, and the impact of cattle known from the scientific literature.
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The catchment scale controls are regional climate, especially rainfall pattern, hydrology, and the
soils distribution. The rainfall pattern is important because it creates local runoff and flood events,
both of which have been identified as integral controlling factors at the local scale. At the
catchment scale, rainfall and flooding have an impact on the distribution of riparian erosion
features throughout the catchment, as well as the process and form of gully complexes, at the
local scale. Channel characteristics also affect the frequency of overbank flood events, and the
characteristics of the Victoria River in the mid-catchment promote regular seasonal flood events.
Although overbank flooding also occurs in the lower and upper VRD, it occurs less regularly.
Another factor of the hydrologic regime that may control erosion process and distribution is stream
power. The peak stream power, an indicator of river incision (all else being equal), occurs in the
mid-catchment, which is where the most severe riparian erosion occurs. Soil type across the
catchment also controls gully complex formation, as specific soil types are more susceptible to
this form of erosion. The soils on the flood basalt in the mid to upper-catchment are susceptible to
erosion, and the change in soil type from grey or brown clays in the riparian zone to red and
yellow earths of the plains, assist in the formation of gully complexes. These soils do not occur in
this pattern (at the local scale) elsewhere in the catchment.

-

State the main conclusions as to why gully complexes have formed in the mid-VRD

Gully complexes have formed in the mid reaches of the VRD because of significant overbank
flows during most years. Overbank flows draining back to the channel were the primary factor in
the creation of FDCs, as the FDC was formed within the co-evolving floodplain to drain flood
waters back to the channel. Overbank flood waters also encourage knickpoint migration, and
FDC network extension. Intense and frequent local storm activity provides the runoff mechanism
for continued gully expansion and badlands development in the plains upslope of the FDC and
adjoining the riparian zone and floodplain. The gradation of soil type from grey and brown clays in
the riparian zone and floodplain, to the porous red and yellow earths of the upper slope, allows for
the evolution of badlands. The gully network migrates upslope through the grey and brown clays
until it reaches its maximum depth, which coincides with the change in soil type. At this point, the
gully network expands through a series of rills into the A horizon of the red and yellow earths.
Runoff processes become more pronounced as a result of soil compaction by cattle, and
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badlands are formed at the margins of the gully complex. Eventually the A horizon is completely
removed from the interfluves, creating the average slope (at the top of the B horizon) to which
they grade downstream. The removal of vegetation in the upslope plains by cattle has enhanced
the runoff processes, and has caused badlands development. Separating FDC and channel
relationships is a key finding for guiding research in other northern Australian catchments.

-

Infer the implications for other catchments across northern Australia

This research has concluded that gully complex formation is the most common riparian erosion
feature in the VRD landscape. Land use, particularly cattle grazing, has resulted in the badlands
and scarp characteristics forming in the outer gully complex. Other research conducted across
northern Australia also recognizes the role of gullying as a major source of sediment to rivers
(Bartley et al., 2007; Sandercock, 2004; Taylor, 2000; Wasson et al., 2002). Furthermore, current
research being undertaken in the Gulf of Carpentaria in north Queensland also identifies gullies,
and their range of forms, as the major form of erosion and source of sediment (pers. comm., A.
Brooks). The research in the Gulf also recognizes a continuum of gully morphology similar to that
for the VRD (pers. comm., A Brooks).

It appears on the basis of the research contained within

this thesis, and research conducted in other tropical to semi-arid tropical catchments, that riparian
gullying is a common feature of the landscape (Bartley et al., 2007; pers. comm., Brooks, A. and
Shellburg, J. 2006, 2008).

In many of the catchments surveyed cattle grazing is a long

established land use, and is often considered to be linked to the gullying process. This research
determined the role of cattle grazing to be minimal in the development of the FDC component of
gully complexes. Grazing has coincided with the formation of badlands, where removal of
vegetation by cattle, and the formation of cattle tracks, have enhanced runoff processes.
Furthermore, similar FDC development with minimal gully complex development has been
identified in the Daly River catchment, Northern Territory, which, compared to the VRD, has had
minimal disturbance by cattle or other land uses (pers. comm. R.J. Wasson).

In conclusion, the results of the earlier chapters and discussion contained within this chapter
supports the contention that riparian gully complexes are common within the VRD environment.
FDCs developed to drain overbank floodwaters back to the main channel, while gully network
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expansion (within the outer gully complex) has occurred as a result of a knickpoint migration at the
gully head and walls by overbank drainage and runoff. During the development of the gully
network, the alluvial surface and badlands in the outer complex also begin to develop. The
formation of the outer gully complex does not precede the introduction of livestock to the region
and it is proposed that the outer gully complex has largely developed as a result of land use.
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CHAPTER 7:

SYNTHESIS, FUTURE RESEARCH AND MANAGEMENT

RECOMMENDATIONS
SYNTHESIS
At the outset of this research, there was very limited information regarding the spatial distribution
and morphology of riparian erosion features in the Victoria River District (VRD), and, more
broadly, across northern Australia. This research fills part of that gap. In this thesis the nature of
riparian erosion, and its distribution throughout the VRD are described, and a description of the
morphology, processes, extent and causes of gully complex erosion along a study reach are
provided. The regional distribution of riparian erosion in the VRD necessitated a regional
approach. This provides an insight into the process of riparian erosion in the VRD, but these
conclusions could be extrapolated to other parts of northern Australia that have similar soils,
geology, and climate, and similar land use. Gaps identified in this thesis provide a basis from
which future research can be conducted, and management practices adopted.

The aim of this thesis was to develop an understanding of riparian erosion in the VRD, particularly
form, process and origin. It was essential to understand the factors controlling erosion, prior to
considering the spatial distribution and form of erosion features, and ultimately determining when
they formed and how they have changed over the recent historical period. It was also an aim of
this research to determine whether the introduction of cattle to the region in the 1880’s initiated
and/or exacerbated erosion.

Identification of the variables controlling erosion form and process have been the main themes
throughout this thesis. The environmental setting and land use history were presented in Chapter
2, providing an overview of the catchment scale geology, soils, climate, hydrology, and land use
history. The role of these variables was discussed with reference to the spatial distribution and
morphology of riparian erosion features throughout the catchment, in Chapter 3. Historical
records and Optically Stimulated Luminescence (OSL) dating to determine the age of a gully
complex were used in Chapter 4, and inferences made about the initiating process. Assessed in
Chapter 5 are recent historical (c. 60 years) changes to eight riparian gully complexes along a
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focus reach, through a detailed aerial photo analysis and on-ground data collection. Chapter 6 is a
discussion chapter, incorporating some additional data, and links the individual components;
distribution, form, origin, and change. Put simply, Chapters 3, 4, and 5 are the ‘what’, ‘where’, and
‘when’ chapters, and Chapter 6 is the ‘why’. In Chapter 7 the key results from each chapter are
reappraised, and these results are used to provide management recommendations, and identify
avenues for future research.

The environmental and historical context for this research, by examining the variables that control
erosion, were provided in Chapter 2. A time-line is provided to represent the major historical
periods in the VRD which begins with the traditional Aboriginal occupation, pre-1830’s.
Exploration, early settlement, and the introduction of domestic stock to the region followed. Since
the arrival of stock in the 1880’s, most of the VRD, particularly riparian zones, have been grazed
by hard-hooved cattle. The environmental setting is discussed under three main headings,
namely, the physical environment, incorporating geology, soils and geomorphology, climate and
hydrology, which includes a flood frequency analysis and stream power. The major conclusions
of this chapter are the distinct zoning of soils and geology between the eastern-central to upper
catchment, and the western-central to lower catchment. In the former, Antrim Plateau Volcanics,
primarily flood basalt, grey and brown clays (CC55) and red and brown loam (Gg5) soil units
dominate; in the latter, siltstone, sandstone and shale of the Victoria River Basin, and shallow
sandy soils (BA6) are common. Rainfall is also variable across the catchment, with a 400mm
difference between Timber Creek (1000mm) in the lower catchment, and Wave Hill (600mm) in
the upper catchment. Finally, the catchment can be divided into upper, mid, and lower reaches
based on the stream power curve. The upper catchment is defined as the 200km length of river
from the headwaters. The mid catchment is from the 200 to 550km of river where stream power is
highest, and the final 150km can be considered the lower catchment where the curve declines as
the channel widens, before flowing into the Joseph Bonaparte Gulf. The factors presented in
Chapter 2 provide the basis for discussions in the following chapters.

Determined in Chapter 3 was the spatial distribution and form of riparian erosion features
throughout the catchment, providing a detailed description of gully complexes along a 20km reach
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in the mid-catchment, which served as the focus reach for the remainder of the research. A
classification of erosion form was created, identifying three main forms of riparian erosion. Gully
erosion, where a single gully existed, usually with a distinct headcut and steep sides. Sheet
erosion, where bare and almost flat surfaces are exposed adjacent to the channel. Gully
Complexes, where a dendritic Flood Drainage Channel (FDC) network co-evolved with the
floodplain during overbank flood events, and gullies grow from its upslope end into the upslope
surface, forming an outer erosion feature, which consists of a depositional, or alluvial zone, and
distinct badlands at the complex margins. There is a clear pattern in the distribution of each form
throughout the catchment. Gully Complexes occur mainly in the mid-catchment, while sheet
erosion occurs in the upper catchment. Gully features occur in the mid to lower catchment,
however these are much fewer in number than gully complexes and sheet erosion features.
Furthermore, a continuum of form exists between gullies and gully complexes. Gullies that
formed dendritic networks (distinct from those forming a single drainage line) often developed into
gully complexes, and hence fewer gullies than gully complexes were identified. Gully complexes
were deemed to be the most severe form of erosion (in terms of area, number of features, and
probably volume), and a focus reach was selected in the mid-catchment to describe their
morphology in greater detail, their origin (Chapter 4), and how they have changed in recent history
(Chapter 5).

Explorers’ diaries are reviewed in Chapter 4, and Optically Stimulated Luminescence (OSL) dating
used to determine the age of gully complexes, including the FDC component. The diary of A.C.
Gregory, the first European explorer to the VRD in 1855, was examined for references to riparian
gullies, channel morphology, and vegetation. Numerous quotes were identified within the diaries
of A.C. Gregory referring to riparian gullies, as well as channel bank morphology and vegetation.
Common themes were steep channel banks, deep gullies, and dense riparian vegetation that
made crossing gullies and watercourses difficult (Gregory and Gregory, 1884). OSL dating was
undertaken for three samples from two inset alluvial terraces, located at site VRD08. The deepest
sample from OSL site 1 was 81± 7 years, and the uppermost sample from the same site is 71±11
years. At a constant rate of deposition, the base of the inset terrace is approximately 90 years old,
and therefore the FDC within which the terrace occurs is at least 90 years old. The sample from
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the second OSL site was 19±5 years.

Therefore, as no inset terrace was older than

approximately 90 years, the FDC must have had its current form at that time.

The development of the gully complexes along the focus reach are examined in Chapter 5 for the
available aerial photo record (c. 60 years). Each of the gully complexes had increased in area
over the available record (1948 to 2006), and VRD07 was the largest site at approximately
1.29km2. Headward retreat has occurred at an average rate of 1.3m yr-1, for those sites that
existed as gully complexes in the 1991 air photos. Half of the sites developed badlands in the
past 60 years, which suggests that badlands development is linked to land use. It is unlikely that
gully complexes continued to evolve from a pre-European trigger as there is no cause of
vegetation denudation, other than by cattle. Results from radionuclide analyses of gully complex
surfaces are near-zero for each of the sampling locations. This indicates that erosion has
occurred since the fallout of Cs-137. The FDC within the complex appears stable however
evidence from Chapter 5 suggests that the outer features are still actively eroding.

Chapter 6 provides a review of the processes involved in FDC evolution and outer gully complex
development, and addresses the local and catchment scale controls on gully complex formation.
Fluvial processes form the FDC, while runoff processes dominate in the outer gully complex,
forming the alluvial surface and the badlands topography. Soil physical properties and local relief
are the primary local scale controls impacting gully morphology and extent. Land use, local
climate, and hydrology also have significant roles. At the catchment scale, hydrology, climate,
soils and land use are the controls on morphology, distribution, and process. Ultimately the
monsoon, and susceptible soils, the hydrological regime, and land use combine to drive gully
complex erosion in the mid-catchment.

FUTURE RESEARCH
The current research aimed to provide an overview of riparian erosion in the VRD, and to discuss
the form and process of riparian gully erosion. This research has provided some answers to the
questions of:
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− Where does erosion occur?
− In what form does erosion occur?
− When did the erosion occur?
− How have the erosion features changed?
In answering these questions, many more were raised, providing much scope for future research.
The regional nature of riparian erosion in the VRD necessitated a regional approach. Such an
approach means less detail at any one site, however a detailed study at one site would have
provided little of value, particularly for managers. To continue research at the regional scale,
there are five themes for future investigation: hydroclimatological, sediment budgeting, dating, onground monitoring, and management practices.
Future research could focus on a more detailed hydroclimatological analysis. Quantification of
gully volume and soil loss, and the development of a full sediment budget would aid
understanding of the sources of sediment in the river and estuary. The research in this thesis did
address some components of the hydrology and climate of the VRD, but there is certainly much
more research that could be carried out. In particular, close monitoring individual rainfall, runoff
and flood events could be undertaken, linked with specific erosion events, through sediment
tracing or an on-ground monitoring regime, such as using erosion pins to determine the rate and
volume of erosion. Similarly, further interpretation and modeling of hydrological data could also
be undertaken, and a flood stage analysis completed.
Dating is an area where there is considerable capacity for future research in the VRD. The largest
drawback with dating methods is the cost, and this was the only factor limiting the number of
samples analysed in this research. Certainly, if funding was available a more extensive OSL
dating regime could provide a much clearer picture of the timing of gully initiation and
development. In addition, carbon-14 analysis of organic matter embedded within the gully walls or
inset alluvial terraces could also produce useful information. Dendrochronology is another dating
tool that could be explored to provide estimates of the minimum age of riparian zone erosion
features. The author briefly explored the possibility of tree-ring analysis, and found that a core
sample would be very difficult to take (owing to the hardness of the wood), and was beyond the
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scope of this project. A drawback of this approach is a current lack of understanding of Australian
tropical trees. However, it may provide estimates of age of the larger trees growing within a gully,
and those found in the outer erosion feature.
The aerial photo analyses undertaken in this research provided an overview of how erosion
features have changed throughout the available record. This information was collated with 2006
on-ground data, and an assessment of change made. There are opportunities for an on-ground
monitoring regime, which could determine seasonal changes in erosion, or combined with station
management data could provide evidence regarding the impact of certain management practices
(such as excluding stock or reducing the stocking rate). Erosion pins provide a useful means to
determine soil loss over time-scales from one week to decades, and are a cheap method which
could be used at a great number of sites. Furthermore, regular (possibly seasonal) DGPS
surveys could also be undertaken, particularly at those sites considered to be developing into
gully complexes. DGPS surveys could produce a clear, accurate, and precise (depending on the
DGPS) representation of badlands development, in particular, but also changes to the boundary
scarp (extent of feature). Determining thresholds of gully complex expansion could also provide
an avenue of future research, in conjunction with on-ground surveys mentioned above. A project
focusing on gully and sheet erosion features could also be developed, in much the same way that
this project focused on gully complexes. Finally, research could be expanded to consider all gully
complexes within the catchment (or sheet or gully features), and to also incorporate those
features along major tributaries, not just those along the main channel.
Although this research was concerned with the impact of domestic livestock on riparian erosion,
little data specific to stock management was considered. This was a result of data availability and
access. Station managers change frequently in the VRD, and it is difficult to access current
information, and more difficult to access historical data. However, large stations, such as Victoria
River Downs, keep comprehensive station records and these could be accessed and stocking rate
information compiled. Additionally, information relating to establishing fence lines to exclude
cattle from riparian zones could also be collated. Again, sourcing this data is difficult, and records
vary from station to station. The collection of this data could provide a clear link between
management practices, erosion, rainfall or runoff events.
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RECOMMENDATIONS FOR MANAGEMENT
This research has determined that although the FDCs along the Victoria River pre-date the arrival
of livestock, the initiation of gullies and gully complexes most likely occurred after the arrival of
cattle. The expansion of gully complexes through the floodplain and into the upslope plains,
continued after the arrival of livestock. Fortunately, most of the station managers in the VRD are
proactive about limiting erosion, and most of the riparian zones are fenced off and cattle excluded
completely or are lightly stocked. However, there are still several recommendations that can be
made regarding the management of riparian zones, and particularly riparian erosion features.

First and foremost, it is recommended that all riparian zones are fenced off and cattle excluded
completely. Ideally, the width of the exclusion zone from the channel should extend upslope
beyond the point where headward retreat ceases. This is especially the case for those gully
complexes still in the badlands development stage (for example, VRD07 and VRD08), as cattle
may exacerbate the runoff processes, and hasten the erosion rate. This may not be a realistic
approach for many managers, as the riparian zone provides access to the river, and therefore the
cost of establishing an artificial watering point is saved. However, large tracts of the riparian zone
could be fenced off, with corridors established for cattle access to water from the river. It is
recommended that where cattle are not excluded from the riparian zone, stocking densities are
kept to a minimum to attempt to limit the disturbance. The cost of fencing off riparian areas is low
compared to other methods of gully control, such as check dams. Protecting FDCs should be a
priority in those catchments that have stable FDCs without gully networks (including badlands)
formed upslope.

Secondly, attempting to reduce the numbers of feral animals, especially pigs and donkeys, is also
advisable. These animals have much the same effect on the environment as domestic stock, and,
in the case of feral pigs a greater effect, resulting from their digging wallows. This is particularly
relevant on smaller watercourses; since the wallows occur closer to the channel margins. This
can initiate erosion where it might otherwise not have occurred.
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Finally, a monitoring regime is also recommended, as it will provide a clearer understanding of
ongoing erosion processes. This may incorporate the monitoring of soil loss, via erosion pins,
vegetation cover and the formation of cattle tracks near watercourses. Also, managers should
regularly review stocking densities in riparian paddocks.
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Appendix 1
Wickham River @ Williams Crossing
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Figure 8.1 Flood Frequency Analysis for the Wickham River at the Williams Crossing gauging station

Victoria River @ Dashwood Crossing
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Figure 8.2 Flood Frequency Analysis for the Victoria River at the Dashwood Crossing gauging station
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Vic River @ Coolibah Homestead
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Figure 8.3 Flood Frequency Analysis for the Victoria River at the Coolibah Homestead gauging station

Upper Victoria River @ Wave Hill Police Station
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Figure 8.4 Flood Frequency Analysis for the Victoria River at Wave Hill Police Station gauging station
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Surprise Creek at VRD Road Crossing
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Figure 8.5 Flood Frequency Analysis for Surprise Creek at the VRD Road Crossing gauging station

East Baines River @ the Victoria Highway
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Figure 8.6 Flood Frequency Analysis for the East Baines River at the Victoria Highway gauging station
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Table 8.1 VRD02 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD02
16°03’40.9”S
131°07’02.1”E
Gully complex
Gully complex
Channel width: 17m
Bank height and angle: 10m, 50º
Planform: Outside meander
Soil surface roughness: 2 – low retention
Surface nature: 3 – moderately hard
Slake test: 2 – unstable
Texture: Loamy
Average scarp height: 110 cm
Average height of interfluves: 121.8cm

188

Badlan
ds

Figure 8.7 VRD02 Erosion Feature Longitudinal Profile and Gully Cross Sections

Alluvial zone

Av. Scarp Height: 110cm

Scarp Upper and Lower
Limits

River

189

Table 8.2 VRD03 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD03
16°04’14.3”S
131°06’40.7”E
Gully
Gully complex
Channel width: 20m
Bank height and angle: 16m, 45º
Planform: Outside meander
Soil surface roughness: 2 – low retention
Surface nature: 3 – moderately hard
Slake test: 1-2 – very slow infiltration rate
Texture: loamy
Average scarp height: 91.3 cm
Average height of interfluves: 98.5 cm
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Badlands

Figure 8.8 VRD03 Erosion Feature Longitudinal Profile and Gully Cross Sections

Transition zone

Scarp Upper and Lower Limits
Av. Scarp Height: 93cm

River
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Table 8.3 VRD04 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD04
16º05’40.8”S
131º06’51.8”E
Gully complex
Gully complex
Channel width: 25m
Bank height and angle: 15m, 25º
Planform: Straight
Soil surface roughness: 2 – low retention
Surface nature: 3 – moderately hard
Slake test: 1 – unstable
Texture: loamy
Average scarp height: 195.4 cm
Average height of interfluves: 164.2 cm
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Badlands

Figure 8.9 VRD04 Erosion Feature Longitudinal Profile and Gully Cross Sections

Transition zone

Scarp Upper and Lower Limits
Av. Scarp Height: 195cm

River
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Table 8.4 VRD05 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD05
16º05’49.8”S
131º06’47.6”E
Gully complex
Gully complex
Channel width: 30m
Bank height and angle: 13m, 25º
Planform: Straight
Soil surface roughness: 2 – low retention
Surface nature: 3 – moderately hard
Slake test: 2 – unstable
Texture: loamy
Average scarp height: 192.4 cm
Average height of interfluves: 144.3 cm
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Figure 8.10 VRD05 Erosion Feature Longitudinal Profile and Gully Cross Sections

Transition zone

Badlands

Scarp Upper and Lower Limits
Av. Scarp Height: 192cm
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Table 8.5 VRD06 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD06
16º10’52.5”S
131º08’36.4”E
Gully
Gully complex
Channel width: 30m
Bank height and angle: 18m, 60º
Planform: Straight
Soil surface roughness: 2 – low retention
Surface nature: 3 – moderately hard
Slake test: 2 – unstable
Texture: loamy
Average scarp height: 7.9 cm
Average height of interfluves: 5.7 cm
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Badlan

Figure 8.11 VRD06 Erosion Feature Longitudinal Profile and Gully Cross Sections

Transition
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Table 8.6 VRD08 Site Summary
Site Name:
Gully Outlet
Location:
1948 Classification:
1991 Classification:
Channel
characteristics:
Soil Properties:

Boundary
characteristics:
Planform:

VRD08
16º13’01.8” S
131º08’57.9” E
Gully
Gully complex
Channel width: 70m
Bank height and angle: 25m, 55º
Planform: Straight
Soil surface roughness: 2 – low retention
Surface nature: 3 – moderately hard
Slake test: 2 – unstable
Texture: loamy
Average scarp height: 8 cm
Average height of interfluves: 4.6 cm
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Appendix 2 – OSL Methodology
The following description of sample preparation and analytical methods has been prepared by Tim
Pietsch at the CSIRO Land and Water Laboratory at Black Mountain.

OSL sample preparation
Sample preparation was designed to isolate pure extracts of 180-212 µm light safe quartz grains
following standard procedures (e.g. (Aitken, 1998)). Treatments were applied to remove
contaminant carbonates, feldspars, organics, heavy minerals and acid soluble fluorides. The outer
~10 µm alpha-irradiated rind of each grain was removed by double etching each sample in 48 %
Hydrofluoric Acid.
OSL analytical methods
Burial doses were determined from measurement of the OSL signals emitted by single grains of
quartz. The etched quartz grains were loaded on to custom-made aluminium discs drilled with a
10 x 10 array of chambers, each of 300 µm depth and 300 µm diameter (Bøtter-Jensen et al.,
2000). The OSL measurements were made on a Risø TL/OSL DA-15 reader using a green (532
nm) laser for optical stimulation, and the ultraviolet emissions were detected by an Electron Tubes
Ltd. 9235QA photomultiplier tube fitted with 7.5 mm of Hoya U-340 filter. Laboratory irradiations
were conducted using a calibrated 90Sr/90Y beta source mounted on the reader.
Equivalent doses (De) were determined using a modified SAR protocol (Olley et al., 2004). A
dose-response curve was constructed for each grain. The OSL signals were measured for 1 s at
125°C (laser at 90% power), using a preheat of 240°C (held for 10 s) for the ‘natural’ and
regenerative doses, and a pre-heat of 160°C (held for 10 s) for the test doses (0.5 Gy). The OSL
signal was determined from the initial 0.1 s of data, using the final 0.2 s to estimate the
background count rate. Each disc was exposed to infrared (IR) radiation for 40 s at 125°C prior to
measurement of the OSL signal to bleach any IR-sensitive signal.
Grains were rejected if they did not produce a measurable OSL signal in response to the test
dose, had OSL decay curves that did not reach background after 1 s of laser stimulation, or
produced natural OSL signals that did not intercept the regenerated dose-response curves (‘Class
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3’ grains of Yoshida et al., 2000). Burial doses are calculated as the weighted mean of all grains
comprising the lowest dose sub-population, identified by inspection of radial plots and kernel
density plots. Kernel density plots of all De populations are shown in Figure 4.6.
Lithogenic radionuclide activity concentrations were determined using high-resolution gamma
spectrometry Murray et al., 1987, with dose rates calculated using the conversion factors of
Stokes et al., 2003. Attenuation factors were taken from Mejdahl, 1979. Cosmic dose rates were
calculated from Prescott and Hutton, 1994.
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