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Abstract

SIBERIA requires calibration of both hydrology and sediment transport

components. The HEC-HMS model is used to extend the runoff record in the

Ngarradj catchment and a flood frequency analysis performed to identify the

1 in 2.33yr peak discharge required for calibrating SIBERIA. The sediment

transport component of the SIBERIA model is calibrated for both natural and

mine surface conditions. Natural sediment loss parameters are derived from

stream gauged data for three sub-catchments in Ngarradj that have distinct

geomorphological characteristics. Mine impacted parameter values are derived

for four potential surface conditions using rainfall simulation experiments.

This research develops a GIS based approach for assessing the potential impact

of post-mining landforms on sediment movement and hydrology within a

catchment. The methodology is applied to the Jabiluka Mine in the Northern

Territory of Australia. The research first develops a GIS based simple erosion

risk assessment model that is able to rapidly estimate erosion risk based

on widely available spatial data. The SIBERIA landform evolution model is

investigated as a tool for analysing more advanced geomorphological change.

SIBERIA is linked to the Arc View GIS software package through the

development of ‘ArcEvolve’, a GIS extension that simplifies application of

the model.

The on-site and off-site impact of two potential post-mining andform designs

at Jabiluka is assessed using the GIS based tools and SIBERIA. The proposed



landforms are found to significantly impact the minor tributaries draining the

mine affected catchment, but are not found to have a significant impact on

sediment loads downstream in Ngarradj. Simulations, however, indicate that

careful selection of the surface material of the final landform is required to

mimic pre-mining surface conditions as both less and more stable surfaces can

have a significant impact on the surrounding catchment. Further investigations

suggested from this research include; 1) quantification of error propagation

within SIBERIA, 2) sensitivity of geomorphometry based analysis and; 3) the

validity of plot versus field derived parameter values in SIBERIA.
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Chapter One

Introduction and Background

1.1 Introduction

The physical impact of mining activities on complex and relatively poorly

understood environments represents a significant issue facing decision-makers

in northern Australia. The catchment of Ngarradj1 , a major right-bank tributary

of the Ramsar listed Magela Creek wetlands, will be the first catchment to be

affected should any impact occur as a result of mining operations at the Energy

Resources of Australia (ERA) Jabiluka Mine. The Ngarradj catchment covers

areas both within and excised from the world heritage listed Kakadu National

Park, Northern Territory, Australia. This thesis, representing a collaborative

project between the Environmental Research Institute of the Supervising

Scientist (eriss)2  and the Northern Territory University (NTU) develops

an approach for assessing the physical impact of post-mining landforms on

surrounding catchments using geomorphic modelling and geomorphometric

techniques. The approach adopted in this thesis links or fully embeds these

techniques within a GIS to facilitate a more spatially aware approach to

mining impact assessment. The developed methodology is used in this study to

1 Ngarradj: Aboriginal name for the stream system referred to as “Swift Creek” in earlier
documents. Ngarradj means sulphur crested cockatoo. The full term is Ngarradj Warde
Djobkeng. The literal translation is ‘cockatoo vomited on rock’, indicating the creek's genesis
(and ultimately the creek line) and is just one of several dreaming (Djang) sites on or adjacent
to the Jabiluka mineral lease (A Ralph pers com 2000)
2 eriss: A division of the Australian Commonwealth Government's Department of Environment
and Heritage responsible for environmental research associated with uranium mining in the
Alligator Rivers Region.
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investigate the potential long-term impact of the Jabiluka Mine on the physical

form of the Ngarradj catchment.

1.2 Aim and Objectives

Aim: To develop a GIS based approach that integrates geomorphic modelling

and geomorphometric techniques for long term “total catchment management”

with respect to sediment movement, runoff and landform change occurring

within a catchment.

To achieve this aim, seven objectives have been identified:

• Develop a simple erosion risk model, (Chapter Two)

• Perform a feasibility study of the theoretical approach, (Chapter Three)

• Create a GIS based application for modelling and analysing landform

evolution, (Chapter Four)

• Predict the long-term hydrology of the Ngarradj catchment, (Chapter Five)

• Investigate the long-term natural landform evolution of the Ngarradj

catchment, (Chapter Six)

• Examine the long-term stability of potential post-mining landforms under

different surface conditions, (Chapter Seven)

• Identify potential impacts of Jabiluka final landform design/surface condition

scenarios on the geomorphology of the Ngarradj catchment. (Chapter Eight)
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1.3 Study Area

The Ngarradj catchment is located approximately 230 km east of Darwin and

approximately 20 km north of the town of Jabiru (Figure 1.1). The Ngarradj

catchment lies partly in die Jabiluka Mineral Lease (JML) and partly in the

surrounding Kakadu National Park (KNP), and contains the ERA Jabiluka

Mine site in its western section. The catchment is elongated with a length

of approximately 11.5 km, a maximum width of approximately 7.5 km and a

total area upstream from the most downstream gauging site of approximately

43.5 km2 and a total area upstream of the confluence with Magela Creek of

almost 67 km2.

Within the catchment two distinct landform regions are represented, the Arnhem

Land Plateau with highly dissected sandstone and shallow sandy soils and

the Ngarradj plain with deep sandy soils (Figure 1.2). The Arnhem Land

Plateau is characterised by a deeply incised, trellised drainage pattern that has

developed along the closely spaced joints and faults. Vegetation is limited

on the plateau with grassland/savannah vegetation forming on rare thin soils

and semi-deciduous forest occuring in the deep gorges. The Ngarradj plain

is composed of channels, floodplains, billabongs, permanent wetlands and

ephemeral swamps (Erskine et al., 2001). The major vegetation community in

this area is Savanna Woodland with Eucalyptus species dominating the tree

stratum and Sorghum species dominating the understorey. Melaleuca woodland

dominates the seasonally inundated areas with monsoon forest occuring on the

primary drainage channels (Kinhill & Associates, 1996).
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Located within the monsoon tropics climate zone, the catchment experiences a

distinct wet season from October to April and dry season for the remainder

of the year. The average annual rainfall recorded at Jabiru is approximately

1483 mm (Bureau of Meteorology, 1999), and is associated with low frequency

and intensity monsoonal events and high intensity storm events, with rainfall

intensities of 100 mm/hr and a duration of 10 minutes expected to occur

annually (Finnegan, 1993).
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Figure 1.1: Location of the Ngarradj catchment in the Northern Territory of Australia, showing the Jabiluka

Mine and gauging stations (rainfall/runoff/sediment transport).
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Figure 1.2: Looking east from the Jabiluka Outlier over the Jabiluka Mine and Ngarradj drainage system to

the Arnhem Land Plateau (Feb, 2001).

Figure 1.3: Looking north-west over the Jabiluka Mine, Jabiluka outlier and Magela Creek Floodplain (Jan,

2000).
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1.4 GIS and Environmental Models for Physical Impact Assessment

The design of mine layouts primarily attempts to optimise operations, minimise

costs and maximise resource recovery (Jeffreys et al., 1986). However,

increasing public awareness and stricter enforcement of regulatory requirements

for rehabilitation of sites following mining have made environmental planning

an essential part of mine planning (Evans et al., 1998). An important impact

of mine sites on the environment involves the pollution of waterways through

erosion of post-mining landforms and movement of the sediment into streams

and rivers (Evans, 2000). Computer modelling of geomorphic processes of

mining affected catchments, with particular evaluation of the degradation of

the engineered landforms, is a crucial aspect of the assessment programme

(Willgoose and Riley, 1998a). A considerable body of research exists which

addresses the application of hydrological, erosion and topographic evolution

modelling to mine site rehabilitation (Pickup et al., 1987; Silburn et al., 1990;

Evans et al., 1998; Willgoose and Riley, 1998b; West and Wali, 1999). This

study differs from all previous studies by modelling the evolution of post-

mining landforms in the context of the surrounding catchment. This more

holistic approach is facilitated by integrating modelling techniques with GIS.

Environmental models attempt to realistically simulate spatially distributed,

time dependent environmental processes (Steyaert, 1993). GISs, through

their ability to capture, manipulate, process and display geo-referenced

data, are able to describe the spatial environment. GISs and environmental

modelling are therefore synergistic, with the overlap and relationship between
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these technologies being clearly apparent (Fedra, 1993). However, GIS and

environmental modelling have evolved separately, and thus have different

data structures, functions and methods for inputting and outputting spatial

information (Maidment, 1996). Integrating GIS with geomorphological models

will provide a valuable tool for assessing and managing the impact of mine

site landform degradation on landform stability and catchment erosion and

hydrological processes.

1.4.1 Basin analysis with GIS

Basin physiographic characteristics have long been recognised as important

indices of surface processes (Horton, 1945; Strahler, 1957). Such parameters

have been used in various studies of geomorphology and surface-water

hydrology including the prediction of flood characteristics, sediment yield and

the evolution of basin morphology (Hancock, 1997, Moliere et al. 2002c).

However, basin analysis has been known to be tedious and labour intensive as

most measurements are made manually on large to medium scale topographic

maps. Any attempt to measure more complex parameters than elevation and

relief, such as stream length, drainage density, mean basin elevation and slope

and channel gradient for streams of different orders, was always hampered by

the amount of work an analyst had to endure (Wang and Yin, 1998). The

increased popularity of GIS technology and availability of Digital Elevation

Models (DEMs) has led to wide recognition of the potential of using DEMs

in studies of surface processes (Wharton, 1994). Many GIS software packages

provide advanced tools for the preparation, manipulation and analysis of DEM
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data. GIS also offer the opportunity to couple data from numerous sources (e.g.

vector data, remotely sensed imagery etc) with DEM data to improve a study

of catchment hydrology and geomorphology.

1.4.1.1 Preparation of DEMs

DEMs are rectangular grids of evenly spaced terrain heights generated from

spot height data, contour data, scanned aerial photographs or satellite imagery.

DEMs, through the development of new methods and algorithms, allow the

extraction of terrain and drainage features to be fully automated. DEMs have

been used to delineate drainage networks and watershed boundaries, to calculate

slope characteristics and to produce flow paths of surface runoff (Moore et

al., 1991; Quinn et al., 1992). DEMs have also been incorporated in many

erosion, non-point source pollution and hydrological models. However, to use

DEMs efficiently and appropriately the optimum cell size, or resolution, must

be chosen. Resolution is among the most important DEM attributes and will

determine the usefulness and cost of a DEM.

DEMs are commonly used for automating the watershed boundary and stream

network delineation process. However, studies have shown that the use of raster

data sets for watershed and stream network delineation can produce stream

networks that are inconsistent with previously accepted vector representations

(Saunders and Maidment, 1995; Mizgalewicz and Maidment, 1996). These

inconsistencies can be attributed to problems of map scale and the lack of

adequate DEM vertical resolution in areas of low relief (Saunders, 2000).
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‘Stream burning’ is a method by which the problem of stream network

replication can be resolved and involves integrating vector hydrography data

layers into the DEM prior to watershed or stream network delineation. More

specifically, the process of stream burning involves forcing flow within a DEM

through the grid cells corresponding to the stream line network by directly

modifying the elevation values of grid node points along the stream line relative

to the surrounding areas. However, stream burning should be used with caution

as the process requires the selection of a vector hydrography layer at a similar

scale as the DEM that has been extensively preprocessed before being ‘burnt

in’. Stream burning can also introduce artificial parallel streams (Hellweger,

1997) into the drainage network as well as distorting watershed boundaries

delineated from the burned DEM (Saunders, 2000).

1.4.1.2 Standard GIS Basin Analysis Tools

This thesis discusses the integration of modelling tools and GIS for assessing

the impact of post-mining landforms on catchment form and processes. It

is therefore important to have a basic understanding of the standard tools

that exist in many GIS software packages for basin analysis. These tools

implement raster geoprocessing operations as point, neighbourhood or zonal

analyses. Raster geoprocessing creates new datasets by altering pre-existing

data (eg elevation data) to derive new datasets (slope data). Point operations,

often referred to as map or grid algebra, create new datasets by calculating

new values for a grid on a cell-by-cell basis (Delaney, 1999). The most

conceptually simple form of mathematical algebra involves grid layers that
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directly overlay each other. Point functions can be grouped into those functions

that operate on a single input grid theme (‘mathematical functions’) and

those that apply a mathematical operation to the values in two or more

input grid themes (‘mathematical operators’). Mathematical functions apply

logarithmic, arithmetic, trigonometric and power functions to the value in each

grid cell. Mathematical operators, on the other hand, consist of arithmetic

or conditional statements. Arithmetic statements combine grid layers though

addition, subtraction, multiplication or division. For example, an arithmetic

function can be used in a landform evolution study to determine modelled

elevation changes (grid3) between an output elevation grid (grid1) and an initial

elevation grid (grid2) (i.e. grid1 − grid2 = grid3).

Conditional statements use rules to ascertain whether a particular state or

condition is true or false. Conditional statements are generally composed of

boolean (AND, NOT and OR) or relational (e.g. greater than, less than, equal

to) operators that define how one grid relates to another. Queries are processed

within a GIS by the sequential examination of a grid and the placement

of unique numbers in each cell to define true and false responses (often

1 for true, 2 for false) (Delaney, 1999). For example, when examining the

elevation change grid in the above example, a relational operator can be used

to determine the areas of net erosion;

grid3 < grid4 (where grid4 is a grid in which each cell is equal

to 0).
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Many standard basin analysis functions, such as the definition of slope,

drainage direction and flow accumulation, are based on neighbourhood

operations. Neighbourhood operations examine a target cell and the area

surrounding it in order to define the value in the new dataset for the

corresponding cell. The neighbourhood size (3 × 3 cells, 3 × 5 cells) and shape

(e.g. square, rectangular, circular) can be defined by the user. For each cell in

an input grid theme, the neighbourhood analysis functions compute a statistic

such as the majority, maximum, standard deviation etc. These statistics can then

be used to achieve higher order analyses. For example, the calculation of slope

involves finding the maximum change in elevation between the target cell and

surrounding cells. This value is then divided by the length over which the

elevation change occurs, and slope is finally calculated as the inverse tangent of

this number. Neighbourhood functions are also used to filter a dataset in order

to either smooth irregularities from the dataset (low pass filters) or highlight

areas (high pass filters) of difference.

Zonal analyses implement similar geoprocessing operations to the functions

offered within a neighbourhood analysis. However, zonal analyses calculate the

statistics in a zonal context and hence require two input grids. One grid defines

the zones for which each statistic will be calculated, where each zone has a

unique number. The second contains the data of interest The resultant value

from the statistical operation is subsequently placed in each cell of that zone

to produce the new dataset.
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1.4.2 Erosion Hazard Models

Erosion hazard models provide a simple and efficient means for investigating

the physical processes and mechanisms governing soil erosion rates and

amounts. Erosion hazard models are cost-effective and time-efficient as they are

designed to take advantage of widely available, relatively inexpensive datasets.

However, these models commonly do not provide a quantitative measure of

erosion, but rather produce a spatially distributed, dimensionless index of

erosion risk. Erosion hazard models can be used for farm planning, site specific

assessment, project evaluation and planning, policy decisions or as research

tools to study processes and the behaviour of hydrological and erosion systems

(DeCoursey, 1985). Many erosion hazard models are primarily based on the

topographic analysis of digital elevation data (Wilson and Galant, 1996; Prosser

and Abemethy, 1999). The topographic factors considered within these models

are most simply calculated as a function of upslope contributing area and local

slope. The Revised Universal Soil Loss Equation (RUSLE) LS factor and the

unit stream power based topographic factor are two commonly used, more

complex methods for estimating the effect of topography on erosion potential.

These models are therefore very dependent on the resolution and accuracy of

the digital elevation data (Mitasova et al., 1996).

Erosion hazard models are distributed models that depend on the input of

spatial datasets from a variety of sources. GISs offer a means for integrating

these spatial datasets whilst also providing tools for implementing erosion

hazard models. Erosion hazard models are therefore often ‘embedded’ within a
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GIS, with the model's functions essentially becoming part of the functionality

of the GIS (Loague and Corwin, 1998). This approach is the tightest and

most complex method for integrating GIS and environmental models and is

therefore most easily and commonly implemented when integrating relatively

simple models and GIS. The coupling of software components in embedded

systems occurs within a single application with shared memory, as opposed to

simply having a shared database and a common interface.

1.4.3 Landform Evolution Models

Prediction of the future evolution of landforms is one of geomorphology's

primary research goals. This necessitates the study and modelling of erosion,

sediment transport and deposition processes that control the long-term

geomorphological development of a formed surface (Evans et al., 1998).

Landform evolution models therefore differ significantly from the previously

described soil erosion hazard models as they quantify the erosion and

deposition occurring within a catchment. However, topographic evolution

models extend soil erosion models by using a continuity equation to model

aggradation, where more material enters an area than is removed, as well as

areas of net erosion (Kirkby, 1971). This process is applied iteratively using a

previously assigned time interval, therefore showing the progressive evolution

of the landscape (Howard, 1994).

A number of physically based computer models exist which simulate landform

evolution using a mesh of grid cells to represent a landscape (Coulthard,
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2001). Coulthard (2001) provides a review of five of these models including

SIBERIA (Willgoose et al., 1989), GOLEM (Tucker and Slingerland, 1994),

CHILD (Tucker et al., 1999), CASCADE (Braun and Sambridge, 1997) and

CAESAR (Coulthard et al., 2000). Coulthard had four primary conlcusions;

1) all models can be applied over a range of spatial and temporal scales; 2)

CHILD, CAESAR and to a lesser extent GOLEM, represent fluvial processes

in more detail while SIBERIA and GOLEM represent slope processes better.

However, SIBERIA is the only model that has been directly validated using

measured erosion rates. 3) none of the models are particularly user friendly,

although SIBERIA and GOLEM were found to be the easiest to use; and, 4)

some models are more transerable than others, with SIBERIA and GOLEM the

most flexible in terms of slope and weathering environmental characteristics,

whilst CASCADE and CHILD may be best for catchments with entrenched

meanders. The SIBERIA model is used in this study primarily because it is

the most validated of all landform evolution models (Hancock, 1997) and has

been successfully calibrated and applied within both mine affected and natural

landscapes in Northern Australia (Willgoose and Riley, 1998a; Evans et al.,

1998; Moliere, 2000; Hancock et al., 2000; Hancock et al., 2002). A detailed

description of SIBERIA is given below.

SIBERIA models uses a grid of elevation (DEM) and complex hydrology/

sediment transport equations to examine the erosional development of

catchments and their channel networks (Figure 1.4) (Willgoose et al., 1989).

The model incorporates the interaction between hillslopes and the growing
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channel network based on physically observable mechanisms. Catchment

elevations, including both hillslopes and channels, are simulated by a mass

transport continuity equation applied over geologic time (Willgoose and Riley,

1998a). An explicit differentiation is made between the processes that act

on the hillslope and those acting within the channel network. Channels are

dominated by fluvial erosion processes whilst hillslopes are shaped by both

fluvial and diffusive processes. Channel network growth is controlled within

the model by a physically based threshold mechanism. That is, if a channel

initiation function (based on slope and discharge) exceeds some predetermined

threshold (dependent on local resistance to channelisation), then channel head

advancement occurs. Interaction between the elevations on the hillslopes and

the growing channel network occurs through the different transport processes

in each regime and the resultant preferred drainage to the channels. It is the

interaction of these processes which produces the long-term catchment form

(Willgoose and Riley, 1998a). Topographic change is represented on the DEM

by changes in node elevation due to sediment import from upstream grid cells

and sediment export to downstream grid cells.
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Figure 1.4: Modelled landform evolution on a proposed post-mining landform, showing the development of

gullies and depositional fans (after Evans, 1997).

Calibration of the SIBERIA landform evolution model involves deriving

parameters using a sediment transport equation and hydrology model. In

addition to these parameters, it is necessary to derive long term average

SIBERIA model parameters for the landform being modelled. This complex

process, as described by Willgoose and Riley (1993), is essentially composed

of three parts; 1) derivation of the temporal average discharge area relationship;

2) calculation of the runoff series and long term sediment loss rate and; 3)

application of a slope correction function.

Linking SIBERIA to a GIS will facilitate a more spatially aware approach to

assessing mining impact on the long-term landform evolution of the catchment.

Providing GIS based tools for incorporating spatial variability in the SIBERIA

modelling process will provide a more efficient method for assessing alternative

management practices as input maps can be rapidly modified to allow the

simulation of alternative scenarios (De Roo, 1996). The method proposed

to integrate the SIBERIA landform evolution model with a GIS is termed
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‘tight coupling’. Tight coupling involves the deeper integration of GIS and

environmental models characteristically by providing a common user interface

for both the GIS and the model. This tight coupling of the GIS and the model

means that the file or information sharing between the respective components is

transparent to the end user (Figure 1.5) (Loague and Corwin, 1998). A tightly

coupled model and the GIS must share the same database. There are various

methods to implement this approach. The use of a higher-level application

language or application generator built into the GIS represents one feasible way.

An alternative is the use of tool kits that accommodate both GIS functionality

as well as interface components for simulation models and, as an extreme

measure, the approach can be implemented through assembler programming

(Fedra, 1993). The tight coupling approach commonly saves time and expense,

but requires expertise from the user and relies on the GIS to be adequate for

data handling (Charnock et al., 1996). An eventual environment to facilitate

the tight coupling of GIS, models and other applications is described by Lam

et al. (1996). This environment is described as one in which a toolkit exists

that connects components smoothly and for which a user selects only those tool

groupings which are needed for the task at hand. The toolkit should also allow

external applications to be attached in an orderly fashion by an end user.
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Figure 1.5: A conceptual diagram of the tight coupling approach to model/GIS integration (after Fedra, 1993)

1.4.4 Geomorphic Statistics

Geomorphometry, defined as the “… quantitative treatment of the morphology

of landforms…”, (Morisawa, 1988) has expanded significantly since the studies

of Horton (1945) and Strahler (1964). The advent of the DEM has allowed

geomorphometry to not be limited to the time-consuming measurement of land

form properties from contour lines on topographic maps. The DEM has allowed

the development of algorithm‧s that rapidly derive such measures and has also

allowed the definition of a number of new morphometric measures (Nogami,

1995). The width function, hypsometric curve, cumulative area distribution

and area-slope relationship are four geomorphometric measures that can be

rapidly derived from a DEM and have been shown to be important measures

of catchment geomorphology and hydrology (Perera, 1997). These descriptors

have also been successfully used to quantify and compare SIBERIA derived

landscapes with natural landscapes (Hancock et al., 2000). This study represents

the first attempt to apply these measures to assessing the impact of mining on

catchment form and function.



hdl:1780.01/6410

20

1.4.4.1 Hypsometric Curve

The hypsometric curve, or cumulative distribution curve, is defined as the

area above a given elevation in a catchment divided by the total area of

the catchment, plotted against the elevation of the point divided by the relief

of the catchment. The hypsometric curve therefore provides a method for

analysing the geomorphic form of catchments and landforms by characterising

the distribution of elevation within a catchment (Willgoose and Hancock,

1998). The shape of the hypsometric curve has also been linked to the age

of the catchment. Strahler (1957, 1964) recognised three distinct landform

developmental stages that can be identified using the hypsometric curve

including young, mature and monadnock. The hypsometric curve is therefore an

important tool when analysing landform evolution over geologic time scales.

1.4.4.2 Width Function

The width function is a geomorphic descriptor that describes channel

development and provides a good estimation of hydrological response since it is

strongly correlated with the instantaneous unit hydrograph. The width function

is generally calculated as the number of channels at successive distances away

from the basin outlet as measured along the network (Surkan, 1968). However,

various other forms of the width function have been presented including

the normalised width function (Mesa and Mifflin, 1986), standardised width

function (Naden, 1992) and a simplified form of the width function (Hancock,

1997). The width function can be relatively easily derived from a DEM, but

generally requires the prior definition of a stream network. The simplified form
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of the width function adopted by Hancock (1997) eliminates the need to derive

a stream network by defining the width function as the number of drainage

paths (whether they be channel or hillslope) at a given distance from the

outlet. The traditional form and simplified form of the width function will be

adapted for implementation within a GIS and evaluated through application to

the Ngarradj catchment.

1.4.4.3 Cumulative Area Distribution

The cumulative area distribution has been used as a means of characterising the

flow aggregation structure of channel networks (Rodriguez-Iturbe et al., 1992)

and in the calibration of geomorphological models (Moglen and Bras, 1994;

Sun et al., 1994). The cumulative area distribution, calculated as the area of the

catchment that has a drainage area greater than or equal to a specified drainage

area, is an important component in determining what sections of a catchment

are saturated (Willgoose and Perera, 2001). This has important implications for

determination of the maximum runoff rate during rainfall events and what area

of a catchment can evaporate at the maximum rate between rainfall events

(Hancock, 1997).

1.4.4.4 Area-Slope Relationship

The area-slope relationship relates the area draining through a point (A) to

the slope at the point (S). The area-slope relationship has been shown to

be a fundamental geomorphic relationship showing information concerning the

dominance of both diffusive and fluvial transport (Moglen and Bras, 1994;
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Willgoose et al., 1991). The area-slope relationship for a catchment has been

reported by many authors as having the form;

AαS = constant

where the value of a was found to fall between 0.4 and 0.7 (Hack, 1957;

Flint, 1974). The area-slope relationship has also been shown to be an effective

method for comparing the elevation properties of different catchments.

1.5 eriss Geomorphic Research at Ngarradj

This study forms the second part of a larger project initiated by the

Environmental Research Institute of the Supervising Scientist (eriss) to

determine the off-site impacts of the Jabiluka Mine on Ngarradj in the Northern

Territory. The first study represents a geomorphological field study that aims

to; (1) obtain baseline data on the channel network, channel stability, channel

boundary sediments, sediment storages, sediment transport and hydrology of the

Ngarradj catchment; and (2) determine the change in channel stability, sediment

storage, sediment transport and hydrology of the channels impacted by mining

(Erskine et al., 2001, Saynor, 2000).

As part of the field program, three stream gauging sites were established in

November 1998 to collect continuous data on baseline hydrology and sediment

transport in the Ngarradj catchment. Two stations are located upstream of all

mine influences, on the main right bank tributary of Ngarradj (East Tributary

- ‘ET’) and on the main Ngarradj channel (Upper Main - ‘UM’) (Figure 1.1).
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The third station (Swift Creek -‘SC’) is located on the main Ngarradj channel

downstream of the mine site and can be used to assess potential impacts from

the mine site (Figure 1.6 and 1.7). These gauging stations are referred to as

ET, UM and SC respectively throughout this document. The western branch

of Ngarradj is braided and cannot be gauged. The area, mean slope and mean

elevation of the catchments draining through these gauging stations are show

in Table 1.1.

Table 1.1: Basic descriptors of the SC, UM and ET subcatchments in the

Ngarradj catchment.

 SC UM ET

Area (sq. km) 43.6 18.8 8.5

Mean Slope

(deg.) [S.D.]

9.3 [9.6] 12.5 [10.1] 8.6 [8.9]

Mean Elevation

(m) [S.D.]

96 [64] 129 [65] 100 [45]
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Figure 1.6: The Swift Main gauging station during low flow conditions (M. Saynor).

Figure 1.7: The Swift Main gauging station during high flow conditions (M. Saynor).
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Each gauging station consists of a stilling well with an aluminium shelter

to house and protect data logging equipment. The following sensors and

equipment were installed by eriss at each site (Saynor, 2000);

• a Unidata water level instrument with optical shaft encoder,

• a Data Electronics DT 50 data logger,

• a Hawk water level pressure sensor, as a backup stage indicator,

• a Greenspan turbidity meter,

• Garnet pump sampler, an automatic water sampler,

• A Hydrological Services Pluviograph to measure rainfall, and

• Other miscellaneous items such as solar panels, staff gauges, boat, wire cable

across the channel and bench mark.

Data relevant to this study collected at each station include rainfall, discharge

and sediment loss. Rainfall is recorded at 6-minute intervals at each station

using a 0.2 mm tipping bucket to allow calculation of both rainfall amount and

intensity. Although initial proposals by eriss indicated additional pluviograph

stations would be installed on the Arnhem Land Plateau region of the Ngarradj

catchment, these were not installed as permission was not granted by the

traditional owners due to the cultural significance of the region.

Water level information is also collected at 6-minute intervals using a shaft

encoder. A rating curve, derived from manual discharge gaugings undertaken

weekly, was used to convert water level information to stream discharges. Each

station has been located on relatively well-vegetated, stable stream sections,
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providing consistent cross-sections from which an accurate rating table has been

produced (where flow outside the channel was found to be minimal during

extreme overbank events) (Moliere et al., 2002a). Mo However, natural channel

controls, as opposed to control structures such as flumes or weirs, generally

result in reduced low flow sensitivity. Within the Ngarradj catchment this is

only an issue at the immediate beginning and end of the wet season and of little

importance for landform evolution modelling as these flows are not considered

to be geomorphically dominant flows. The baseline hydrology characteristics of

the Ngarradj catchment derived from the gauged data for the period 1998–2002

are collated and analysed in Moliere et al., (2002a).

Suspended sediment and bedload data have been collected at each gauging

station to estimate the total sediment load being transported past each gauging

station. Detailed time series variations in suspended sediment concentrations

were collected using a stage activated pump sampler (Gamet Waste Watcher)

due to limited access during the wet season. The sampler intake was located

0.3 m above the pre-1998 bed level to ensure it sampled suspended sediment.

Weekly visits to the site allowed suspended sediment samples to also be

collected using a USDH depth integrated sampler and the Equal Transit

method (Guy and Norman, 1970). This allowed a mean suspended sediment

concentration for the whole cross-section to be produced with no prior

knowledge of the velocity pattern. The suspended sediment samples were

filtered in the laboratory to derive sediment concentrations. Bedload data was

also collected during each weekly visit using a Helley Smith pressure difference
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bedload sampler (Helley and Smith, 1971). The Helley Smith sampler is

considered to be one of the most accurate bedload samplers yet designed

(Emmett, 1979) and has been used in Magela Creek studies (Roberts, 1991).

The field methods adopted in the Ngarradj catchment followed those used by

the U.S. Geological Survey and have been outlined by Carey (1984; 1985).

Samples collected in the field were dried and weighed in the laboratory

to calculate sediment load. Although instantaneous bedload fluxes are highly

variable, it has been shown that the use of thorough field measurements can

allow mean bedload fluxes for a given discharge to be defined (Carey, 1985).

Rainfall, discharge and sediment loss data from this field program are used

throughout this thesis to calibrate and/or validate erosion risk, hydrology,

sediment loss and landform evolution models for the Ngarradj catchment.

Contributions by the author to the field data collection were minor and

primarily performed to ensure the author was familiar with the data collection

methods used by eriss staff to prevent misuse of the data in the modelling

studies that are contained in this thesis.

1.6 Thesis Organisation

This thesis has been structured as a series of independent journal articles that

together develop, validate and apply a GIS based approach to assessing the

impact of post-mining landforms on long-term catchment evolution. The entire

report is broken into four sections and nine chapters (Figure 1.8).
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The first section of the thesis (Chapters one, two and three) provides an

introduction to erosion modelling with preliminary applications in the Ngarradj

catchment. Chapter two describes the development and application of a

simple erosion risk model in the Ngarradj catchment. The study provides an

understanding of simple erosion distributions within the catchment and provides

a method for quickly acquiring and evaluating existing data to assist in the

planning of more detailed assessment programmes. Chapter three is a feasibility

study that examines (1) the validity of calibrating the SIBERIA landform

evolution model using high temporal resolution stream gauged data in a natural

catchment and (2) the usefulness of and methods for incorporating GIS into the

SIBERIA model calibration and application process.

Section two (Chapter four) details the technical aspects of linking GIS to

landform evolution modelling. Chapter four describes the development of a GIS

extension that links the SIBERIA landform evolution model to the ArcView

GIS software. The extension provides for the management of SIBERIA data

and running of the model to be performed from the GIS interface. Furthermore,

the extension incorporates geomorphometric tools for the analysis of SIBERIA

model output. The tools developed in this chapter are used throughout the

modelling exercises carried out in Chapter five to eight.

Section three (Chapters five, six and seven) describes the derivation of

SIBERIA hydrology and erosion parameters. Chapter five is a hydrology

modelling study that compares a model that can only be calibrated using

a small number of discrete events (Distributed Field-Williams model) with
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a model that can be calibrated from annual hydrographs (HEC Hydrology

Modelling System) for predicting long-term trends in catchment discharge. This

information is used in Chapter six to derive hydrology parameters for the

SIBERIA landform evolution model. Chapter six also describes the derivation

of natural erosion parameters on a sub-catchment basis. This detailed calibration

of the SIBERIA landform evolution model to the Ngarradj catchment allows

a quantitative study of long-term erosion and deposition within the catchment.

Chapter seven derives SIBERIA erosion parameters for existing surface

conditions on the Jabiluka Mine from rainfall simulation experiments. The

impact of these surface conditions on the stability of two described post-mining

landform design scenarios for the Jabiluka Mine is subsequently modelled using

SIBERIA for a period of 1000 years in the same study.

Section four (Chapters eight and nine) describes the final analysis and thesis

outputs and recommends possible avenues for futher research. Chapter eight

brings together the information obtained in the previous chapters to examine

the impact of the described post-mining landform designs at the Jabiluka Mine

on the Ngarradj Catchment. Landform evolution modelling is conducted at two

spatial scales to examine the effect of the different landform design/surface

condition scenarios on erosion and deposition processes at the local tributary

and wider catchment scales. Geomorphometric techniques, on the other hand,

are used to assess the impact of the landform designs on basin physiography

at the two scales. Chapter nine finally draws conclusions from the research and

provides recommendations for future research directions.
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Figure 1.8: Thesis outline flow diagram.
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Chapter Two

GIS Based Rapid Assessment of Erosion Risk

2.1 Thesis Context

Chapter two describes the evaluation of a geographic information system (GIS)

based rapid erosion assessment method. The rapid erosion assessment method

is based on a simplified version of the Revised Universal Soil Loss Equation

(RUSLE), and allows the rapid parameterisation of the model from widely

available land unit and elevation datasets. The study was undertaken to evaluate

existing digital geographic data relevant to erosion and hydrological analyses

to assist in the planning of the more detailed modelling programs conducted in

later chapters. Elevation data resolution, in particular, is examined in relation

to the validity of erosion predictions based on the rapid erosion assessment

method. The study also develops an understanding of potential erosion patterns

expected to occur within the Ngarradj catchment and is validated by comparing

predicted soil loss ratios with adjusted in-stream sediment yields on a sub-

catchment basis obtained from the Ngarradj field sampling program.

2.2 Introduction

Assessing the impact of landuse developments, such as mining, on catchment

geomorphologic processes and landform evolution requires extensive, in-depth

research in order to provide a quantitative assessment of possible impacts. This

research commonly comprises intensive monitoring and collection of data in

the field and the implementation of sophisticated modelling techniques over a
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period of years. However, before these procedures are implemented it would

be beneficial to quickly acquire and evaluate existing data to assist in the

planning of the more detailed monitoring and modelling programs. A rapid

assessment will also allow erosion risk to be incorporated into the design of a

project layout. This chapter discusses the development and testing of a rapid

erosion assessment method that utilises widely available data to assess the

spatial distribution of relative erosion risk. The rapid erosion assessment method

is applied to the Ngarradj catchment in the Northern Territory, Australia, where

an intensive monitoring and modelling program has been established to assess

the possible impacts of the ERA Jabiluka Mine on catchment geomorphological

processes.

Erosion is the combined effect of a number of important land forming factors.

It is necessary to understand and quantify the natural erosion processes in

a given environment before the impact of activities such as mining can be

assessed (Lane et al., 1992). It is also important to identify areas of risk at

the start of a monitoring program so that different risk categories are monitored

appropriately. Erosion models represent an efficient means of investigating

the physical processes and mechanisms governing soil erosion rates and

amounts. Soil erosion models have particularly important roles in soil resource

conservation and non-point source assessments as they allow land managers to

predict the soil erosion impacts of various land uses and management practices

before they are implemented (Lane et al., 1992). Much of the soil erosion

research and model development has been directed at agricultural landscapes in
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temperate climates. The area of interest for this study, on the other hand, is a

natural environment in the wet-dry tropics of Australia.

Linking erosion simulation models with GIS provides a powerful tool for

land management. Implementing GIS in erosion assessments provides many

advantages including the ability to model large catchments with a greater level

of detail, the presentation of results in more user friendly formats, greater

powers of data manipulation (De Roo, 1996) and the ability to provide detailed

descriptions of catchment morphology through analysis of digital elevation

models (DEMs) (Mitas and Mitasova, 1998). However, it should be stressed

that ‘absolute values’ provided by soil erosion models are merely estimations

of soil loss so that the primary advantage of soil erosion modelling often

arises from the relative comparison of estimations based on different scenarios

(Pilesjo, 1992). Puig et al. (2000) explore the possibility of developing a GIS

based approach for rapidly assessing erosion within the wet/dry tropics of

northern Australia. Research by Puig et al (2000). investigated the potential of

modifying the Universal Soil Loss Equation (USLE) (Wischmeier and Smith,

1978) to enable a rapid assessment of erosion risk. The approach described

by Puig et al. (2000) primarily relies on the use of land units classification

data, which are readily available within the Northern Territory (Wells, 1978).

However, the investigation by Puig et al. (2000) was limited by both time and

available data. These limitations resulted in the USLE being over simplified and

the robustness and predictions of the modified model not being evaluated.
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2.2.1 Aims

This chapter describes a rapid assessment of erosion risk within the Ngarradj

catchment. Northern Territory, using an approach based on RUSLE (Renard et

al., 1994). Recent data acquisition, including the interpretation of a detailed

DEM and collection of sediment discharge data, has allowed the robustness and

predictions made by the rapid erosion assessment method to be tested. More

precisely, the aims of this chapter are to:

• determine if using a DEM with a coarse grid cell resolution provides better

or equivalent erosion risk estimations using the rapid erosion assessment

method than using land unit data slope estimations or a fine scale DEM

respectively and;

• test the validity of relative erosion risk predictions made by the rapid

erosion assessment method against sediment discharge data collected from

the Ngarradj catchment.

2.3 Rapid Erosion Assessment Method

The RUSLE, in its absolute form, is not a mathematical tool that can be used

‘straight out of the box’ when applied to new environments. However, when the

erosion assessment is simplified to identifying relative erosion risk the equation

can be more easily adapted to new situations. The RUSLE, like the USLE

could be simplified to (Hudson, 1973):
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Where A is the erosion risk, K is a soil erodibility factor, S is a slope steepness

factor and C is a cover and management factor. This approach is considered

to represent the minimum number of factors that can be used during a relative

erosion assessment. The exclusion of the remaining R, L and P factors can be

justified for a relative assessment model in a small natural catchment on the

following basis (Puig et al., 2000):

R, the rainfall erosivity index, reflects the energy content of the rain. Regardless

of the actual value of R this variable remains constant within an area of similar

annual rainfall. R can therefore be ignored, as it will not be responsible for any

variation in erosion within the Ngarradj catchment.

L, the slope length factor, is generally considered to be a highly complex factor

to calculate when the model is applied to entire catchments. This complexity,

and the fact that soil loss is generally believed to be less sensitive to slope

length than to any other factor, results in the L factor commonly being ignored

in catchment scale studies (Hickey et al., 1994)

P, the support practice, in a natural environment is 1. P can therefore be

removed from the equation.

The soil erodibility factor, the cover factor and the slope factor were

consequently determined to be the essential factors required for the initial

rapid erosion assessment method. However, integrating the RUSLE with a GIS

provided the possibility of rapidly calculating a form of slope length from DEM
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data. The slope length factor was therefore included in the final rapid erosion

assessment method, such that:

The primary issue associated with implementing a rapid erosion assessment

method is the availability of suitable data. Data must be easily accessible

and in a readily useable form in order to facilitate the adoption of a rapid

assessment approach. A review of existing and available data revealed that

estimated values for the factors described in equation 2.2 could be obtained

from the widely available digital land unit descriptions of Wells (1978) and

the Australian Surveying and Land Information Group (AUSLIG) elevation

data. The model described in equation 2.2 and the data provided by these

two data sources, forms the basis of the rapid erosion assessment method.

The rapid erosion assessment method is implemented within the Arc View®

GIS software package (version 3.2) produced by the Environmental Systems

Research Institute (ESRI).

2.4 Data

A key issue associated with implementing the rapid erosion assessment method

is data availability. However, there is commonly a trade off between data

availability and data accuracy/resolution. Data obtained for this project consists

of land unit data mapped at a 1:50000 scale (Wells, 1978), a DEM with

a grid cell resolution of 100 m and a DEM with a grid cell resolution of

25 m. The land units map of Wells, shown in Figure 2.1, forms part of an



hdl:1780.01/6410

37

increasingly widespread dataset that is being generated as part of a Northern

Territory wide mapping program. The mapping program involves extensive

field/ground truthing with remotely sensed information. Extra validation of

the Wells land unit data for the Ngarradj catchment primarily consisted of

checking the spatial accuracy of the mapped data against a detailed DEM

of the catchment. However, further studies into the validity of this data

source would be required for more detailed analyses of soil erosion. The land

unit descriptions include information that is directly relevant in an RUSLE

based rapid erosion assessment, including slope gradients, soil descriptions and

vegetation community classifications. It is widely accepted that the spatial

coverage of soil and vegetation can be represented by classifications of

relatively homogenous areas. However, elevation related variables, including

slope angle, are commonly regarded as being too spatially variable to be

grouped into broad classifications. Furthermore, the land units descriptions do

not provide information on slope length. For these reasons, and the increasing

availability of DEMs, a rapid erosion assessment based solely on the land units

classification is being contrasted with erosion assessments based on both the

land units data and increasingly higher resolution DEMs.
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Figure 2.1: The landunits of the Ngarradj catchment

Resolution is amongst the most important DEM attributes and will determine

the usefulness and cost of a DEM. A DEM was interpolated at a 100 m

grid cell resolution using the original AUSLIG 1:250 000 relief and hydrology

data. These data are widely available throughout the Northern Territory. The

interpolation algorithm used in the formation of the DEM is based on the

ANUDEM program (Hutchinson, 1989). ANUDEM is specifically designed

for the creation of hydrologically correct DEMs from comparatively small,



hdl:1780.01/6410

39

but well selected elevation and stream coverages (Hutchinson, 1993). A DEM

obtained for the Ngarradj catchment, derived from 1:25000 aerial photography

and produced on a 25 m grid was also used as a data source in the application

of the rapid erosion assessment method in order to assess the validity of the

erosion predictions derived from the land units classification and 100 m DEM

data.

2.5 Derivation of Input Factors

Implementation and verification of the rapid erosion assessment method

developed within this study was performed within a GIS on a grid cell basis

(Figure 2.2). A number of different methods were employed in the preparation

of the factors described in equation 2.2 in order to assess and refine the

implementation of the rapid erosion assessment method described above. The

methods used in the derivation of the various factor values and datasets are

described below.
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Figure 2.2: The total methodology involved in the implementation of the rapid erosion assessment approach

within a GIS.
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2.5.1 Soil Erodibility Factor

The dominant soils found within the Ngarradj catchment vary substantially,

from the shallow lithosol soils associated with areas of sandstone upland

plateau to the deep sands of the floodplain alliance. The land unit descriptions

of Wells (1978) provide comprehensive accounts of the soils associated with

each land unit. Mitchell and Bubenzer (1980) have related soil texture and

percentage organic matter to the soil erodibility factor for agricultural soils. The

values obtained for the soil erodibility factor for the land units of the Ngarradj

catchment were based on the relationships described by Mitchell and Bubenzer

normalised to values between 0 and 1 (Table 2.1). The values therefore only

reflect net differences in soil characteristics within the Ngarradj catchment and

therefore would not be suitable for more detailed, quantitative studies of soil

erosion.

Table 2.1: Soil properties of the land units of the Ngarradj catchment (where

OM is Organic Matter and K is from equation 2.2)

Land Unit Dominant Soil % OM Normalised K

1a Shallow lithosols <0.5% 0.31

2a Shallow lithosols <0.5% 0.31

5a Deep earthy sands 4% 0.5

5b Moderately deep

siliceous sands

<0.5% 1

5d Moderately deep

siliceous sands

<0.5% 1

5e Alluvial soils or sands 2% 0.81
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The methodology used in the production of the final various resolution soil

erodibility grids is shown in figure 2.3. The soil erodibility map was compiled

by linking the soil erodibility values from Table 2.1 with the land units map.

The catchment boundary map used to extract (‘clip’) the soil erodibility map for

the Ngarradj catchment was derived, in each case, from the DEM of the same

resolution (where the land units data were modelled at a resolution of 25 m).

Figure 2.3: A flow chart depicting the methodology used in the derivation of the soil erodibility grids.
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2.5.2 Slope Angle Factor

The slope angle factor was calculated for the land units coverage and each

DEM. To derive the slope angle factor from the land units coverage, the

maximum slope contained within each land unit description was expressed as a

decimal and attached as an attribute to the land unit coverage. This coverage

was then converted to a grid with a cell size of 25 m. The function utilised in

the production of the slope grids from the two DEMs identifies the maximum

rate of change in value from each grid cell to the neighbouring cells using

the average maximum technique (Burrough, 1986). The slope was calculated as

the per cent rise, and expressed as a decimal in order to provide comparative

values to those provided by the K and C factors. The DEM used in each slope

angle calculation covered an area greater than that of the Ngarradj catchment.

This allows for the flattening effect that occurs when the slope function is

applied to cells at the edge of a grid. An example of a final slope grid is

shown in figure 2.4.
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Figure 2.4: The slope grid derived from the 25 m grid cell resolution Ngarradj DEM.

The comparative slope statistics for each slope angle factor grid are shown

in Table 2.2. The slope statistics shown in Table 2.2 indicate that each

dataset represents slope differently. The large range in slope values and high

mean slope calculated using the 25 m DEM demonstrate the ability of the

finer resolution (both vertically and horizontally) DEM to provide a more

detailed representation of slope in the varied relief, highly dissected areas of

the catchment. This is an important consideration in an erosion assessment
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and has the potential to impact significantly on erosion predictions. However,

varied relief zones of the Ngarradj catchment coincide with areas of highly

resistant sandstone. The very low soil erodibility values associated with these

areas will therefore reduce the impact of slope representation within these

areas. Normalisation of the slope values also reduces the differences in slope

representation between the datasets.

Table 2.2: Slope statistics for the Ngarradj catchment, calculated using land

unite, a 100m resolution DEM and a 25m resolution DEM.

Slope Maximum Minimum Mean Standard

Deviation

Land Units 40% 2% 13% 11.8%

100m DEM 48% 0% 11% 7.9%

25m DEM 210% 0% 21% 24.7%

2.5.3 Slope Length Factor

The slope length factor was approximated using two methods.

Accumulated Flow (AF)

The first method applied in this rapid erosion assessment attempted to capture

the impact of surface runoff on the spatial distribution of erosion risk. This

was approximated by calculating a grid that depicts the accumulation of runoff

through a digital elevation model. Within the rapid erosion assessment method

presented here it is not possible to consider fluvial erosion processes. A

threshold was therefore applied to the accumulated flow, with cells having an
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accumulated flow area of greater than 100 cells for the 25 m DEM and 10 cells

for the 100 m DEM considered to be operating under fluvial conditions and

masked out of the final analysis (where the smaller resolution of the 25m grid

allowed a small drainage threshold to be used). As with the K, S and C factors,

the slope length factor grid was normalised to values between 0 and 1.

Individual Cell (IC)

The second method attempted to approximate the length over which water

flowed within an individual cell. This method firstly considers the horizontal

distance over which the water will move through a cell by examining the

direction of the flow, before incorporating the impact of the cell slope on the

distance travelled. The function used to incorporate the cell slope is;

where 1 is the slope length, x is the horizontal flow distance and 6 is the slope

angle in degrees. The slope lengths were normalised to values between 0 and 1

to provide values of a similar magnitude to the other factors.

2.5.4 Cover Management Factor

The cover management factor, which accounts for the protection given by

canopy cover, gravel lag and ground cover, is an important factor to be

considered when attempting to model soil erosion. The land unit descriptions

of Wells (1978) provides qualitative descriptions of both the soil's surface

condition and vegetation cover. A cover index (C.I.), which represents a simple
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rank from the least protective against erosion (1) to the most protective (5),

was then derived for all land units by intuitively comparing the protection

against erosion offered either by canopy cover or gravel lag within the different

environments. A first approximation of C (Ca) was obtained by calculating the

inverse of the cover index (Table 2.3). This relative estimation of the cover

management factor provides a gross estimation of differences in cover within

the Ngarradj catchment and therefore does not account for more local scale

variations, such as those resulting from fire, compaction and development of

surface lag. Inclusion of these data would require studies of a much greater

spatial and temporal resolution than required in a rapid assessment. The process

used to derive the final cover management factor grids to be input into the

rapid erosion assessment model is equivalent to that used in the derivation of

the soil erodibility factor grids (Figure 2.3).

Table 2.3: The qualitative descriptions of soil and vegetation cover provided by

Wells (1978) and the corresponding cover ranking (CI - out of 5) and cover

management factor (Ca) value derived for this project.

Unit Soil cover Vegetation C.I. Ca (1/C.I.)

1a Abundant

quartz sandstone

Scattered scrub 4 0.25

2a Frequently

stony/gravely

Grassland to low

open woodland

4 0.25

5a Some coarse

quartz sand veneer

Woodland to low

open woodland

3 0.33

5b  Woodland

with grassland

3 0.33



hdl:1780.01/6410

48

Unit Soil cover Vegetation C.I. Ca (1/C.I.)

5d  Variable tall open

wood to scrubland

3 0.33

5e  Grassland with

areas of woodland

2 0.5

2.6 Results and Validation

2.6.1 Elevation Data Resolution

The rapid erosion assessment model described in this study was implemented

using three elevation data sources in order to contrast the effects of using

land units data or increasingly higher resolution DEMs on assessing erosion

risk. However, as the land units data contains no information on slope

length the rapid erosion assessment model implemented using this data source

was simplified to that described by Hudson (1973) (Equation 1). The final

implementation of the rapid erosion assessment model therefore differed for

the land units data and the DEM data. The resultant soil loss grids from all

analyses were classified into areas of relatively low, moderate and high erosion

risk. The thresholds used in the definition of these erosion risk classes were

defined based on the distribution of each dataset, with categories defined as

-1 standard deviation to the mean (low), the mean to 3 standard deviations

(moderate) and = 3 standard deviations (high).

2.6.1.1 Land Units Data

The spatial distribution of erosion risk classes calculated using the land units

data is shown in figure 2.5. As would be expected, using the land units data
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to derive all the model input parameters caused the pattern in the spatial

distribution of erosion risk classes to correspond with those displayed by the

original land unit data. Correlations have been drawn between the land unit and

predicted erosion risk in Table 2.4.

Figure 2.5: The distribution of erosion risk throughout the Ngarradj catchment, calculated solely using the

land units data

Table 2.4: The relationship between erosion risk, calculated solely using land

units data, and land unit.

Low Moderate High

1a 5d 2a
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Low Moderate High

5a   

5b   

5e   

The areas of highest erosion risk correspond with the 2a land unit (rugged

terrain). This land unit has both low soil erodibility and cover index values,

indicating that the high degree of slope associated with these areas greatly

effects the predictions of the simplified erosion assessment. However, these

areas include the escarpment face, separating the plateau surface landunit from

the floodplain alliance land units. The escarpment face and area immediately

below are either composed of solid rock or covered in boulders. These areas

would therefore be expected to have very low erosion potential, despite the

large slope angles. The inability of the land unit data to identify the difference

in erosion potential between the escarpment and slope areas of this land

unit is a significant issue when attempting to model erosion risk throughout

a catchment. This error impacts on the classification of other land units in

a relative assessment. Of prime importance is the classification of erosion

potential in the land unit 5d as moderate. The 5d land unit occupies the sloping

area between the 2a land unit and the creek lines. These areas have poorly

coherent soils, are sloping and located below high discharge zones. These

characteristics make this land unit highly susceptible to erosion.

2.6.1.2 100 m DEM

DEMs are widely recognised as being highly useful in studies of earth surface

processes as they allow the extraction of terrain and drainage features to be
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fully automated (Wharton, 1994). Within this study, the inclusion of a DEM

in the rapid erosion assessment approach allowed a more spatially distributed

analysis of slope and the calculation of slope length. However, the scale and

accuracy of the DEM play an important role in determining the efficacy of a

DEM. The application of equation 2.2 using data derived from the 100 m grid

cell resolution DEM produced a more spatially distributed estimation of soil

loss than solely using land units data (Figure 2.6a and 2.6b). The proportion of

each land unit occupied by the predicted relative erosion risk classes calculated

using the IC slope length and AF slope length methods is shown in Table 2.5.

Figure 2.6: The relative soil erosion risk distribution, with the stream network overlayed, for the Ngarradj

catchment calculated using the 100 m DEM and a) the IC slope length method and b) the AF slope length

method.
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Table 2.5: Cross-tabulated frequency data (in ha) for the land units grid and 100

m DEM predicted relative erosion risk classes.

AF Slope L. 1a 2a 5a 5b 5d 5e

Low 214 25 529 344 2429 102

Moderate 111 28 178 322 694 69

High 40 7 4 105 36 32

IC Slope L.       

Low 306 23 534 547 2027 159

Moderate 32 13 156 151 1055 31

High 27 24 21 73 77 13

The erosion risk values obtained using both slope length calculation methods

appear to correlate well with the land unit descriptions of Wells. That is,

the high erosion risk areas tend to be concentrated within the land unit

5d, which, as previously described, contains areas that are highly susceptible

to erosion. The upland sandstone plateau contains the majority of the low

erosion potential class. However, the IC slope length method produces results

that tend to overestimate the probability of erosion in the upland plateau

region and underestimate erosion in the 5d land unit relative to the AF

slope length method. When directly compared, the IC slope length method

and AF slope length method are shown to produce different results, with the

greatest agreement occurring within the low erosion risk class (Table 2.6 and

Figure 2.7). The results indicate that the AF slope length method produces

more realistic erosion risk predictions as it predicts higher erosion risk areas

surrounding drainage lines as well as high slope areas, indicating that it
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considers both hillslope and gully erosion (while the IC method only predicts

high erosion risk in high slope regions).

Table 2.6: A contingency table for the IC slope length and AF slope length

100m erosion grids.

 IC Slope L.

AF Slope L. Low (ha) Moderate (ha) High (ha)

Low (ha) 2487 1056 83

Moderate (ha) 1156 406 18

High (ha) 34 48 15
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Figure 2.7: A cross-image showing areas in which the IC method under or over predicts erosion relative to the

AF method for the 100m DEM (where the difference between low and high erosion is ‘2 classes’).

2.6.1.3 Ngarradj 25 m DEM

The Ngarradj DEM, captured from 1:25000 aerial photography and produced at

a resolution of 25 m, provides a more detailed representation of the Ngarradj

catchment. The erosion risk predicted using this DEM within the rapid erosion

assessment model is therefore calculated and presented at a greater level of

detail (Figure 2.8a and 2.8b). Initial analyses, however, found it was necessary

to apply a slope threshold (70%) to the more detailed 25 m DEM analysis
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as the steep escarpment face became highlighted as an area of high erosion

risk. This discrepancy is most likely attributable to the sharpening effect

of decreasing cell size causing areas of high slope to become highlighted

during an erosion assessment using larger resolution DEMs (Garbrecht and

Martz, 1994). Within the Ngarradj catchment, areas of high slope are generally

located around the edge of or within the la land unit (the escarpment face

of the upland plateau region) and are therefore predominantly composed of

outcropping sandstone. This issue emphasises the need for soil erodibility and

soil cover datasets at a scale more comparable to the Ngarradj DEM during

more comprehensive erosion assessments. The threshold was implemented by

giving the high slope areas an erodibility of 0.

Figure 2.8: The relative soil erosion risk distribution, with the stream network overlayed, for the Ngarradj

catchment calculated using the 25 m DEM and a) the IC slope length method and b) the AF slope length

method.
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When compared with the land unit data, the predictions made using both slope

length calculation methods and the 25 m DEM are similar to those produced

using the 100 m DEM (Table 2.7). This indicates that the 100 m DEM is

of suitable resolution to produce results that are consistent with more detailed

analyses. Direct comparison of the erosion grids produced using the AF and

IC flow length methods indicates that there is significant confusion where low

risk values predicted using the AF method are classified as moderate risk in the

IC assessment (Table 2.8). Figure 2.9 shows that the areas of highest confusion

occur within the eastern half of the catchment. Comparison of figure 2.9 with

the slope grid (Figure 2.4) reveals that the rapid erosion model becomes very

sensitive to slope when applied using the IC slope length method and high

resolution DEM. As with the 100m DEM, the AF method appears to provide

a more realistic distribution of erosion risk as it predicts areas of high erosion

risk in areas surrounding drainage lines and high slopes indicating that it

considers risks from both hillslope and gully erosion.

Table 2.7: Cross-tabulated frequency data (in ha) for the land units grid and 25

m DEM predicted relative erosion risk classes.

AF Slope L. 1a 2a 5a 5b 5d 5e

Low 2047 561 13 175 512 299

Moderate 452 84 10 27 138 32

High 70 7 1 2 20 1

IC Slope L.       

Low 1403 536 15 187 544 323

Moderate 1128 112 4 13 66 5
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AF Slope L. 1a 2a 5a 5b 5d 5e

High 39 3 5 4 60 4

Table 2.8: A contingency table for the IC slope length and AF slope length

25m erosion grids.

 IC Slope L.

AF Slope L. Low (ha) Moderate (ha) High (ha)

Low (ha) 2687 969 22

Moderate (ha) 363 407 28

High (ha) 10 43 10

Figure 2.9: A cross-image showing areas in which the IC method under or over predicts erosion relative to the

AF method for the 25m DEM (where the difference between low and high erosion is ‘2 classes’).
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2.6.2 Field Data Validation

The erosion and hydrology program at the Environmental Research Institute

of the Supervising Scientist (eriss) have established a field project to collect

baseline geomorphological data on catchment geomorphology, channel stability,

sediment movement and hydrology of the Ngarradj catchment (Erskine et al.,

2001). These data can be used to assess possible geomorphological impacts

arising from the recently established ERA Jabiluka Mine. This mine is adjacent

to the World Heritage listed Kakadu National Park and comprises underground

mining, contaminant and runoff storage and related surface infrastructure. As

part of this project, three gauging stations were established within the catchment

(Figure 1.1). Two stations are located upstream of all mine influences, the

first on the main right bank tributary of Ngarradj (‘East Trib’) and the second

on the main Ngarradj channel (‘Up Main’). The third station (‘Swift Main’)

is downstream of the minesite. Amongst the data collected at or by these

stations are stage height and suspended sediment concentrations. Analysis of

these datasets allows the total sediment yield to be calculated for each site.

In order to compare the measured sediment yields with the erosion risk

predicted using the rapid erosion assessment method, a series of ratios

was established between the three monitored sub-catchments of Ngarradj.

Dimensionless ratios between the predicted erosion risk values were calculated

through the summation of the predicted risk values associated with each grid

cell for each sub-catchment (Table 2.9). In order to calculate ratios between

the measured sediment yields for each sub-catchment, a sediment delivery ratio
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(SDR) had to be approximated as only a fraction of the sediment eroded

within a stream's catchment will be transported to the basin outlet (Walling,

1983). This relationship can be quantified by calculating the percentage of the

annual gross erosion that is measured as the sediment yield at the basin outlet.

Approximations of the SDRs for each of the Ngarradj sub-catchments were

obtained using the relationship between SDR and drainage basin area developed

by the U.S. Soil Conservation Service (Walling, 1983) and SDR values obtained

for smaller catchments (0.15 - 0.78 km2) within the Alligator Rivers Region by

Duggan (1988) (Table 2.9). These values were used to convert the measured

sediment yield into estimations of gross erosion, thereby enabling comparison

of these ratios with the ratios predicted using the rapid erosion assessment

method (Table 2.9).

Table 2.9: Sediment delivery ratios and measured (both unadjusted and SDR

adjusted) and predicted soil loss ratios between the sampled catchments

 East Tributary Up Main Swift Ck

SDRs 18% 15% 12%

Measured

Yield

1 : 2.32 : 3.44

Adjusted

for SDR

1 : 2.79 : 5.17

Land units 1 : 2.46 : 6.78

100 m DEM

AF Slope L

1 : 2.56 : 6.22

100 m DEM

IC Slope L

1 : 3.30 : 7.30



hdl:1780.01/6410

60

 East Tributary Up Main Swift Ck

SDRs 18% 15% 12%

25m DEM

AF Slope L

1 : 3.57 : 6.43

25 m DEM

IC Slope L

1 : 3.52 : 5.94

Catchment

Area

1 : 2.25 : 5.12

The ratio of sediment loss between the East Tributary, Up Main and Swift Main

subcatchments is shown in Table 2.9 for both field measured and predicted

values. Sediment yields, adjusted using approximations of each sub-catchment's

SDR, indicate that there is a non-linear relationship between catchment area

and sediment loss within the Ngarradj catchment. This non-linear relationship

is also shown by the rapid erosion assessment based on the 25 m Ngarradj

DEM (Figure 2.10). However, the slope of this line is much greater than that

relating area to the adjusted sediment yield, with a significant under-prediction

of erosion in the East Tributary subcatchment relative to the Up Main and

Swift Main sub-catchments. The most accurate prediction of the relationship

between erosion in the Up Main and East Trib sub-catchments, relative to the

measured soil loss, was made using the 100 m interpolated DEM and AF slope

length method (Table 2.9). However, the relative sediment loss is overpredicted

using this dataset for the Swift Main - Up Main relationship as the relationship

continues a linear trend and does not flatten out between these two points. A

linear relationship is also shown by values predicted using the rapid erosion

assessment approach and land units dataset.
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Figure 2.10: The relationship between relative soil loss and area for both the measured and predicted values.

The use of significantly more detailed elevation data with the relatively coarse

estimations of soil erodibility and cover from the land units dataset emphasises

the need for information of a comparable resolution when conducting more

detailed analyses. This is an important consideration, as the use of mixed

resolution datasets can lead to misleading results. The land units data, as well

as being relatively coarse spatially, are also coarse temporally. This is especially

important when deriving the cover management factor as this has the greatest

potential to change over a relatively small period of time.

The major finding of this study is therefore that the rapid erosion assessment

method is a valid technique for assessing erosion risk when data of similar

resolutions are used. In this study, the most appropriate combination for

predicting erosion risk was found using land units data for erodibility and cover
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values and the relatively coarse elevation data (100 m DEM) for slope length

and angle values. These datasets are widely available, making this technique is

particularly valuable for wider application.

2.7 Conclusion

Linking or incorporating soil erosion models in GIS provides powerful tools

for calculating the effects of land use changes and evaluating soil conservation

scenarios on a catchment scale. This study has evaluated a relatively simple,

rapid erosion assessment method using recently acquired data for the Ngarradj

catchment, Northern Territory, Australia. The study investigated the effect of

using different elevation input datasets and different slope length calculation

methods on predicted erosion risk. A simple validation of the model was

performed using measured in- stream sediment yields on a sub-catchment basis.

The study found that the most appropriate predictions were calculated using

the 100m DEM, land units dataset and AF method for estimating slope length.

These datasets are widely available making it possible to apply the technique on

wider basis. However, it must be remembered that the rapid erosion assessment

method has been designed simply as a means for quickly acquiring and

evaluating existing data to assist in the design phase of development projects

and the planning of more detailed assessment programs.
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Chapter Three

Landform Evolution Model Scoping Study

3.1 Thesis Context

Chapter three is a study that investigates the feasibility of calibrating the

SIBERIA landform evolution model using data from the Ngarradj field

sampling program. This project represents the first attempt to apply the model

on a catchment wide basis in the region. The chapter also examines the

potential for linking the SIBERIA model calibration and application process

to GIS. Linking the model with a GIS enhances the modelling process as the

GIS assists in the derivation, storage, manipulation, processing and visualisation

of geo-referenced data at a catchment wide scale. This chapter demonstrates

the process associated with the parameterisation of the SIBERIA model and

illustrates the benefits of integrating GIS with landform evolution modelling

techniques. The study highlights the need for additional researchto develop a

more integrated GIS and landform evolution modelling approach and better

calibrate the SIBERIA model to the Ngarradj catchment. This research forms

the basis for Chapters four to eight.

3.2 Introduction

The impact of mining activities on complex and relatively poorly understood

environments represents a significant issue facing decision-makers in northern

Australia. In June 1998, construction of the portal, retention pond and

other headworks for the ERA Jabiluka Mine (ERAJM), Northern Territory,
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commenced. Ngarradj, a major downstream right bank tributary of the Magela

Creek and associated floodplain is located in the World Heritage and RAMSAR

listed Kakadu National Park and will be the first catchment to be affected

should any impact occur as a result of mining operations at the ERAJM

(Figure 1.1). Recent research has addressed the development of a geographic

information system (GIS) that interacts with sediment transport, hydrology and

landform evolution modelling techniques for use in long-term total catchment

management. This chapter provides a description of the spatial database

established and the GIS tools constructed and processes utilised, so far, to

facilitate the linkage and integration of GIS with a hydrology model, sediment

transport model and landform evolution model. This paper presents examples of

the application of these GIS tools and geomorphological models to catchment

management through the preliminary assessment of future landform evolution

in the Ngarradj catchment.

Environmental models attempt to simulate spatially distributed, time variable

environmental processes (Steyaert, 1993). GIS, through their ability to capture,

manipulate, process and display geo-referenced data, are able to describe the

spatial environment (Burrough and McDonnell, 1998). GIS and environmental

modelling are therefore complementary and the overlap and relationship

between these technologies is clearly apparent (Fedra, 1993). Since GIS and

environmental modelling have evolved separately they have different data

structures, functions and methods for the input and output of spatial information

(Maidment, 1996). Over the past two decades there has been considerable
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research into the integration of these two methodologies to the extent that the

synthesis of spatial data representations and environmental models has been

described as the new ‘Holy Grail’(Raper and Livingstone, 1996). Currently

there exist many different approaches to linking environmental models with

GIS, from the very simple, in which the GIS is used for the analysis of model

output, to closely integrated systems (Charnock et al., 1996).

SIBERIA (Willgoose et al., 1989), the landform evolution model used in

this study, is a sophisticated three-dimensional topographic evolution model.

The model has been used to investigate post-mining rehabilitated landform

design at the Energy Resources of Australia (ERA) Ranger Mine since 1993

(Willgoose and Riley, 1993, Evans, 1997, Evans et al., 1998, Willgoose and

Riley, 1998, Evans, 2000). To date the model has only been used to examine

landform evolution on post-mining rehabilitated landforms. This project is the

first attempt to apply the model on a catchment wide basis in the region.

Research will investigate whether the shift from mine-site scale modelling of

landforms to catchment scale modelling of mining impact can be facilitated by

the linkage of the landform evolution model with a GIS. Linking the model

with a GIS will greatly enhance the modelling process as the GIS can assst

in the derivation, storage, manipulation, processing and visualisation of geo-

referenced data at a catchment wide scale.

SIBERIA is a complex landform evolution model that requires extensive

parameterisation (Willgoose et al., 1991). Parameterisation of the model

requires the use of separate hydrology and sediment transport models to derive
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a discharge/area relationship, long-term sediment loss and a sediment transport

rate (Figure 3.1). An extensive field data collection program provides data on

catchment sediment movement and hydrology of Ngarradj, allowing the direct

calibration of these models.

Figure 3.1: A flow diagram depicting the processes involved in the parameterising the SIBERIA landform

evolution model from observed sediment, runoff and rainfall data.
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3.3 Database Establishment

Data acquired from the field program are varied and include information on

catchment geomorphology, channel stability, sediment movement and hydrology

of the Ngarradj catchment. The methods and processes required to store,

retrieve and manipulate the datasets resulting from impact assessment are

diverse, ranging from individual spreadsheets and statistical analysis to spatial

databases and visual analysis. Data emanating from this project can be grouped

into five categories, based on these methods and processes; (1) High Temporal

Resolution Spreadsheet Data, (2) Low Temporal Resolution Spreadsheet Data,

(3) Raster Data, (4) Vector (dGPS) Data and (5) Model Data. A database has

been established that employs GIS as a framework for these datasets, retaining

the flexibility and functionality required to store and manipulate each dataset

individually, whilst offering a central hub for project data (Figure 3.2) (Boggs

et al., 2001b).
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Figure 3.2: The approach used in the development of a GIS as a focus point for datasets generated during the

geomorphologic impact assessment of the ERA Jabiluka Mine.

As part of the field program, three stream gauging sites have been established.

Two stations are located upstream of all mine influences, on the main right

bank tributary of the Ngarradj (‘East Tributary’) and on the main Ngarradj

channel (‘Upper Main’). The third station (‘Swift Main’) is located on the

main Ngarradj channel downstream of the mine site and can be used to

assess potential impacts from the mine site (Figure 1.1). The western branch

of Ngarradj is braided and cannot be gauged. Data collected at each station
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include rainfall, discharge and sediment loss. Rainfall is recorded at 6-minute

intervals at each station using a 0.2 mm tipping bucket. Water level information

is also collected at 6-minute intervals using a shaft encoder. A rating curve,

established from manual discharge gaugings undertaken weekly, is used to

convert water level information to stream discharges. Each station has been

located on relatively well-vegetated, stable stream sections, providing consistent

cross-sections from which a rating table has been produced (Moliere et al.,

2002). Suspended sediment data are collected weekly.

The existing eriss spatial database contains approximately 12 Gbytes of data,

including thematic coverages, aerial photography, satellite imagery and elevation

data. The base GIS contains the topographic 1:250000 digital data produced

by AUSLIG (which includes layers of drainage, waterbodies, roads etc.) with

some of the data available at 100 K scale. Additional data layers are related

to individual projects and have been obtained in the field or from aerial

photography or other imagery (Bull, 1999).

A digital elevation model (DEM), interpreted from 1:25 000 aerial photography

of the region and produced on a 5 m grid, has been captured for the entire

Ngarradj catchment and will form the basis of much of the hydrological and

erosion modelling. One of the advantages of using DEM data in hydrological

and geomorphological studies is that spatially variable information can be

obtained, as opposed to the more common point data (e.g. rain gauges)

(Schultz, 1993). DEMs are currently used in many geomorphologic studies

as they allow the extraction of terrain and drainage features to be automated
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and have been used to delineate drainage networks and watershed boundaries,

calculate slope characteristics and produce flow paths of surface runoff (Moore

et al., 1991, Quinn et al., 1992).

3.4 Siberia Input Parameter Derivation

SIBERIA predicts the long-term evolution of channels and hill slopes in a

catchment (Willgoose et al., 1991). The model solves for two variables; (1)

elevation, from which slope geometries are determined, and (2) an indicator

function that determines where channels exist. The evolving drainage system of

a catchment can be modelled. SIBERIA predicts the long-term average change

in elevation of a point by predicting the volume of sediment lost from a node

on a DEM. Fluvial sediment transport rate through a point (qs) is determined

in SIBERIA by the following equation:

where: qs = sediment flux/unit width, S = slope (m/m), q = discharge (m3 y−1),

and β1 = sediment transport rate coefficient. Parameters m1 and n1 are fixed

by flow geometry and erosion physics.

SIBERIA does not directly model discharge (Willgoose et al., 1989) but uses a

sub-grid effective parameterisation based on empirical observations and justified

by theoretical analyses which conceptually relates discharge to area (A) draining

through a point as follows (Leopold et al., 1964):
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To run the SIBERIA model for a field site it is necessary to derive parameter

values for β1,β3, m1 11 and m3.

To obtain the parameter values for equations 3.1 and 3.2 it is necessary to:

• 1. calibrate a hydrology model using rainfall-runoff data from field sites

• 2. fit parameters to a sediment transport equation using data collected from

field sites, and

• 3. derive long-term average SIBERIA model parameter values for the

landform being modelled.

Once parameters have been fitted to the sediment transport equation and

the DISTFW rainfall-runoff model for a site, the results are used to derive

SIBERIA input parameter values for the landform to be modelled.

The parameters of SIBERIA characterise the temporally average effect of the

modelled processes occurring on the landscapes. The parameter values derived

for the sediment transport and the DISTFW rainfall-runoff models represent

instantaneous values (Willgoose and Riley, 1993) and must be integrated over

time to yield the temporally averaged values.

The SIBERIA input parameter derivation process (steps 1 to 3 above) as

described below is based on the description given by Willgoose and Riley

(1993).
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3.4.1 DISTFW Hydrology Model

The Distributed parameter Field-Williams (DISTFW) hydrology model is a sub-

catchment based rainfall-runoff model that uses a one- dimensional kinematic

wave flood routing model called the Field-Williams Generalised Kinematic

Wave Model (Field and Williams, 1983; 1987). Willgoose and Riley (1993),

Finnegan (1993) and Arkinstal et al (1994) have described the model and its

application to mine spoils and waste rock in detail. DISTFW has been used to

generate parameters required by the SIBERIA landform evolution model (e.g.

Evans et al., 1998; Willgoose and Riley, 1998). DISTFW divides a catchment

into a number of sub- catchments connected with a channel network draining

to a single catchment outlet. Hortonian runoff is modelled and drainage through

sub-catchments is represented by a kinematic wave. The kinematic assumption

that friction slope equals the bed slope is used and discharge is determined from

the Mannings equation. The hydrological processes represented by the model

are shown in figure. 3.3
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Figure 3.3: Conceptual view of the DISTFW rainfall-model (after Willgoose and Riley, 1998).

The calibration process for the DISTFW hydrology model involves using a

nonlinear regression package, NLFIT, to fit model parameter values (Willgoose

et al., 1995). The parameters fitted in this preliminary study were:

• sorptivity (initial infiltration) - Sphi (mmh−0.5),

• long-term infiltration - phi (mm h−1), and

• kinematic wave coefficient and exponent, − cr (m(3−2em)s−1) and em.

Calibration of the DISTFW hydrology model involves fitting parameters for

selected storm events. The average rainfall, calculated from the data collected

at each of the gauging stations, was plotted with discharge for the Ngarradj

downstream gauging station for the 1998/1999 wet season. Two large and two

moderate discharge events were selected to be input for calibration of the
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hydrology model (Figure 3.4). These events were used in an attempt to ensure

DISTFW accurately predicted the peak discharge of larger events as these are

required for the calibration of SIBERIA.
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Figure 3.4: Rainfall/Discharge in the Ngarrad] catchment for selected events
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Parameter values were fitted to the selected hydrographs for the observed

rainfalls by fitting a single parameter set that provided a good fit to the four

hydrographs for each site simultaneously. The fitted DISTFW parameters values

were as follows;

• Kinematic Wave Coefficient (cr) − 1.98 m(3−2em)s−1

• Kinematic Wave Exponent (em) − 1.96

• Sorptivity (Sphi) − 1.76 mm h−0.5

• Long-term Infiltration (phi) − 0.95 mm h−1

The predicted hydrographs compared reasonably well with observed data for

each event (Figure 3.5). There was some over-prediction of the peak discharge

of one of the events. However, the over-prediction of runoff is preferred to

under-prediction, as this results in higher predicted sediment movement which

in turn provides a basis for more conservative management of mining impact.

The final parameters were assessed by comparing predicted total discharge

and hydrograph for the entire 1998/1999 wet season with the observed total

discharge and hydrograph. The predicted total discharge for the Ngarradj

catchment at the downstream gauging was found to be similar to the observed

values (Table 3.1). However, although the shape of the hydrographs were

similar, there was a tendency for the model to overpredict peak flows and

underpredict base flows in the annual hydrograph. This issue may be related

to the calibration procedure for DISTFW in which only selected events can

be used.
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Figure 3.5: An example of a predicted hydrograph for the Ngarradj catchment produced by DISTFW

compared with the observed hydrograph.

Table 3.1: The observed and predicted discharges for the 1998/1999 wet season

in the Swift Creek catchment

Observed Discharge (Ml) Predicted Discharge (Ml) Difference (%)

33760.5 31575.8 6.5

3.4.2 Sediment Transport Model

The sediment transport model (STM) to be used in this study is a standard

equation used by geomorphologists and soil scientists relating discharge to total

sediment loss. The STM has previously been used in the calibration of the

SIBERIA landform evolution model (Evans et al., 1998; Willgoose and Riley,

1998). The sediment transport model used is of the form (Evans, 1997):
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where,

where T = total sediment loss, ∫Qdt = cumulative runoff over the duration

of the event (Q = discharge (1 s1)), S = slope (m/m) and β2, n1 and m1

are fitted parameters. The parameters m1 and K are fitted using multiple

regression. However, the fitted equation consistently under-predicted sediment

loss during large events, despite a relatively high correlation between observed

and predicted sediment loss (r2 = 84%). This is of particular concern as it

is well recognised that large events generally dominate sediment loss. For

example, of 81 runoff producing rainfall events measured on the eastern

Darling Downs of Queensland, six storms caused 70% of the total soil erosion

(Wockner and Freebairn, 1991). At ERA Ranger mine 25% of storms monitored

on site removed 54% to 73% of total sediment removed during all monitored

events (Evans, 1997).

It is important that large discharge events are not underpredicted as they are

the most erosive. Ferguson (1986) considered that power curves of this form

(Eq. 3.3) underpredict sediment transport due to statistical bias. Therefore, a

statistical bias correction factor, (1.119 (Ferguson, 1986)) has been incorporated

in the coefficient of equation 3.5. As such, the final equation for predicting

sediment loss in the Ngarradj catchment was found to be:
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3.4.3 Scale analysis - Discharge area relationship

The parameters fitted here define how discharge used in the calculation

of sediment transport rate varies with catchment area. The discharge-area

relationship is described by equation 3.2 (Willgoose and Riley, 1993).

Huang and Willgoose (1992, 1993) investigated the potential for using the

DISTFW hydrology model to determine the relationship between discharge

and area. Although this process has been used in previous SIBERIA studies

(Willgoose and Riley, 1998; Evans et al., 1998), the methodology was deemed

unsuitable for investigating the larger Ngarradj, as it assumes that the rainfall

in all parts of the catchment are the same. The area dependence of discharge

within Ngarradj was instead found using the observed annual peak discharge

from the field monitoring program (Figure 3.6). The annual peak is discharge

is used as this is required by the sediment loss equation used in SIBERIA

(equation 3.1). The relationship derived using these data is:

where A is in m2.

The acceptable range for m3 values is 0.5 to 1.0 (Willgoose et al., 1991). The

value determined here, 0.63, falls within that range.
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Figure 3.6: The peak discharge/area relationship based on the observed annual peak discharges for the 99/00

wet season.

3.4.4 Runoff series and long-term sediment loss rate

To generate a long term erosion rate (qs) in equation 3.1, a long term runoff had

to firstly be created. This was achieved for the Ngarradj catchment by applying

the calibrated DISTFW model to several years of the Jabiru rainfall record. The

sub-catchment mode of the stand-alone version of the DISTFW model was used

because of the large amount of computer processing time required to generate

a runoff series using DTM node data.

The annual runoff determined above was then used in the soil loss equation:

where T = total sediment loss (g), ∫Qdt = cumulative runoff over the duration

of the event ie. annual runoff (Q = discharge (L s−1)), S = slope (m/m) and

(β, n1 and m1 are fitted parameters. Equation 3.7 was used to determine an
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annual sediment loss (Mg y−1) which was converted to a volume (m3 y−1) by

dividing by the bulk density of the surface material (1.38 Mg m−3) (Table 3.2).

Using the annual sediment losses a long-term average sediment loss rate was

then determined (qs) for equation 3.1 (Table 3.2).

The value of qs was then used to determine β1, by substituting equation 3.2 into

equation 3.1 and transposing to give:

where A is in m2. Values for the slope exponent (n1) have been found by other

researchers to range from 0.26 to 0.8 (Foster, 1982; Watson and Laflen, 1986).

However, Willgoose and Riley (1998) derived a value of 0.69 and this has

been extensively used within the region (Evans et al 1998; Moliere, 2000). This

value was therefore adopted in this study.

Table 3.2: Long-term average soil loss, uncorrected for node scale, for the

Ngarradj catchment

Year Rainfall (mm) Soil Loss Mass

Rate (Mg y−1)

Soil Loss Volume

Rate (m3 y−1)

1972 1163 12413.2 8995.07

1973 1353 14161.2 10261.74

1974 1604 16464.5 11930.80

1975 1642 17028.3 12339.35

1977 928 10373.1 7516.74

1978 1467 16287.3 11802.39

1979 1193 13519.0 9796.38
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Year Rainfall (mm) Soil Loss Mass

Rate (Mg y−1)

Soil Loss Volume

Rate (m3 y−1)

1980 1663 17852.2 12936.38

1984 2082 21855.8 15837.54

1986 1145 12768.1 9252.25

1987 1277 13203.1 9567.46

1988 1135 12475.4 9040.14

1989 1152 12240.7 8870.07

Average uncorrected soil loss volume rate (qs)(m3−y1) 10626.64

Slope is calculated in SIBERIA based on the assumption that each pixel has

a dimension of 1 (in the same units as the vertical i.e. metres). The grid used

in this study uses a 50m cell size. To correct this in SIBERIA β1, must be

reduced to reflect the slope calculated by SIBERIA and the correction factor

is as follows

The value of the β3 parameter used in SIBERIA must include a multiplication

by the correction factor derived in equation 3.9. Applying the correction factor

to equation 3.8, a value of 42.28 was calculated for β1,. This allows true values

of sediment loss to be calculated within SIBERIA for the given grid.

This correction factor is no longer needed in the latest version of SIBERIA

(V8.25) as it is built into the code and all discharge and sediment transport

rates are characterized per unit width. This improvement in SIBERIA arrived

too late to be used in this thesis.
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3.5 GIS Linkage

3.5.1 DISTFW Hydrology Model

Although the components of hydrological modelling predate GIS by more than

a century, the two disciplines have converged strongly over the last 20 years.

Hydrologic analysis has been integrated with computers to such an extent that

computers often provide the primary source of information for decision-making

by many hydrologic engineers (DeVantier and Feldman, 1993). The use of GIS

in hydrologic analysis provides tools for the construction of spatial data and the

integration of spatial model layers (Singh and Fiorentino, 1996). GIS are able to

generate both the topographic and topologic inputs required to accurately model

hydrologic systems. GIS can also assist in design, calibration, modification and

comparison of models. However, the acquisition and compilation of information

required by a GIS for hydrological modelling is often labour intensive and

is an issue commonly encountered in hydrologic applications of GIS (Hill et

al., 1987). Linking the DISTFW hydrology model with a GIS has two major

objectives: 1) the development of a GIS toolbox that will allow the automatic

generation of DISTFW input requirements and; 2) the development of a GIS

interface from which the model can be launched. The first of these is achieved

in this project.

The DISTFW hydrology model requires the input of a significant amount

of topographic information. Catchments are represented within the model as

being composed of a number of sub-catchments for which information must be

derived describing their horizontal shape, vertical relief, conveyance and flow
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relationships existing between the sub-catchments (Table 3.3). A significant

challenge in this research project has been to develop a set of customised tools

that automatically generates this information from a DEM. Six software tools

have now been developed that extend the functionality of the GIS to satisfy the

topographic input requirements of the DISTFW hydrology model. A description

of the tools developed for the derivation of the required DISTFW inputs is

shown in Table 3.3.

Table 3.3: Descriptions of the tools developed to facilitate the automatic

generation of the topographic input requirements of the DISTFW hydrology

model.

GIS Tool Function / DISTFW

Topographic Input Requirement

Incidence Tool Calculates the flow relationships between sub-

catchments. Directly determines ‘maximum

number of up slope sub-catchments’ and

‘sub-catchment incidence’ for DISTFWs

Catchment Width Tool Determines the average catchment width

perpendicular to the central stream

channel. Directly determines ‘sub-

catchment conveyance’ values for DISTFW

Stream Length Tool Computes the length of a catchment

based on the central drainage channel.

Directly determines ‘the sub-

catchment length’ values for DISTFW

MinMaxArea Tool Calculates the minimum elevation,

maximum elevation and area of each
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GIS Tool Function / DISTFW

Topographic Input Requirement

sub-catchment within the catchment

being studied. Directly inputs ‘UpSlope

Elevation’, ‘DownSlope Elevation’

and Sub-Catchment Area for DISTFW

Multi-Point Watershed Generates a grid of multiple watersheds.

Where one point is downstream

of another, the intervening sub-

catchment is automatically calculated.

Downstream Tool Reduces the area of a sub-catchment

where one sub-catchment is downstream

of another to the intervening area.

It is proposed to link the DISTFW hydrology model with the GIS using a ‘tight

coupling’ approach, as described by Fedra (1993). This level of integration will

provide a common user interface for both the GIS and the model, with the

file or information sharing between the respective components being transparent

to the end user. The DISTFW hydrology model and the GIS will share the

same database. There are various methods to implement this approach. This

project will use higher-level application language associated with the GIS in the

creation of links between the GIS and DISTFW.

3.5.2 SIBERIA Landform Evolution Model

SIBERIA models the evolution of a catchment through operations on cell-

based (raster) digital elevation data for the determination of drainage areas and

geomorphology. GIS offer a wide range of raster data processing capabilities
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and a clear means for organising and visualising data from a number of

different formats (Rieger, 1998). Linking the SIBERIA landform evolution

with GIS therefore provides benefits not available in one or other of these

environments. The SIBERIA landform evolution model is computationally

intensive and consequently does not lend itself to interactive use. Integration

of this model with a GIS therefore requires the use of a relatively simple,

loose coupling, which involves transferring data from one system to another

through the storage of data on file and the subsequent reading of that file by

the other (Fedra, 1993).

Although SIBERIA is based on relief, the data formats used by the model

are significantly different to those used by GIS. There has been no direct

methodology for allowing the two to easily exchange data. Research has been

directed at developing GIS based tools that provide for the direct formation of

SIBERIA inputs and processing of SIBERIA output data into a GIS readable

format. Tools have now been developed to exchange elevation data between

SIBERIA and the GIS. These help the user to prepare DEM based SIBERIA

parameters within the GIS environment and analyse SIBERIA output using the

spatial analysis capabilities of GIS. Outcomes from this initial scoping study

indicate that research should be directed at allowing the user to prepare the

input requirements, launch the model and extract the model output without

leaving the GIS environment, thereby providing a relatively user-friendly front-

end to this complex model. This research is undertaken and described in

Chapter 4.



hdl:1780.01/6410

87

3.6 Application

This section describes the initial application of the SIBERIA model to landform

evolution prediction in the Ngarradj catchment. As this is a scoping study, the

modeling results are discussed with particular reference to potential limitations

of applying SIBERIA to larger catchments and SIBERIA'S application to

assessing post-mining impact.

The evolution of the Ngarradj catchment was modelled for a period of 500

years using the parameters derived in the previous sections and a 50m DEM

derived from 1:30,000 aerial photography. Figure 3.7 shows the areas of erosion

and deposition predicted by SIBERIA. Figure 3.7 shows a clear differentiation

in geomorphological activity between the less active floodplain areas and the

more active upland plateau gorges of the Ngarradj catchment. No quantitative

scale has been placed on the grey scale in Figure 3.7 because of the difficulty

in assigning spatial changes in model parameters to the competent, very low

erodible sandstone escapement and uplands. The highest incision occurs at the

large change of grade between the low gradient plateau and almost vertical

escarpment also observed in simulation of the ERARM post-mining landform

(Evans et al 1998, Willgoose and Riley 1998). Using one parameter value set

applied to the whole DTM surface results in greatly over-predicting erosion

and deposition in the vertical direction at the junction of the cliff face and

plateau surface. The application of spatial variation of parameter values to

account for the low erodible sandstone escarpment and plateau surface are

addressed in Chapter 6. Therefore interpretation of erosion and depostion at
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these areas can only be qualitative at this stage of research. The floodplain

region of the Ngarradj catchment, on the other hand, shows widespread but

low levels of deposition around the main creek channels and limited erosion on

the interfluve areas. However, an extensive backwater floodplain exists between

the confluence of the Magela Creek and Ngarradj and the most downstream

location covered by the Ngarradj DEM. It is expected that a large proportion of

the sediment moving from the Ngarradj catchment is deposited in this region.

Future acquisition of digital elevation data for the backwater floodplain will

allow investigation of these processes.
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Figure 3.7: Differences in elevation, indicating areas of erosion and deposition, between the Ngarradj

catchment at 0 years and after being modelled for a period of 500 years (where there was no tectonic uplift

was modelled).

Although Figure 3.7 indicates that there is a high degree of spatial variation

in erosion and deposition rates within the Ngarradj catchment, there is little

variation in the general statistics associated with the catchment (Table 3.4).

Over the 500 year period modelled, there was no change in the minimum

and mean elevation and a drop of less than 10m in the maximum elevation.

This indicates that the most active erosion occurs in the high escarpment
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areas, associated with steep changes in gradient as discussed above. At this

stage, the simulated erosion rates in these areas appear to be incorrect as a

result of the non-spatial variation in parameter values. The high depositional

areas in the upland gorges (qualitative only at this stage) and no variation in

minimum elevations associated with the floodplain indicates that the Ngarradj

catchment is a relatively closed system with much of the sediment eroded

from the catchment being redeposited in temporary and permanent stores

within the catchment. Further investigation is required to determine if this is

associated with the preliminary nature of this study, or is a realistic indication

of sedimentary processes in the Ngarradj catchment.

Table 3.4: General elevation statistics (m) for the Ngarradj catchment at 100

year intervals between 0 and 500 years.

Year Min Max Mean STD

0 12.01 251.90 92.29 64.60

100 12.01 249.22 92.29 64.01

200 12.01 246.95 92.29 63.50

300 12.01 244.79 92.29 63.05

400 12.01 243.99 92.29 62.64

500 12.01 243.27 92.29 62.26

This preliminary assessment of landform evolution in the Ngarradj catchment

has applied one set of parameters to the entire Ngarradj catchment for the

modelled period. This has been appropriate for small scale studies (Evans et

al., 1998, Willgoose and Riley, 1998), however it is necessary that future

research consider the spatial variability in parameters controlling landform
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evolution. This is especially important when applying GIS and landform

evolution modelling techniques to assessing the impact of land management

practises on catchment scale geomorphological and hydrological processes.

Linking SIBERIA to a GIS will facilitate a more spatially aware approach to

assessing mining impact. The assessment of mining impact using the approach

described in this study will also require consideration of the temporal evolution

of landform evolution parameters. Moliere (2000) has described, the progression

of SIBERIA parameters over time associated with the rehabilitation of mine

sites. This research will be incorporated into the assessment of possible future

impacts of the ERAJM on the Ngarradj catchment.

One of the primary advantages of linking environmental models to a GIS is the

possibility of rapidly producing modified input-maps with different management

practises to simulate alternative scenarios (De Roo, 1996). Desmet and Govers

(1995), for example, were able to rapidly assess the impact of varying a length

proportionality factor on landform evolution within an agricultural landscape by

using a GIS based simple landscape evolution model.

The draft Environmental Impact Statement (EIS) for the Jabiluka uranium

mine project (Kinhill and Associates, 1996) provides descriptions of mine

development alternatives. These include the Ranger Mill Alternative (RMA),

the Jabiluka Mill Alternative (JMA) and the Pancontinental proposal. Once the

GIS/modelling technology has been developed and elevation models for each

of these alternatives obtained, various scenarios of mine site design will be

modelled to assess possible impacts of the Jabiluka mine on landform evolution
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within the Ngarradj catchment. It is expected that these model simulations

will focus on the final development alternatives, for example JMA, addressing

various design scenarios incorporated in the alternative such as waste rock

dump and infrastructure design variation. Impacts of the alternative management

scenarios on catchment evolution will be assessed over both long- and short-

term time scales. Outcomes derived from these modelling scenarios can be used

in the formation of management recommendations once final decisions on mine

development and design are made.

3.7 Conclusions

The outcomes to date of this study provide a preliminary evaluation of

integrated hydrology and landform evolution modelling techniques with GIS for

assessing the possible impacts of mining on the Ngarradj catchment, Northern

Territory. A database has been established that employs GIS as a framework

for both spatial and attribute datasets associated with this project. This approach

retains die flexibility and functionality required to store and manipulate each

dataset independently, whilst offering a central hub for the various projects

data. Hydrology and sediment transport parameters were derived from field

data collected within the Ngarradj catchment. The derived hydrology parameters

were used in the DISTFW hydrology model to predict annual hydrographs in

order to determine long-term hydrology parameters required by the SIBERIA

landform evolution model. The predicted annual hydrographs were also used

with the sediment transport parameters to derive annual sediment loss values

for SIBERIA. This preliminary assessment of landform evolution in the
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Ngarradj catchment demonstrates the complex process associated with the

parameterisation of the SIBERIA model. To improve the results of this study,

future research should examine the use of more spatially varied parameter

values and more accurate prediction of annual peak discharge values.

Initial attempts to link the hydrology and landform evolution models with

GIS have indicated that the parameter derivation and modelling process can

be simplified by the integration of these technologies. Linking these models

with GIS provides significant advantages as the GIS assists in the derivation,

storage, manipulation, processing and visualisation of geo-referenced data at

a catchment wide scale. Through the rapid production of modified input

scenarios, it is anticipated that linking the landform evolution model with

GIS will provide a valuable, tool for assessing the possible impacts of

mining impact on catchment sedimentary and hydrological processes. Additional

research is required to develop a more fully integrated GIS and landform

evolution modelling approach that is beneficial for the proactive management of

mining and more wide ranging catchment management scenarios.
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Chapter Four

A GIS Extension for the Support and Analysis of Landform

Evolution Modelling

4.1 Thesis Context

This chapter describes the tools developed to link the SIBERIA landform

evolution model with a GIS. The potential for linking SIBERIA with a GIS

was discussed in Chapter 3 but is fully developed in this chapter. Integrating

SIBERIA with a GIS provides easier access to the model for non-specialist

users, and also extends model functionality. As discussed in Chapter one, a

‘tightly-coupled’ approach was used to link GIS with SIBERIA. This means

that the model and the GIS retain separate executables and memory space

but share the database and provide a single integrated interface to the user.

In addition, this approach enables the processing and analytical capabilities of

the GIS to be used for the analysis of SIBERIA output. The suite of tools

developed to link SIBERIA with the ArcView® GIS package are assembled

into an extension named ‘ArcEvolve’. ArcEvolve is used throughout Chapters

six to eight to manage SIBERIA input and output data, run the model itself and

analyse changes in catchment form associated with landform evolution or the

construction of post-mining landforms.

4.2 Introduction

Prediction of the future evolution of landforms is a primary research goal

of geomorphology and an important tool in impact assessment. This in turn
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requires the study and modelling of erosion, sediment transport and deposition

processes that control the long-term geomorphological development of a formed

surface (Evans, et al., 1998). Landform evolution models attempt to quantify

the erosion and deposition occurring within a catchment. Landform evolution

models extend soil erosion models by using a continuity equation to model

aggradation, where more material enters an area than is removed, as well

as modelling areas of net erosion (Kirkby, 1971). This process is applied

iteratively using a previously assigned time interval, showing the progressive

evolution of a landscape (Howard, 1994). Landform change can subsequently

be statistically assessed using geomorphometric techniques as well as measures

of net change.

SIBERIA is a computer model designed for examining the erosional

development of catchments and their channel networks (Willgoose, et al.,

1989). The model operates on an elevation grid and integrates simulation of

erosion processes, theoretically and experimentally verified at small scales, with

a physically based conceptualisation of the channel growth process (Willgoose,

1992). Topographic change is represented on the digital elevation model (DEM)

by changes in node elevation due to sediment import from upstream grid cells

and sediment export to downstream grid cells (Willgoose and Riley, 1998).

Hydrology is modelled as a function of the contributing catchment area for each

cell according to a runoff constant (Coulthard, 2001).

Geomorphometry, defined as the “… quantitative treatment of the morphology

of landforms…”, (Morisawa, 1988) has been successfully used to quantify and
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compare SIBERIA derived landscapes with natural landscapes (Hancock, et al.,

2000). The advent of the DEM has allowed geomorphometry to not be limited

to the time-consuming measurement of landform properties from contour lines

on topographic maps. A number of algorithms have been developed that rapidly

derive such measures, as well as new measures of geomorphometry, from

DEMs (Nogami, 1995). The width function, hypsometric curve, cumulative area

distribution and area-slope relationship are four geomorphometric measures that

can be rapidly derived from a DEM and have been shown to be important

measures of catchment geomorphology and hydrology (Perera, 1997).

Geographic information systems (GIS) offer a wide range of raster data

processing capabilities and a clear means for organising, analysing and

visualising data from a number of different formats (Rieger, 1998). Linking

the SIBERIA landform evolution model with GIS provides benefits not

available in one or other of these environments. However, the complexity

of the model means that integrating the two software applications using an

‘embedded’ approach is not practical. By using a tightly coupled approach

the two applications essentially remain separate but share a user-friendly front

end and database. Incorporating SIBERIA into a GIS environment has three

main benefits; (1) enhanced spatial data pre-processing through the integration

of alternative data formats (e.g. vector data, aerial photography, remote

sensing etc) and grid manipulation functions (2) simplified SIBERIA parameter

management and model execution; and (3) increased analytical capabilities for

assessing landform change.
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This paper describes the development of an Arc View® GIS extension,

‘ArcEvolve’, that provides a GIS-based user interface for the SIBERIA

landform evolution model and also includes tools for the geomorphometric

analysis of elevation data. Integrating SIBERIA with a GIS strengthens

the modelling process, as the GIS can assist in the derivation, storage,

manipulation, processing and visualisation of geo-referenced data (Boggs, et

al., 2000). ArcEvolve provides tools that can be used for assessing the impact

of human landuse activities on catchment geomorphological and hydrological

processes. ArcEvolve has been developed as part of an investigation into the

potential long term impacts of the ERA Jabiluka Mine, Northern Territory, on

the Ngarradj catchment (Boggs et al., 2001a) (Ngarradj is the Aboriginal name

for the stream system referred to as “Swift Creek” in earlier documents. (A

Ralph pers com 2000)). Some examples of its application to this project are

shown in this chapter to illustrate the capabilities of ArcEvolve. However, the

final landform design is still being considered and all examples shown here

are for, now disregarded options, as originally described in the Jabiluka Mill

Alternative Public Environment Report (JMA PER) (Kinhill and associates,

1998).

4.3 ArcEvolve

The suite of tools developed to link SIBERIA with the Arc View® 3.2 GIS

package have been assembled into an extension named ‘ArcEvolve’. Extensions

are add-on programs that provide additional functionality to Arc View®

through the addition of menu items, buttons and/or tools. The functionality
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associated with the added menus/button/tools is derived from scripts written in

the Arc View® object-oriented programming language ‘Avenue’. ArcEvolve is

dependent on the user having the ‘Spatial Analyst®’ extension.

ArcEvolve adds two menus to the ArcView® ‘View’ document graphical user

interface (GUI). The first, ‘SIBERIA’, contains a number of items that; (i) allow

SIBERIA native format files to be imported or exported to/from ArcView raster

and dBASE format; (ii) provide dialog boxes for the creation and management

of a SIBERIA parameter database and (iii)-run the model using ArcView®

native format data. The second menu, ‘Geomorph’, contains functionality for

the geomorphometric analysis of digital elevation data (the primary input and

output of SIBERIA).

4.3.1 SIBERIA Interface

The SIBERIA interface associated with ArcEvolve directly generates the input

requirements of SIBERIA from ARC/INFO® grids and database tables (Figure

4.1).
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Figure 4.1: ArcEvolve generates inputs for and runs SIBERIA using ARC/INFO® grids and database tables.

The standard input/output file used to run the SIBERIA model is a ‘restart’

file. The restart file contains the DEM data and sufficient parameter information

for SIBERIA to be able to restart from this file without having to re-input

parameters (although the parameters controlling the model run, such as the

timing of outputs, run length, and start time, can be altered). The equivalent

information is stored in ArcEvolve as an ARC/INFO® format elevation grid

and database table. Elevation data from a variety of formats can be rapidly

translated into an ARC/INFO® grid format using standard GIS functions.

Furthermore, other data sources such as vector coverages of spot heights,

contours or break lines and triangular irregular networks (TIN) can be used

with existing GIS based interpolation algorithms to generate the DEM. GIS

based functions allow the user to assess whether the DEM is hydrologically and

hydrographically correct through the rapid generation of DEM predicted stream

lines and catchment boundaries, as well as providing pit filling algorithms for
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correcting potential errors. These functions make the GIS environment highly

suitable for generating elevation grids for landform evolution modelling.

ArcEvolve interacts directly with the restart file format. Options within the

ArcEvolve extension allow the user to import elevation data from the restart

files as ARC/INFO® grids, with the extensive parameter information either

stored within an associated parameter database, or ignored if the user wants

to examine only the elevation properties of the file. Conversely, ARC/INFO®

grids can be exported as restart files either with the associated parameter

set, or a standard initial parameter dataset. However, although a compressed

binary form of this file also exists, ArcEvolve will only interact with the more

commonly used plain text format restart file.

The restart file has space allocated for up to 80 individual parameters that

relate to the running of the model, erosion, hydrology, channel and tectonic

characteristics of the landform and design of the DEM. These parameters are

stored by the GIS in tables with each record associated with a grid. This allows

groups of spatially related parameters to be stored within individual tables,

providing a more efficient method for managing modelling projects. Options

within ArcEvolve allow the user to select the relevant parameter database table

at any time. A series of dialog boxes have been designed to allow the user to

access the individual parameter values associated with a grid. The dialog boxes

group related parameters and can be accessed for a selected grid from the View

document. Parameters can also be copied from one grid to another and deleted
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from the View document. This simplifies the database management, although

the tables can be managed similarly to standard Arc View® tables.

An additional file used by SIBERIA is the ‘boundary file’, which contains

boundary information for an irregularly shaped region. Boundary files are plain

text files that define areas inside and outside a region and the catchment

outlet(s) of the region. ArcEvolve provides functionality to run SIBERIA using

ARC/INFO® grids to define the irregular boundary. Boundary ‘grids’ can

be generated using ArcEvolve from any existing grid or SIBERIA boundary

file. When generating a boundary grid from an existing grid, the catchment

outlets can be allocated to every outside cell, defined by the user by

selecting individual cells or, if the grid shows elevation, flow direction or

flow accumulation grid, automatically created at the largest catchment outlet.

Boundary files previously generated for SIBERIA can also be imported as

ARC/INFO® grids. However, boundary files do not contain georeferencing

information and as such require the user to input the coordinates of the lower

left hand point of the grid.

Spatial variability is included in the assessment by SIBERIA of landform

evolution through the definition of regions for which individual sets of erosion

and runoff parameters are applied. Two types of files are traditionally required

to run SIBERIA in ‘region mode’ including: (1) a region file; and (2) an

erode or runoff file. ‘Region files’ are similar in format to boundary files,

with each region being identified by a unique set of characters. The individual

sets of erosion and hydrology parameters for each region are stored in a
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single generic ‘erode’ or ‘runoff’ file. The region and erode/runoff files remain

constant throughout the simulation period. An ARC/INFO® integer grid is

used in ArcEvolve to represent the areas with common erosion and runoff

parameters. The actual erosion and hydrology parameter values are stored in the

grid attribute table. A dialog box allows the user to give each region a name

and description as well as alter the individual parameter values. The spatial link

between the region grid and the attribute table causes the region being edited

to be shaded yellow, allowing the user to clearly identify the region for which

parameters are being altered. The description component of the table provides

a means for storing metadata with the region grid itself. This is especially

important with more complicated region grids, as future users need to be able

to interpret what the various regions represent and how and when the parameter

sets for each region were generated.

Linking SIBERIA with the GIS allows the rapid derivation of region files. For

example, subcatchments with different erosion/runoff properties can be rapidly

generated using standard GIS raster processing tools and converted into region

grids. Vector maps can also be converted into region grids. This allows existing

maps or classifications of remotely sensed data to be used to define regions.

These are important data sources, particularly when using landform evolution

modelling to assess the long term impact of landuse activities on sediment

transport within natural catchments as they can be used to identify areas of

similar geomorphological and hydrological characteristics in both mine affected

and natural areas.
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As a GIS-based front-end for the SIBERIA model running the ArcEvolve

model in the GIS environment simply involves defining the input grids and

running parameters and launching the model (Figure 4.2). The GIS then

translates all input data into a readable format for SIBERIA and runs the model.

A log file for the model run can be produced, allowing the user to check for

errors if the simulation is not successful. SIBERIA produces output restart files

at intervals defined in the run parameters by the user. ArcEvolve translates

the output restart files into ARC/INFO® grids and adds the output grids

to the View document when the model has finished running. The parameter

information is automatically stored in the selected parameter table. An option

at the run interface allows the user to decide whether ArcEvolve will delete or

retain the output restart files once they have been translated.

Figure 4.2: The dialog box from which SIBERIA is run within ArcView
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4.3.2 Geomorphometric Analysis

The standard geomorphic statistics used in studies to assess landform evolution

have been the width function, hypsometric curve, cumulative area diagram

and area-slope relationship (Hancock et al., 2000). These statistics have been

adapted for implementation within the ArcView® GIS package and have been

included in the Geomorph menu of ArcEvolve. The output of each function is

an ArcView® chart and table. However, the data can be easily exported from

ArcView® into specialised graphing or statistical analysis packages for final

presentation or further analysis. ArcEvolve also provides tools which allow the

direct comparison of two grids, including a standard cut-fill option to quantify

volumetric changes in elevation grids and an option to calculate the denudation

rate between two output grids.

4.3.2.1 Hypsometric Curve

The hypsometric curve, describing the distribution of area with elevation,

provides a quantitative approach to characterising the planimetric and

topographic structure of a catchment (Luo, 1998). It provides a method for

analysing the geomorphic form of catchments and landforms by characterising

the distribution of elevation within a catchment (Willgoose and Hancock,

1998). The shape of the hypsometric curve has also been linked to the age

of the catchment. Strahler (1957, 1964) recognised three distinct landform

developmental stages that can be identified using the hypsometric curve

including young, mature and monadnock. The hypsometric integral, the area

under the curve itself, also provides a measure of dissection of a landscape. The
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hypsometric curve is consequently an important tool when analysing landform

evolution over geologic time scales.

The hypsometric curve option in ArcEvolve is an adaptation of that developed

by Kohler (2001) and is calculated as the area above a given elevation

in a catchment divided by the total area of the catchment, plotted against

the elevation of the point divided by the relief of the catchment. The

output includes the hypsometric integral as well as a simple chart of the

hypsometric curve and a table containing the relative elevation and area

information. Normalisation of the curve means that catchments of various size

can be directly compared. Figure 4.3 shows the hypsometric curve for three

catchments that represent increasingly large portions of the Ngarradj catchment.

The decreasing hypsometric integrals of the increasingly large catchments

demonstrate the relationship between catchment maturity and hypsometric

curve.
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Figure 4.3: The hypsometric curves and integrals (HI) for the Upper Main, Swift Creek and Total Ngarradj

catchments.
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4.3.2.2 Width function

The width function is a geomorphic descriptor that describes channel

development and is a reliable indicator of hydrologic response since it is

strongly correlated with the instantaneous unit hydrograph. The width function

was originally calculated as the number of channels at successive distances

away from the basin outlet as measured along the network (Surkan, 1968).

However, various other forms of the width function have been presented

including the normalised width function (Mesa and Mifflin, 1986), standardised

width function (Naden, 1992) and a simplified form of the width function

(Hancock, 1997). The original form of the width function can be relatively

easily derived from a DEM, but generally requires the prior definition of a

stream network. The simplified form of the width function adopted by Hancock

(1997) eliminates the need to derive a stream network by defining the width

function as the number of drainage paths (channel or hillslope) at a given

distance along the flow path from the outlet.

The original form and simplified form of the width function have been adapted

for implementation within ArcEvolve (Figure 4.4). The stream network for

the original form of the width function is derived within the algorithm by

thresholding the drainage area required to generate a stream (Jenson and

Domingue, 1988). Implementation of the width function in ArcEvolve allows

the user to define the drainage area required to create a stream. This will effect

the shape of the width function and requires the user to understand the input

data in order to interpret the results. For example, if a large threshold is used,
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the width function will represent the distribution of large channels throughout

the catchment.
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Figure 4.4: a) Simplified width function and b) standard width function with a threshold stream catchment

area of approximately 1 ha for the Tributary Central catchment pre-mining and with the amended layout final

landform.
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Calculation of the width function in ArcEvolve also requires the user to select

the distances from the catchment outlet at which the ‘width’ is measured. The

distance selected should attempt to minimise noise associated with choosing

an interval that is too small whilst not being too generalised to provide any

useful information.

4.3.2.3 Cumulative Area Distribution

The cumulative area distribution has been used as a means of characterising

the flow aggregation structure of channel networks (Rodriguez et al., 1992) and

in the calibration of geomorphological models (Moglen and Bras, 1994). The

cumulative area distribution, calculated as the area of the catchment that has a

drainage area greater than or equal to a specified drainage area, is an important

component in determining what sections of a catchment are saturated (Perera

and Willgoose, 1998). The saturated area of a catchment directly effects the

maximum runoff rate during rainfall events and what area of a catchment can

evaporate at the maximum rate between rainfall events.
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Figure 4.5: The cumulative area diagram for the Ngarradj catchment.

4.3.2.4 Area-Slope Relationship

The area-slope relationship relates the area draining through a point (A) to the

slope at the point (S) (Figure 4.6). The area-slope relationship has been shown
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to be a fundamental geomorphic - relationship showing information concerning

the dominance of both diffusive and fluvial transport (Moglen and Bras, 1994,

Willgoose, et al., 1991). The area-slope relationship for a catchment has been

reported by many authors as having the form;

AαS = constant

The area-slope relationship has also been shown to be an effective method for

comparing the elevation properties of different catchments.

Figure 4.6: The area-slope relationship for the Ngarradj catchment illustrates the complexity of distribution of

slope angles in the Ngarradj catchment.

4.4 Application

ArcEvolve has been designed to provide the tools necessary to implement

a holistic approach to assessing the impact of human landuse activities on
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catchment geomorphological and hydrological processes. The method, described

in Boggs et al. (2001b) involves:

• 1. applying landform evolution modelling and geomorphometric analysis to

an undisturbed catchment,

• 2. developing a DEM for the conceptual ‘long-term’ state of the disturbed

area and superimposing this on the undisturbed catchment (Figure 4.7)

• 3. deriving spatially distributed SIBERIA input parameters that reflect

disturbed and undisturbed areas of the catchment, and

• 4. conducting both landform evolution simulation and geomorphometric

analysis of the disturbed catchment and comparing with the results of dot

point 1 above to assess both spatial and temporal impacts.
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Figure 4.7: The Ngarradj DEM with a preliminary Jabiluka mine DEM incorporated

The application of this method within a GIS framework simplifies the

implementation process and provides an integrated approach. That is, the

entire method can be implemented from within the one relatively user-friendly

software environment. Since ArcView® is one of the most widely used desktop

GIS and mapping software packages, this makes the tools available to both GIS

and geomorphology specialists, as well as environmental managers. Linking

SIBERIA with a GIS provides many additional advantages including; (1)

improvements in data storage; (2) data manipulation and integration capabilities

and; (3) powerful analysis tools.



hdl:1780.01/6410

115

The elevation grids output and input by SIBERIA are substantial datasets

that require large and well-organised data-bases as well as ‘user-friendly’

data processing hardware and software. GIS have been designed to provide

a more efficient approach for the storage and retrieval of large raster data

sets (Schultz, 1993). They inherently offer data structures that reduce storage

space requirements for SIBERIA data and tools that allow spatial links between

datasets.

The preparation of hydrologically correct digital elevation data for input into

SIBERIA is important. ArcView® offers many tools for the examination and

subsequent manipulation of the hydrological characteristics of a DEM including

tools that allow the definition of stream networks and watershed boundaries

and the filling of hydrological pits (artificial depressions within the DEM).

Furthermore, it allows the visualisation of vector datasets with raster elevation

data. This can be used to verify that the DEM derived stream network

correspond with accepted vector representations. Vector and raster data that

describes disturbed areas can also be used to incorporate disturbed landforms

within DEMs of the natural landscape (Figure 4.8). Flexibility associated with

GIS for vector, raster and attribute data manipulation is a significant benefit

associated with applying the impact assessment method within a GIS.
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Figure 4.8: A hypothetical example of land surface conditions for the amended final landform design

proposed in the JMA PER (Kinhill and associates, 1998).

The standard tools available for the analysis of raster data within the

Arc View® GIS are considerable. For example, changes in the distribution

of elevation, slope, drainage networks etc. can be simply calculated and

statistically examined. These tools are also relatively simple to customise to

provide specific tools for examining SIBERIA output. The geomorphometric

measures included in the ArcEvolve extension, for example, combine

functionality within the ArcView® software package. The analysis of data at
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a variety of scales is also facilitated within a GIS. Scale, both in terms of

grid cell resolution and extent, is of particular importance when attempting

to examine landform evolution of mining and natural landscapes. That is, the

optimum resolution will reflect the scale of processes being modelled and

constraints imposed by the computational environment and data availability,

whilst the extent is controlled by the area for which impact is being examined

as well as data availability. The relationship developed between grid cell

resolution and extent for the Jabiluka project is shown in figure 4.9. In this

example, the original 5 m grid of the Ngarradj catchment was resampled to 15

m and 50m in order to examine the impact of possible final landform designs

on the surrounding tributary catchments and the larger Ngarradj catchment

respectively. Analysis of landform evolution within sub-units (e.g. the mine area

within Ngarradj or a sub-catchment) of each grid was also simplified using

the ArcEvolve tools.
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Figure 4.9: A scaled approach to assessing mining impact facilitated through landform evolution modelling

and GIS integration; a) 5m grid of a final landform design; (b) a 15m grid of the mine affected tributaries

catchment with the final landform design superimposed; and (c) a 50m grid of the Ngarradj catchment with

the final landform design superimposed.

4.5 Conclusions

ArcEvolve is an extension for the Arc View® GIS software package that

provides a GIS interface for interacting with the SIBERIA landform evolution

model and examining the model output using geomorphometric measures. The
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extension includes the tools necessary to perform a GIS-based assessment of

the impact of human landuse activities on catchment geomorphological and

hydrological processes. Linking the SIBERIA model with a GIS provides

many advantages including a fully integrated environment for the preparation,

modelling and analysis of landform evolution, improved data storage and

management, greater data manipulation capabilities and more powerful tools for

the final analysis of the impact of landuse activities on landform evolution.

The extension is currently being applied to an assessment of the impact of

the ERA Jabiluka Mine, located in the Northern Territory of Australia, on the

surrounding Ngarradj catchment.
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Chapter Five

Hydrology Modelling

5.1 Thesis Context

Chapter five examines different approaches for obtaining estimations of long-

term trends in hydrology in a data limited catchment. This is important in this

thesis as the landform evolution modelling conducted in later chapters requires

long-term hydrology data to calibrate SIBERIA. Chapter three indicated that

the DISTFW model had difficulty in predicting annual peak discharge values

in the Ngarradj catchment This chapter calibrates and compares the HEC-HMS

model with the DistFW model for extending the runoff record. HEC-HMS

was selected as it is able to be calibrated using longer series hydrographs and

may therefore be a better model for predicting trends in long-term runoff. An

annual series flood frequency analysis derived from the predicted hydrographs

is compared with a partial series analysis conducted in a study by Moliere as

these analyses can be used directly to derive SIBERIA parameters (as shown

in Chapter six).

5.2 Introduction

Establishing long-term trends in runoff in catchments with only limited

available data is a significant research challenge in the hydrological sciences. A

number of studies have examined methods for estimating runoff characteristics

in ungauged or data limited catchments from either regional rainfall intensity-

frequency-duration (IFD) curves (Goyen, 1983, Pilgrim, 1987 and Rahman et
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al., 2002) or flood frequency distributions (GREHYS, 1996 and Pandey and

Nguyen, 1999). However, it is also possible to estimate flood frequency in

a data limited catchment by conducting a partial series analysis on the data

available or by extending the observed record and conducting an annual series

flood frequency analysis (Pilgrim, 1987).

The Ngarradj catchment, located in the Northern Territory of Australia, contains

the recently constructed ERA Jabiluka Mine. The catchment covers 67 sq km2

and extends both over the Jabiluka Mineral Lease and the World Heritage

Listed Kakadu National Park. In 1998, three gauging stations were established

on the main channel downstream and upstream of the mine. Data collected at

these stations are of a high temporal resolution. However, the record is limited

by (1) the short length of time over which observations have been collected and

(2) the concentration of gauging stations within the north-western area of the

catchment. Gauging stations were only able to be installed in a limited area as

the cultural significance of areas of the Arnhem Land Plateau prohibited gauges

from being established in many areas of the Ngarradj catchment.

In 2001, a partial series flood frequency analysis using two years of data

was conducted for the Ngarradj catchment (Moliere et al., 2001). Pilgrim

(1987) suggests that this approach is better for estimations of floods with

an annual recurrence interval (ARI) of less than 10 years. However, there

was a large degree of uncertainty associated with the Ngarradj study as the

recorded data were collected in significantly wet years (1 in 13 year to 1 in

71 year annual rainfalls (Moliere et al., 2002a). Research has therefore focused
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on extending the runoff record using rainfall-runoff models calibrated for the

Ngarradj catchment and applied to a long-term rainfall record from within

the region. This technique allows a better range of rainfall conditions to be

considered and has been used previously in flood frequency studies (Blazkova

and Beven, 1997) and landform evolution model calibration (Evans et al., 1998,

Willgoose and Riley, 1998).

Extending the runoff record through the application of a catchment hydrology

model should be approached with caution as it is heavily dependent on the

accurate calibration of the model (Pilgrim, 1987). However, issues associated

with long-term modelling for flood-frequency estimation differ from those

associated with short-term modelling. In general, the exact replication of

individual events becomes less important than the accurate modelling of annual

peak and total discharges. For this reason, models that are calibrated using

a limited number of individual events may be less reliable than models that

can be calibrated using complete hydrographs. The Distributed Field-Williams

(DISTFW) model is an example of a hydrology model restricted to event-based

calibration while the US Army Corps of Engineers’ Hydrologic Modelling

System (HEC-HMS) can be calibrated using extended hydrographs. DISTFW

was selected for this study at is has been applied within the region, whilst

HEC-HMS was selected as it has been extensively validated and is user

friendly. Whilst this study acknowledges that there are an extremely large

number of hydrology models in existence (Camp Dresser and McKee (2001)
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report 75 models) it is beyond the scope of this thesis to test every hydrology

model available.

The aim of this study is to establish a long-term runoff record for the Ngarradj

catchment through extension of the observed record. The effect of using a

model calibrated with individual events versus an extended hydrograph is

investigated through the calibration and application of the DISTFW and HEC-

HMS hydrology models. The predicted hydrographs output from each model are

compared with observed data and the more consistent model applied to a long

term rainfall record. Both models require information describing the catchment

form and observed rainfall and runoff data for calibration. Inputs describing

catchment form are obtained through GIS analysis of digital elevation and

gauge network data for both models. Comparison of this study's annual series

flood frequency analysis with the partial series analysis of Moliere et al. (2001)

has important implications for the validity of both approaches.

5.3 Dist-FW Hydrology Model

5.3.1 Calibration

The DISTFW hydrology model requires a specific input file (.FW) in order

to be calibrated (Willgoose et al., 1995). The input file can be one of three

formats including: (I) a constant width plot, (2) a standard collection of sub-

catchments; or (3) a DTM grid based catchment (Evans et al., 1998). The

format used in this study divided the Ngarradj catchment into subcatchments

(type 2).
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The subcatchment form of the DISTFW hydrology model requires the input

of a significant amount of topographic information. For each subcatchment,

information must be derived describing their horizontal shape, vertical relief,

conveyance and flow relationships existing between the sub-catchments.

This information can be automatically generated from a DEM using GIS

functionality. This study uses tools customised within the ArcView GIS

environment as described in Boggs et al., 2000. The DEM was captured from

1:25000 aerial photography and was produced on a 5 m grid with a relative

vertical accuracy of +/− 0.5 m and relative horizontal accuracy of +/− 2 m.

The topographic information generated by applying these tools to DEM and

subcatchment boundary grids is used to determine three parts of the DISTFW

input file - INCIDENCES, PARAMETERS and CONVEYANCES (Willgoose

et al., 1995). The INCIDENCES describe how each sub-catchment flows into

other sub-catchments. These are produced as a matrix in which the number

of rows reflects the number of different sub-catchments draining into each

downstream subcatchment. The PARAMETERS section of the DISTFW input

file describes the physical properties of each subcatchment including main

stream length, subcatchment area, upslope elevation and downslope elevation.

The PARAMETERS section of the input file also includes multipliers for

parameters that are fitted during the calibration process (SWSupply, Gamma,

Sorpt, Phi and Gwsupply). This allows the spatial distribution of these

parameters to be specified. The CONVEYANCES section of the input file

specifies the kinematic wave routing properties for each sub-catchment. These
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parameters are divided into hillslope and channel parameters and include the

kinematic wave parameters Cr and em attid the maximum discharge for these

values. All parameters except Cr are set to default values. The value for Cr is

determined using the following equation:

cr=l/w2/3

where w, the width of the catchment, is calculated as the average perpendicular

distance from each sub-catchment boundary grid cell to the main channel.

The DISTFW hydrology model parameter values fitted in this study using non-

linear regression (Willgoose et al., 1995) were:

• sorptivity (initial infiltration) - Sphi (mm h−0.5)

• long-term infiltration - phi (mm h−l), and

• kinematic wave coefficient and exponent, −cr (m(3−2em,)s−1) and em.

The DISTFW hydrology model is calibrated using rainfall and discharge data

from individual rainfall/runoff events. Individual events can be fitted separately

or one set of parameters fitted for multiple events simultaneously. Long-term

hydrology modelling, however, requires the fitting of one parameter set that can

represent a range of events. As such, two large and two moderate discharge

events were selected from the gauged records to be input for calibration of

the hydrology model. Fitting four events of variable magnitude simultaneously

was found to produce the optimum parameter set when compared with fitting

a parameter set to an individual event. The final parameter set is shown in
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Table 5.1. The limited spatial distribution of rainfall data made calibration of

the DIST-FW model to multiple events difficult. The final parameter set was

found to accurately predict the hydrograph for one large event, over predict

it for the other large event and under predict discharge for the medium scale

events (Figure 5.1). This was deemed suitable, given the limitations of the

rainfall gauging network.

Table 5.1: DISTFW Hydrology Model parameters fitted for the Ngarradj

catchment

Parameter Value

Kinematic Wave Coefficient (cr m(3−2em)s−1) 1.9807

Kinematic Wave Exponent (em) 1.9611

Sorptivity (Sphi mm h−0.5) 1.7584

Long-term Infiltration (phi mm h−1) 0.94533
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Figure 5.1: Predicted and observed hydrographs for the event best fitted by the DIST-FW hydrology model.

5.4 HEC-HMS Hydrology Model

5.4.1 Calibration

As with the DISTFW hydrology model, the primary input requirements of

the HEC-HMS model are rainfall and runoff data and topographic information

describing the structure and flow relationships of the study catchment. The

derivation of these major inputs for the Ngarradj catchment is described below.

Data describing the form of a catchment and its associated river network are

stored in a basin model in HEC-HMS. A lumped basin model of the Ngarradj

catchment was created using the ArcView extension HEC-GeoHMS (Doan,
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2001). HEC-GeoHMS is a geospatial hydrology tool kit for engineers and

hydrologists that simplifies the process of using GIS to generate catchment

form data (HEC-GeoHMS user manual). There were three major steps involved

in creating a lumped basin model using HEC-GeoHMS: (1) preprocessing the

terrain model; (2) processing the study basin; and (3) creating the HEC-HMS

input file.

The process involved in preprocessing the terrain model is illustrated in figure

5.2. Eight additional datasets were derived during the preprocessing of the

DEM that collectively describe the drainage patterns of the catchment (Figure

5.2). This information was used to perform a preliminary delineation of the

streams and subcatchments (Doan, 2001).
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Figure 5.2: Flow chart of the procedures implemented during the preprocessing of terrain data with HEC-

GeoHMS.
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Processing of the basin model involved extracting the preprocessed data

based on the delineation of the study catchment and deriving the physical

characteristics of streams and subcatchments within the area (Figure 5.3).

The aggregated subcatchments, created during the preprocessing of the terrain

model, were merged or split, based on the desired complexity of the final

model and the location of gauging station information. In this study, the

Ngarradj basin model included three subcatchments that corresponded to the

location of the three gauging stations SC, UM and ET (Figure 1.1). Physical

characteristics of the stream network, including stream length and slope, were

calculated by HEC-GeoHMS and stored in the attribute file of the river dataset.

Physical characteristics of subcatchments, including location of the catchment

centroid, longest flow path and flow path from the catchment centroid, were

also calculated using HEC-GeoHMS.

Figure 5.3: Flow chart of the basin processing steps implemented within HEC-GeoHMS.



hdl:1780.01/6410

131

The final step in the creation of a basin model for HEC-HMS is the production

of a lumped-catchment schematic model file and background map file that

can be directly read by HEC-HMS (Figure 5.4). This involved automatically

naming the reaches and subcatchments, converting all derived values to HEC-

HMS units, checking for errors in the basin and stream connectivity and adding

spatial coordinates to the files. These steps were performed using standard

functions in HEC-GeoHMS.

Figure 5 4: Flow chart of the steps involved in the final production of HEC-HMS basin model inputs using

HEC-GeoHMS.

Rainfall and runoff data for extended periods or individual events are used

to calibrate the HEC-HMS hydrology model. The rainfall and runoff data are
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stored in a HEC-HMS project as a precipitation gauge and a discharge gauge

respectively (Doan, 2001). In this study, rainfall-runoff data for each gauging

station (SC, UM and ET) and for each recorded wet season were imported

into HEC-HMS as HEC-Data Storage System (dss) files from the database

management system ‘HYDSYS®’. The .dss file format is used by many of the

models in the HEC modelling suite and allows the user to calibrate the model

using the total runoff record or selected runoff periods.

The HEC-HMS model was calibrated for the Ngarradj catchment by manually

adjusting specific parameters, computing and inspecting the goodness of fit

between the predicted and observed hydrographs. Implementation of this

method requires the user to: (1) attach the observed hydrographs to the gauging

stations; (2) define the initial catchment and reach parameters; and (3) adjust

individual parameters. A full description of these steps can be found in the

HEC-HMS User Manual (Scharffenberg, 2001). An automated procedure for

fitting hydrology parameters is also available in HEC-HMS (Scharffenberg,

2001). However, in this study, the automated procedure appeared to be less

reliable than the manual procedure as both total runoff and in particular, peak

discharges, were overpredicted compared to observed data at each gauging

station.

The discharge gauge data input into HEC-HMS in the rainfall-runoff input data

section were attached to the UM and ET subbasins and SC junction as observed

hydrographs for each year.



hdl:1780.01/6410

133

The parameters that can be fitted in HEC-HMS depend on the methods used

to describe runoff generating and transfer processes within each subbasin and

reach. The Green and Ampt infiltration equation, kinematic wave transform

and recession baseflow methods were used in this study to model infiltration,

direct runoff and the return of infiltrated precipitation to the main channel

as baseflow respectively. The kinematic wave was also used to model runoff

movement through the channel reaches. The parameters that were fitted to these

methods and their value ranges are shown in Table 5.2. A number of other

fixed parameters were also input in order to calibrate the model (Table 5 2).

These fixed parameters were derived from the GIS or field data and primarily

define the catchment characteristics.

Table 5.2 The parameters in HEC-HMS that were fitted for the Ngarradj

catchment

Parameter Minimum constraint Maximum constraint

Initial loss (mm) 0 500

Vol. Moisture deficit (−) 0.0 1.0

Wet front suction (mm) 0 1000

Hydraulic conductivity (mm/h) 0 250

Imperviousness (%) 0 100

Manning's roughness (−) 0.0 1.0

No. of steps (−) 1 100

Initial baseflow (m3/s) 0 100000

Recession constant (−) 0.00001 1.0

Baseflow to Peak ratio (−) 0.0 1.0
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The final calibration procedure involved defining initial values for every

parameter in each subbasin or reach and running the model. The output

hydrograph was compared to the observed hydrograph using three criteria to

ensure goodness of fit: (1) annual peak discharge; (2) total annual runoff;

and (3) basic shape of the annual hydrograph. The non-fixed parameters were

iteratively changed and the model re-run until the observed and predicted

hydrographs were most similar based on the defined criteria. The final

parameter set, including fitted and fixed parameters, is shown in table 5.3.

In this study, parameters were first fitted to the upstream subcatchments ET and

UM. The hydrograph at SC represents the combination of discharge from the

UM, ET and tributary west (area between the SC and ET/UM gauging stations)

subcatchments. To establish a predicted hydrograph at SC that is similar to

the observed, parameters were adjusted within the tributary west subcatchment

while keeping the fitted parameters for the ET and UM subcatchments fixed. It

was therefore assumed that the predicted hydrograph for tributary west reflects

the actual flow leaving this catchment
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Table 5.3: Fitted parameter values for ET, UM and Tributary West (TW).

Shaded parameters represent the fixed parameters.

Parameter Subcatchment

 ET UM TW

Loss rate (Green

& Ampt)

   

Area (km2) 8.46 18.75 16.28

Initial loss (mm) 140 140 140

Vol. Moisture deficit 0.1 0.1 0.1

Wet front suet, (mm) 20 20 20

Conductivity (mm/h) 79 79 45

Impervious (%) 18 16.5 13

Transform

(kinematic wave)

   

Planes (left and right)(1)    

Length (m) 1000 (800) 1600 (1200) 2500(1500)

Slope (m/m) 0.2 0.33 0.1

Roughness 0.4 0.4 0.4

% of subbasin area 55 (45) 58 (42) 60 (40)

Min. no. of distance

steps Channels

5 5 5

Length (m) 6783 9778 6107

Slope (m/m) 0.021 0.05 0.018

Manning's roughness n 0.1 0.13 0.05

Shape Trapezoid Trapezoid Trapezoid

(1) Parameter values associated with the

second plane, when different to the first, are

shown in parenthesis,
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Parameter Subcatchment

 ET UM TW

Width (m) 2.5 3.75 2

Side slope (m/m) 0.6 0.6 1

Min. no. of

distance steps

2 2 2

Baseflow (recession)    

Initial Q (m3 s−1) 0 0 0

Recession constant 0.58 0.68 0.7

Threshold Q

(ratio-to-peak)

0.25 0.2 0.4

(1) Parameter values associated with the

second plane, when different to the first, are

shown in parenthesis,

  

The rainfall and predicted and observed runoff for a large event also used to

calibrate the DIST-FW model is shown in Figure 5.5. Figure 5.5 shows that

HEC-HMS also had difficulty accurately fitting individual event hydrographs

based on the limited rainfall data available. However, the ability to fit the

HEC-HMS model to an extended hydrograph meant that the final parameter set

reasonably estimated annual peak discharge and total runoff for the years for

which the model was calibrated.
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Figure 5.5: HEC-HMS predicted and observed hydrographs for the event shown in Figure 5.1 used to

calibrate the DIST-FW model.

5.5 Model Comparison for Long-term Modelling

The calibrated DISTFW and HEC-HMS models were applied to the 1998/99

wet season rainfall dataset for comparison. The total discharges for the Ngarradj

catchment predicted using DISTFW and HEC-HMS at the downstream gauging

station were both found to be slightly less than the observed value (Table 5.4).

The annual peak discharge predicted by DISTFW, however, was significantly

greater than the observed value whilst the peak discharge predicted by HEC-

HMS is very similar to the observed. This suggests that the HEC-HMS model

would provide more reliable estimations of long-term discharge.
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Table 5.4: The observed and predicted total and peak discharges for the

1998/1999 wet season in the Ngarradj catchment

Model Total runoff (ML) Peak discharge (m3s-1)

 Observed Predicted Observed Predicted

DistFW 33665.3 31576 22.3 48.5

HEC-HMS 33665.3 29464.2 22.3 22.4

Figures 5. 6 and 5. 7 show the predicted and observed hydrographs for a

period during January and February of 1999 using both models. This period

highlights one of the largest observed peaks in the hydrograph at SC during

the monitoring period (30–31 January 1999) along with a number of smaller

events. The hydrograph predicted by DISTFW shows similar trends to the

observed hydrograph, however there was gross over prediction of event peaks

and underprediction of baseflow levels during periods of no rainfall (Figure

5.6). This has significant implications for flood frequency analysis and sediment

transport modelling. On the other hand, the ability of HEC-HMS to accurately

predict runoff during very intense rainfall periods is shown throughout the

hydrograph. This indicates that the model is well calibrated and that the rainfall

recorded during these events reflected the rainfall over the whole catchment

area.

However, both the DISTFW and HEC-HMS models produced inconsistent

results during smaller events throughout the hydrograph. Analysis of

the relationship between gauged rainfall and runoff indicates that these

discrepancies are most likely to be associated with the limited gauging network
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design rather than poor performance by the models. That is, the models use

rainfall data collected from a gauge, or a number of gauges, that are all located

in the lowland areas of the Ngarradj catchment to predict runoff (rain gauges

were not installed on the upper areas of the Ngarradj catchment due to the

cultural significance of the Arnhem Land Plateau). Figures 5.6 and 5.7 indicate

that there were peaks in the observed hydrograph that occurred as a result of

isolated rainfall events in the upper catchment (on the Arnhem Land plateau)

that were not recorded at the rain gauges. However, these events are balanced

by predicted small events during times of rainfall at the gauging station that

was not widespread enough to generate observed runoff. These discrepancies

are therefore acceptable for long-term modelling and analysis.
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Figure 5.6: Rainfall and both observed and DISTFW predicted runoff at SC during an intense rainfall-runoff

pehod during the 1998/99 wet season illustrating the over-prediction of discharge during high rainfall events.
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Figure 5.7: Rainfall and both observed and predicted runoff from the HEC-HMS an intense rainfall-runoff

period at SC during the 1998/99 wet season.
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5.6 Application

The HEC-HMS hydrology model, which was calibrated using an extended

hydrograph, was found to be more suitable for predicting long-term runoff

and therefore was used to extend the ‘observed’ runoff record. The HEC-

HMS model was calibrated for all three gauging stations, SC, UM and ET,

and applied to a long term rainfall record to model long-term runoff in

different sized sub-catchments of the Ngarradj catchment. These data have

many applications and have been used in Boggs et al. (In Review) to model

sediment transport and to derive a discharge area relationship.

Before extending the runoff record, an assessment of the model was carried out

by applying the model to a year (2001/02) with significantly different rainfall

patterns to those experienced in the calibration dataset (1998 - 2001). The

2001/02 wet season was a drier year than the previous three, but contained

the most significant rainfall event recorded during the four year monitoring

period (Figure 5.8).
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Figure 5.8: Daily rainfall and both observed and predicted runoff during the 2001/02 wet season at the SC

gauging station.

Figure 5.8 shows that the hydrology model significantly overpredicted runoff at

the SC gauging station during the storm event that occurred on 31 December

2001. As a result, the predicted annual volume of runoff at SC is higher

than that observed for the 2001/02 wet season by 62% (predicted runoff is

23,321 ML compared to 14,382 ML observed). The rainfall-runoff event on 31

December 2001 was the most intense rainfall event over a two hour duration

recorded during the four year period at Ngarradj. According to IFD curves for

the Ngarradj region, this was equivalent to a greater than 1 in 100 yr ARI

event at the Jabiluka mine site and a greater than 1 in 15 yr ARI event at

the gauging stations (Table 5.5). The next highest rainfall intensity over any

duration observed at Ngarradj during the four year period was equivalent to a
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less than 1 in 5 yr ARI event. Therefore, the predicted peak discharges for this

event, which correspond to the predicted annual maximum flood peak at each

gauging station (Figure 5.8), seem to be reasonable.

Table 5.5: Rainfall data for the event on 31 December 2001

Site Total rainfall (mm) Maximum rainfall

intensity over a 2 h

duration (mm h-1)[ARI(y)]

SC 114.4 52.5 [20]

UM No data -

ET 112 51.1 [15]

Jabiluka mine* 187.5 87.4 [>100]

* Data supplied by Energy Resources of Australia

Application of the calibrated model to this ‘unusual’ dataset illustrates two

very important points that must be considered when attempting to extend the

observed runoff record using a hydrology model: (1) the modeller must have

a good understanding of the limitations of the model in relation to the study

catchment; and (2) the rainfall record used to extend the runoff record should

be carefully examined to highlight rainfall events that may induce errors in

the modelling predictions. The extreme event in the test dataset, for example,

was the first runoff event for the season and was the result of an intense

convective storm event which appeared to be limited in its spatial extent

(Table 5.5). This event therefore occurred whilst the catchment was unsaturated.

The soils of the catchment are predominantly sandy and have high hydraulic

conductivities. Saturation of the catchment usually occurs after approximately
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400mm of rainfall have occurred, resulting in a completely different rainfall/

runoff relationship. Calibration of the model with a single parameter set cannot

represent these two phases of catchment condition correctly. In this study, the

model has been calibrated to saturated conditions as runoff during unsaturated

conditions predominantly results in minor runoff (rainfall-runoff data from the

region, including Ngarradj gauging stations (1998–2001) and Magela Creek

station GS8210009 (1971–2001) (ERA pers. comm. 2001), show that first flush

events are generally less significant than events that occur later in the wet

season). It is logical, therefore, that an intense localised rainfall event that

occurs during unsaturated conditions will result in the over-prediction of runoff

by a model that has been calibrated to saturated conditions. It is therefore not

appropriate to include the first flush event that occurred on 31 December 2001

at each gauging station in the modelling process. However, this indicates that

future studies need to be directed towards the development or calibration of

a hydrology model that adequately models saturation excess overland flow in

the Ngarradj catchment.

Removing this event from the modelling process, the predicted annual volume

of runoff and maximum annual peak discharge at each gauging station for the

2001/02 wet season is reasonably similar to that observed (Table 5.6). The

predicted hydrograph for the SC gauging station is shown in Figure 5.9.
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Figure 5.9: Daily rainfall and both observed and predicted runoff during the 2001/02 wet season at the SC

gauging station (with the event on 31 December 2001 omitted).

Table 5.6: Annual discharge volume and peak discharge at the SC gauging

station for the 2001/02 wet season (event on 31 December omitted)

 Total runoff (ML) [Peak discharge (m3 s−1)]

Site Observed Predicted

SC 14168 [22.0] 13160 [14.4]

Figure 5.9 shows that the model underpredicts some of the major runoff events

during the 2001/02 wet season, particularly during most of the intense rainfall-

runoff period observed at SC during February 2002. Similar to that observed

during the previous three wet seasons at Ngarradj (ie Figure 5.7), the peaks in

the observed hydrograph during February 2002 probably occurred as a result

of intense rainfall events in the upper catchment that were not recorded at the
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rain gauges (or at a much lower intensity). For example, the annual observed

maximum flood at SC that occurred on 15 February 2002 (Figure 5.9) was

one of the largest flood events observed at SC during the four year monitoring

period. However, the maximum rainfall intensity over the various durations on

15 February 2002 was only relatively minor (maximum rainfall intensity over

the various durations corresponded to a storm with an ARI significantly smaller

than 1:1 y). Therefore, the discrepancies in the predicted hydrograph are likely

to be associated with the limited gauging network design. Given the spatial

limitations of the rain gauging network, the parameterised HEC-HMS model

was considered to be the best that could be achieved and was used for the

modelling of long-term trends in runoff in the Ngarradj catchment area.

5.7 Long-Term Runoff Record Derivation

The long-term rainfall record, as described in Table 5.7, was input into the

calibrated HEC-HMS model and a long-term runoff record for each gauging

station was established. Although the rainfall record at Oenpelli station, 20

km north-east of the Ngarradj catchment, is significantly longer than that

at Jabiru or Jabiluka, only daily rainfall data were collected at the station,

which was considered not applicable for this type of analysis. It has been

shown by Moliere et al. (2002) that rainfall recorded at these gauging stations

is not significantly different for their overlapping period of record. The

rainfall recorded at Jabiru (1972–1994) and Jabiluka (1994–1998) was therefore

assumed to be representative of the rainfall that occurred over the whole

Ngarradj catchment area for the corresponding period of record.
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Table 5.7: A description of the rainfall data used as input into HEC-HMS

Location Period of record Data type Source of data

Jabiru airport Jan 1972-Dec 1989 Half-hourly data Bureau of Meteorology

Jabiru airport Oct 1990-June 1994 Pluviodata ERA

Jabiluka mine site June 1994 - June 1998 10 minute interval data ERA

Ngarradj gauges Sep 1999-June 2001 6 minute interval data eriss

The total annual runoff and annual peak at each gauging station for each

wet season of rainfall data are shown in Table 8. Only the wet seasons

with complete rainfall data (no missing data) were used to predict the annual

hydrograph for each station in HEC-HMS. It was also assumed that 250 mm

of antecedent rainfall occurred each wet season at each site. In other words,

the first 250 mm of the rainfall record for each wet season was not input into

the HEC-HMS model. The antecedent rainfall figure of 250 mm was considered

to be a conservative estimate for each wet season, as it was the least amount

of rainfall before runoff commenced observed during the three year monitoring

period (1998–2001) (Moliere ei al., 2002a).

Table 5.8: Total rainfall, runoff and annual peak discharges predicted in

Ngarradj.

  SC UM ET

Year Annual

rainfall (mm)

Tot runoff (ML)

[peak Q (m3 s−1)]

Tot runoff (ML)

[peak Q (m3 s−1)]

Tot runoff (ML)

[peak Q (m3 s−1)]

1972/73 1438 25543 [59.0] 9951 [25.5] 5050 [14.0]

1973/74 1479 16079 [7.6] 7576 [5.8] 4146 [3.6]

1974/75 1536 27560 [31.5] 11350 [14.1] 5641 [8.0]

(1)Bureau of Meterology (1999)
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  SC UM ET

Year Annual

rainfall (mm)

Tot runoff (ML)

[peak Q (m3 s−1)]

Tot runoff (ML)

[peak Q (m3 s−1)]

Tot runoff (ML)

[peak Q (m3 s−1)]

1977/78 1419 23376 [13.9] 10917 [9.9] 5961 [5.9]

1978/79 1449 19879 [10.1] 9595 [8.3] 5309 [4.9]

1979/80 1809 37990 [72.6] 18466 [40.9] 8616 [20.3]

1983/84 1671(1) 20769 [15.3] 9810 [10.0] 5184 [5.3]

1985/86 1222(1) 12202 [8.5] 5796 [5.5] 3030 [3.0]

1986/87 1293 16107 [13.9] 7772 [11.6] 4267 [6.6]

1987/88 898 11728 [9.5] 5862 [7.4] 3014 [4.6]

1988/89 1388 18870 [10.3] 9188 [7.9] 5041 [4.8]

1990/91 1373 24282 [19.0] 12320 [15.3] 6421 [9.9]

1991/92 985 12219 [12.8] 6030 [9.9] 3082 [6.0]

1992/93 1184 18522 [29.2] 9008 [19.8] 4087 [10.3]

1993/94 1467 19098 [11.2] 8828 [7.6] 4863 [4.5]

1994/95 1895 29928 [19.6] 13406 [14.1] 7289 [7.8]

1995/96 1292 23536 [27.0] 10290 [13.4] 5341 [7.7]

1996/97 1764 19313 [11.3] 8497 [6.7] 4720 [4.0]

1997/98 1676 34105 [33.8] 15137 [18.1] 7727 [10.3]

1998/99 1826 29819 [23.8] 14190 [15.7] 7150 [9.0]

1999/00 2047 40078 [20.0] 20164 [15.8] 10378 [9.7]

2000/01 1897 29850 [17.0] 14345 [11.7] 7221 [5.9]

Average annual flow (ML) 23221 10841 5615

(1)Bureau of Meterology (1999)

The 1999/2000 wet season was predicted to have had the greatest total annual

runoff at all three gauging stations. This is expected as the total annual rainfall

recorded for the wet season was significantly higher than any other rainfall

recorded during the modelled period. However, the peak discharges recorded at
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the SC, UM and ET gauging stations during 1999/2000 were only the 8th, 5th

and 6th largest predicted events. This reflects the relatively low intensity but

long duration rainfall that occurred during the 1999/2000 wet season.

The largest peak discharge predicted at each gauging station occurred during the

1979/80 wet season. This extraordinary flood event occurred as a result of the

most severe storm ever recorded in the Kakadu region and occurred on the 4th

of February 1980. The storm had a duration of 16 hours with a total rainfall

of 303 mm and featured a very intense rainfall period of 240 mm in 5 hours

(Johnston and Prendergast, 1999). The ARI of the rainfall intensity during this

storm was greater than that for a 1:100 y rainfall event for the Jabiluka region

over a 3 h, 6 h and 24 h duration (Bureau of Meteorology pers. comm. 2000).

Assuming this rainfall event occurred at Ngarradj, the predicted peak discharge

at each gauging station in response to this storm is significantly higher than

that observed during the three year monitoring period (1998–2001). Figure 5.10

shows the predicted hydrograph at SC for this event and the scale of the peak

flow compared to that observed during the three year monitoring period.
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Figure 5.10 The rainfall and predicted hydrograph for the 4th of February, 1980, event at SC. The maximum

discharge observed during 1998–2001 is indicated by a dashed line.

5.8 Flood frequency analysis

Flood frequency analysis indicates the magnitude of a flood of a particular

probability of exceedence. Flood frequency analysis can be conducted using

either an annual series or partial series approach, depending on the length of

the available record. Pilgrim (1987) suggests although both approaches should

produce similar results for floods with an annual recurrence interval (ARI) of

greater than 10 years, it is recommended that annual series predictions are used

for floods with an ARI of more than 10 years, whilst a partial series approach

should be adopted for floods with an ARI of less than 10 years. The predicted

long-term discharges from the HEC-HMS model have been used in a annual

series flood frequency analysis for the Ngarradj catchment. This analysis is

compared in this study with the partial series analysis of Moliere et al., (2001).
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The annual series flood frequency analysis involved fitting a log Pearson III

distribution to the predicted annual peak discharges for each gauging station.

A description of the method used for fitting and plotting a log Pearson III

distribution to the annual peak discharge data can be found in Moliere et al.

(2002a). A summary of the ARIs and the corresponding peak discharges for

each station are shown in Table 5.9.

Table 5.9: Summary of the fitted flood frequency distribution and peak

discharges (in cumecs) for each gauging station.

ARI (y) AEP (%) SC UM ET

1.01 100 6.21 4.69 2.66

2 50 16.48 11.26 6.56

2.33 43 18.6 12.4 7.1

5 20 28.53 17.53 9.88

10 10 39.88 22.74 12.48

20 5 53.97 28.62 15.26

50 2 77.81 37.74 19.38

100 1 101.1 45.85 22.87

A partial series flood frequency analysis has also been conducted for the

Ngarradj catchment (Moliere et al., 2001). As opposed to the use of annual

peak discharges in the annual series, partial series analysis uses the peak

discharges of independent runoff events (Pilgrim, 1987). This allows a much

shorter period of record to be used, but can restrict the range of peak discharges

entered as input. The events used in the partial series analysis were selected

from two years of data and had a peak discharge greater than a predefined
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base discharge (Moliere et al., 2001). The peak discharges of the selected

flood events were plotted against the corresponding ARI value on a log-normal

graph and equations fitted for each gauging station (Moliere et al., 2001).

These equations were used to estimate flood discharges for each gauging station

within the Ngarradj catchment for return periods of up to 5 years (Table 5.10).

Table 5.10: Partial series flood frequency analysis for the Ngarradj catchment

based on equations of Moliere et al. (2001).

ARI(y) AEP(%) SC UM ET

1.01 100 19.58 13.37 8.18

2 50 21.31 14.48 8.48

2.33 43 21.70 14.73 8.55

5 20 23.65 15.97 8.89

Comparison of the partial series with the annual series analysis indicates that

there is general agreement between the approaches at ARIs of approximately

2–5 years (Table 5.9 and Table 5.10). Figure 5.11 indicates that in the very

low ARIs, the annual series approach, using an extended runoff record, provides

flood discharge values that are considerably less than the partial series analysis.

This may either indicate an underprediction from the annual series analysis

or an over-prediction based on the partial series analysis. This is because the

annual series approach disregards floods that are not the peak discharge for the

year. Therefore, if there are multiple smaller floods in a year, whilst drier years

had no ‘floods’, then the analysis will be dominated by these drier years and

subsequently the frequency of the smaller flood events will be underestimated.

The partial series approach, on the other hand, is based on limited data obtained
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from predominantly ‘wet’ years. An intermediary approach, in which a partial

series analysis is conducted using data from the extended runoff record would

therefore be more reliable for estimating the discharge of flood events with an

ARI of less than 2 years in the Ngarradj catchment.
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Figure 5.11: A comparison of the partial series ARI with the annual series ARI showing the limited range in

flood size predicted using a partial series approach.
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Floods with an ARI of greater than 5 years, however, are significantly

underestimated by the partial series approach. This is a direct result of the

inability of the partial series approach to consider large to extremely large

flood events, unless they are contained in the limited observed record. The

recorded discharge data for the Ngarradj catchment covers significantly wet

years in terms of total rainfall and runoff. However, no major individual flood

events occurred during this period. The extended record, however, includes

large events (such as the 1980 event described previously). This is a severe

limitation of the partial series approach and is a primary reason for attempting

to extend the runoff record. However, as suggested by Pilgrim (1987), due

caution must be taken when including model predictions of events outside of

the range of calibration in flood frequency analysis. This requires the user to

understand the limitations of the hydrology model and to evaluate predictions

of large floods using knowledge of the catchment and surrounding regions

as a context for evaluating the validity of these predictions. Given these

considerations, the extended runoff record, should be used in flood frequency

and long-term sediment transport estimations in the Ngarradj catchment as it

provides a more sound approximation of the range of events that can occur

within the catchment.

The extended runoff record includes a significant range of events providing a

more meaningful basis for larger ARI flood estimation. The largest event in

the extended runoff record, the 1980 event described previously, registers as

approximately a 1 in 50 year flood event based on the annual series flood
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frequency estimation. The estimation of lower frequency, high magnitude flood

events provides important information for the management of mining in the

Ngarradj catchment.

However, as suggested by Pilgrim (1987), due caution must be taken when

including model predictions of events outside of the range of calibration in

flood frequency analysis. This requires the user to understand the limitations

of the hydrology model and to evaluate predictions of large floods using

knowledge of the catchment and surrounding regions as a context for evaluating

the validity of these predictions. Given these considerations, the extended

runoff record should be used in flood frequency and long-term sediment

transport estimations in the Ngarradj catchment as it provides a more sound

approximation of the range of events that can occur within the catchment.

5.9 Conclusion

The DISTFW and HEC-HMS hydrology models have been calibrated for the

Ngarradj catchment in the Northern Territory of Australia. The ability of HEC-

HMS to be calibrated using an extended hydrograph provides a better basis for

long-term modelling. However, application of the model to an atypical year has

shown that extending an observed runoff record using hydrology models must

be approached with caution. The modeller must have a good understanding

of the limitations of the chosen hydrology model and identify events within

the long-term rainfall record that may create errors in the runoff predictions.

Furthermore, this study has only tested two hydrology models out of the large
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number of models in existence. Within the Ngarradj catchment, predicted events

that occur early in the wet season before the catchment has been fully saturated

should not be included unless validated by other data from within the catchment

or surrounding region. This finding may also require that future research be

directed at the development or calibration of hydrology models in Ngarradj that

accurately model saturation excess overland flow.

The calibrated HEC-HMS model has been applied to 20 years of rainfall data

obtained from within the catchment or surrounding region. The extended runoff

record indicates that there are significant annual variations in both total and

peak discharge, although these are not always linked. Comparison of an annual

series flood frequency analysis of the predicted runoff record with a partial

series flood frequency analysis of two observed years of data indicates that

extension of the runoff record provides a much better approach for estimating

flood frequency of higher magnitudes (‧ 1 in 5 year events). This is accounted

for by the inclusion of a greater range of events in the annual series analysis.

However, this greater range can lead to underproduction of more frequent

events. It is therefore recommended that a partial series analysis based on the

extended hydrograph be used for estimating flood discharges that are less than

1 in 2 year events.
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Chapter Six

Natural Catchment Landform Evolution Modelling

6.1 Thesis Context

Chapter six describes the final calibration of the SIBERIA landform evolution

model to the natural erosion characteristics of the Ngarradj catchment. The

chapter builds on chapters two to five: chapter two found that there was a

relationship between predicted erosion risk and geomorphology; chapter three

identified difficulty in the hydrology model calibration and a single erosion

parameter set as problems associated with landform evolution modelling in the

Ngarradj catchment; chapter four developed a set of GIS tools for analysing

the geomorphometry of a catchment and application of SIBERIA; and chapter

five derived a more reliable flood frequency estimation for the sub-catchments

of the ET, UM and SM gauging stations. The knowledge gained from these

previous chapters is incorporated into the final landform evolution modelling

in the Ngarradj catchment by: dividing the catchment into three subcatchments

that are geomorphologically homogenous to incoporate the complexity of

the catchment; analysing the geomorphometry of these subcatchments and

running SIBERIA using a region based mode; and incorporating the HEC-

HMS predicted long-term hydrology of the sub-catchments into the derivation

of SIBERIA hydrology and sediment loss parameters. Long-term average

denudation rates derived from the sediment loss data are also used in the final
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model calibration process to enhance the validity of SIBERIA modelling in the

Ngarradj catchment.

6.2 Introduction

Understanding natural catchment processes is fundamental when attempting

to assess the impact of human activities on a landscape. Furthermore, by

linking observed catchment hydrology and sediment transport relationships with

modelling techniques, quantitative predictions can start to be made about future

changes to the catchment. The Ngarradj catchment (approx. 67 km2), in the

Northern Territory of Australia, drains part of the Jabiluka Mineral Lease and

Kakadu National Park. In 1998, a stream gauging network was established

by the Environmental Research Institute of the Supervising Scientist (eriss) to

collect detailed information on the baseline hydrology and sediment transport

characteristics of the Ngarradj catchment as well as monitor for potential

impacts of the recently constructed Jabiluka Mine (Erskine et al., 2001; Saynor,

2000). Construction of proposed silos at the Jabiluka mine for underground

storage of tailings will result in above-grade waste rock dumps (WRDs). The

WRDs will be located in small sub-catchments to the west of the main Ngarradj

channel and it is likely that erosion products from the WRDs will eventually

enter the main Ngarradj channel downstream of the mine.

Erosion research, being conducted by the Environmental Research Institute

of the Supervising Scientist (eriss), relative to Jabiluka is aimed, in part,

at applying the landform evolution model, SIBERIA, on a catchment-wide
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basis to assess rehabilitation proposals for the mine site. The assessment

of the landforms is being achieved through the development of a GIS tool

called ArcEvolve and aims to provide a quantitative risk assessment tool that

uses a combination of landform evolution modelling and basin analysis in

a GIS framework (Boggs et al., 2001). The system allows pre- and post-

impact comparison of catchment geomorphic statistics such as width function,

hypsometric curve, cumulative area diagram and area-slope relationship. This

project uses field data from disturbed areas of the mine site to assess possible

mining impacts on a catchment wide basis.

SIBERIA has been used to simulate landform evolution on (1) waste rock

dumps at the Ranger Mine (Evans et al., 1998); (Willgoose and Riley, 1998)

and the abandoned Scinto 6 mine (Hancock et al., 2000), and (2) the natural

Tin Camp Creek catchment in Arnhem Land (Hancock et al., 2002). These

previous studies have derived site specific sediment transport parameter values

for the landform being examined without incorporating spatial variability of

the erosion surface. The Ngarradj catchment, however, is significantly more

complex than the landforms considered in these previous studies. The catchment

is considerably larger and contains two distinct landform regions: (1) an upland

plateau region with highly dissected sandstone and shallow sandy soils, and (2)

wooded lowlands and floodplain with deep sandy soils. Well-defined drainage

channels act as sediment conduits from the uplands to the lowlands.

Initial attempts at calibrating SIBERIA for the Ngarradj catchment reported

issues associated with deriving only one set of sediment loss parameters for
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the entire catchment, without incorporating the effect of spatial variability

of the erosion surface and limitations in the modelling techniques used for

extending the runoff and sediment loss record (Boggs et al., 2000). Before the

model can be used to assess mine impact it is necessary to be confident that

SIBERIA is simulating natural catchment processes effectively. Therefore, this

paper calibrates the model to the undisturbed catchment through(l) incorporation

of long-term runoff predictions from a hydrology model that has been calibrated

using three complete annual hydrographs and the inclusion of bedload in the

sediment transport equation calibration and (2) calibration of the SIBERIA

model to three different subcatchments of the Ngarradj catchment for which

there exists almost continuous hydrology and sediment transport data, and

(3) assessment of the implications of simulations based on these parameter

values in the light of the geomorphic form of each catchment. This more

spatially distributed approach to data preparation and analysis has been

facilitated through the linking of the SIBERIA landform evolution model with a

geographic information system (G1S) (Boggs et al., 2001)

6.3 Ngarradj Catchment Geomorphology

The geomorphology of the Ngarradj catchment, with a total area upstream of

the confluence with Magela Creek of almost 67 km2, can be divided into those

areas on the Arnhem Land Plateau and areas on the surrounding lowlands or

floodplains. The land systems of the Ngarradj catchment have been mapped

by Erskine et al. (2001). Within the catchment upstream of the SC gauging

station, 5 land systems are represented including the Buldiva and Bedford land
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systems located on the Arnhem Plateau, the Bundah land system located on the

footslopes and fans below the Amhem escarpment and the Queue and Effington

land systems that are confined to the lowland areas.

This study analyses landform evolution based on data collected from the SC,

ET and UM gauging stations discussed in Chapter 1. The catchment area

between the UM, ET and SC gauging sites, which includes a number of smaller

left bank tributaries, is referred to as West Catch (WC) in this thesis and

covers an area of 16.3 km2. A gauging station was not installed on the primary

tributary (Tributary West) due to its unstable, braided morphology (Erskine

et al., 2001). Gauging stations were installed on the tributaries draining the

Jabiluka Mine (Tributaries South, Central and North), but data was not collected

for a full wet season and are therefore not considered here. The geomorphology

of the UM, ET and WC catchments are significantly different. A discussion

of the land system composition, simple physiography and geomorphometry

of these subcatchments is included below to illustrate these geomorphological

differences and place the subsequent landform evolution modelling into a

context.

The three gauging stations established within the Ngarradj catchment by eriss

in 1998 are referred to as East Trib (ET), Upper Main (UM) and Swift Creek

(SC). SC is located on the main channel downstream of the mine, UM is

located on the main channel upstream of the mine and ET is located on a major

right-bank tributary upstream of the mine (Figure 1.1). The area of the SC,
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UM and ET catchments upstream of these gauging stations is 43.6 km2, 18.8

km2 and 8.5 km2 respectively.

Figure 6.1: Land systems of the Ngarradj catchment (after Erskine et ai, 2001)

The UM and ET subcatchments are both dominated by the Buldiva land system,

which covers the larger, continuous areas of the Arnhem Land Plateau (Table

6.1). The UM and ET subcatchments are therefore characterised by areas of
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highly dissected quartz sandstone of the Kombolgie formation with shallow

sandy soils and exposed rock with deeper sands occurring in pockets and

on fissure floors (Pancontinental, 1979). Although occurring in significantly

lower percentages of the ET and UM subcatchments, the Queue land system,

containing level sandy lowlands, occupies the second largest proportion of

both subcatchments. However, a significant difference between the UM and

ET subcatchments, is the larger presence of the Bundah land system in the

UM subcatchment. This land system includes the sandy soils found below

the Arnhem Land Escarpment and is primarily associated with the upper

Ngarradj valley which penetrates into the Arnhem Land plateau within the UM

subcatchment.

Table 6.1: Proportion of each land system within the Ngarradj subcatchments.

Land System SC% UM% WC% ET%

Queue 19 8 39 5

Bedford 14 2 34 0

Bundah 9 8 14 2

Buldiva 53 80 4 91

Effington 4 2 8 2

The WC subcatchment is composed of significantly different land units to ET

and UM, being dominated by the lowland land systems, Queue, Bundah and

Effington (the Effington land system occurs as sandy alluvium covering the

floodplains of the larger channels). A large proportion of the WC catchment is

covered by the Bedford land system occurring on outliers of the Arnhem Land

Plateau (ie the Jabiluka outlier). This area is more dissected than the Buldiva
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land system and sheds water through numerous small channels rather than a

large organised drainage network.

The physical descriptors of the subcatchments (Table 6.2) show that the

WC subcatchment is different from ET and UM subcatchments, with a low

perimeter to area ratio, short maximum stream length (relative to catchment

area) and lower mean slope and elevation. The hypsometric curve and low

hypsometric integral for the WC subcatchment indicate that it is a more evolved

subcatchment than ET or UM, fitting the typical monadnock profile (Figure.

6.2) (Strahler, 1957, 1964).

The physical descriptors, however, also indicate more subtle differences

between the ET and UM subcatchments. The ET subcatchment is less than

half the size of the UM subcatchment and has a higher perimeter to area ratio.

More significantly, the mean elevation of the ET subcatchment is similar to

UM and nearly double that of WC, but the mean slope is actually closer to

that of the WC subcatchment. This is an important characteristic as it indicates

that the ET subcatchment is an upland catchment, but is generally flatter than

the UM subcatchment. ET, in fact, does not have a deeply incised gorge,

but rather flows out from heavily dissected sandstone across a relatively flat

plateau before plunging over the Arnhem Land Escarpment onto the lowland

areas. These three areas are clearly shown in the hypsometric curve for the

ET subcatchment, with the curve dropping rapidly below a normalised area of

0.3, reflecting the dissected sandstone upper catchment areas, then dropping

gradually over the mid-plateau region to a normalised area of 0.9 whence
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it drops rapidly again as the catchment elevation drops to the lowland areas

(Figure 6.2). The UM subcatchment, on the other hand, flows from high

elevations into a relatively constant sloped, deeply incised gorge that links

directly with lowland areas of the Ngarradj catchment. Again, the hypsometric

curve reflects this trend, dropping gradually, illustrating the relatively even

distribution of elevation, before flattening in the low elevations as die lowland

areas penetrate into the Arnhem Land Plateau.

Table 6.2: Basic physical descriptors of the subcatchments of the Ngarradj

catchment

 SC UM WC ET

Area (sq. km) 43.6 18.8 16.3 8.5

Perimeter (km) 62 45 31 29

Perimeter/Area 1.4 2.4 1.9 3.4

Max. Stream

Length (km)

13.7 11.0 5.1 7.9

Mean Slope

(deg.) [S.D.]

9.3 [9.6] 12.5 [10.1] 5.9 [7.5] 8.6 [8.9]

Mean Elevation

(m) [S.D.]

96 [64] 129 [65] 56 [47] 100 [45]
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Figure 6.2: Hypsometric curves and integral for the ET, UM and WC subcatchments of the Ngarradj

catchment.

6.4 SIBERIA Calibrations

6.4.1 Hydrology Model Calibration

SIBERIA models landform evolution based on long-term average hydrology

and sediment transport data for a catchment. Three years of high temporal

resolution hydrology data were collected from the ET, UM and SC gauging

stations (Moliere et al 2001). These data need to be extended to enable accurate

calibration of the SIBERIA landform evolution model. Boggs et al., (2003)
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calibrated the US Army Corps of Engineers’ Hydrologic Modelling System

(HEC-HMS) for the SC, UM and ET gauging stations (Chapter 5). The HEC-

HMS hydrology model was selected as an appropriate model for extending

the runoff record in a natural catchment as complete annual hydrographs

could be used in the calibration process. This is especially important in data

limited catchments as it allows mean annual peak and total runoff to be more

accurately modelled for SIBERIA calibration. The calibrated model was applied

to 20 years of rainfall data from the nearest pluviograph gauging station located

at Jabiru (Table 6.3).

Table 6.3: Mean total annual runoff and mean annual peak discharge as

modelled by the HEC-HMS hydrology model for the SC, UM and ET

subcatchments using 20 years of rainfall with a mean of 1506mm and standard

deviation of 305mm.

 SC UM ET

Total Runoff

(ML) [S.D.]

23860 [7952] 11136 [3830] 5737 [1851]

Peak Q (m3 s−1) [S.D.] 22.5 [17] 13.9 [8] 7.8 [4]

6.4.2 Sediment Transport Equation Calibration

The sediment transport model used to derive input parameters for the SIBERIA

model is shown in Equation 3.3 (Evans et al., 1998). Calibration of this

equation requires complete data sets of total sediment loss during rainfall

runoff events, where an event is considered to be a runoff period that starts

and ends at approximate baseflow conditions and incorporates complete rising
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and falling stages of the hydrograph. At the three gauging stations, ET, UM

and SC, suspended sediment data are collected throughout an event using a

stage triggered automatic sampler (Saynor et al 2001). During the 1998/99

and 1999/00 wet seasons 14 complete data sets suitable for sediment transport

modelling were obtained at SC and ET whilst 11 were collected at UM. The

mean and standard deviation of the total discharge and suspended sediment loss

for each of these events is shown in Table 6.4

Bedload data are collected once per week for the duration of the wet season

(Saynor Pers Corhm, 2001). Bedload transport through an event was derived

using sediment flux (g s-1) / instantaneous discharge (m s”) relationship.

Significant relationships were found between these variables at each gauging

station (r2 at ET = 79.3%, UM = 46.5% and SC = 53.1%). However, future

studies should develop a more robust relationship based on more complex

bedload descriptors. This aspect is beyond the scope of this project. The mean

and standard deviation of predicted bedload losses for the events used to

calibrate the sediment transport equation are shown in table 6.4 for each site.

Bedload is also represented as the percentage of the total load. This shows that

bedload transport is a significant component of the total sediment load being

transported through the Ngarradj system and is consistent with the sand bed

nature of the stream and dominance of highly weathered sandstone in the upper

catchment (Erskine and Saynor, 2000).
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Table 6.4: Observed mean suspended sediment and modelled mean bedload

losses for the SC, UM and ET gauging stations during the events used to

calibrate the sediment transport model.

 Discharge (MI) Suspend Sed. (t) Bedload (t) Bedload as

% of Total

SC [S.D.] 1736.7 [1694] 62.9 [73] 106.3 [104] 66.2 [7]

UM[S.D.] 213.3 [125] 9.5 [8] 24.1 [15] 73.4 [9]

ET[S.D.] 106.3 [71] 4.1 [5] 10.7 [7] 75.4 [12]

The discharge and sediment loss data in table 6.4 were used to fit the sediment

transport model to observed catchment data using the iterative method of

Moliere et al. (2002c). An event-based approach to sediment transport is

considered to reduce the impact of hysteresis between sediment concentration

and discharge on sediment modelling Moliere et al (2002c). There is a good

relationship between the predicted and observed sediment loss (Figure 6.3;

Table 6.5).
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Figure 6.3: The relationship between predicted and observed sediment losses for the SC (a), UM (b) and ET

(c) gauging stations.

Table 6.5: The sediment transport equation parameter values fitted for each

gauging station in the Ngarradj catchment.

Site K1 m1

SC 0.038 1.11

UM 0.031 1.21
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Site K1 m1

ET 0.0455 1.16

6.4.3 Discharge Area Relationship

SIBERIA models runoff by applying an area discharge relationship to every

node within a grid. The discharge term, Q, should be defined at the 1 in

2.33 year peak discharge, as this is required by the long term sediment

loss equation used in SIBERIA (equation 6.2) (Willgoose et al., (1989). The

observed discharges at the ET, UM and SC gauging stations appear to exhibit a

strong relationship between discharge and area. The discharge area relationship

reported for the Ngarradj catchment (Boggs et al., 2000) was calculated using

observed annual peak discharge from one season of measured data in each

catchment. The calculation of a predicted long-term discharge record for each

gauging station (Boggs et al., 2003) has allowed the discharge area relationship

to be refined to reflect long-term trends in discharge.

The flood frequency analysis for me catchment (Boggs et al., 2003) can be

used to calibrate the discharge area relationship. Table 6.6 provides a summary

of the fi$ and m.3 parameter values for the various year return periods at

SC, UM and ET. The acceptable range for m, values is approximately 0.5

to 1.0 (Willgoose et al., 1991). The value of the m3 parameter has been

found to approximate 1.0 using mean annual discharges and to approach 0.5

during higher flows (Leopold et al., 1964; Flint, 1974; Rodriguez-Iturbe and

Rinaldo, 1997). The values determined here approach the higher end of the

flow spectrum.
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Table 6.6: The (β3 and m3 parameter values fitted for the peak discharge values

from the flood frequency analysis (Boggs et al., 2003).

 Area

(m2)

   ARI (y)     

SC 4.36E

+07

6.62 17.27 19.5 29.85 41.48 55.66 79.44 102.3

UM 1.88E

+07

5.03 11.7 12.9 18.03 23.29 29.18 38.35 46.48

ET 8.46E

+06

2.99 6.79 7.4 10.09 12.69 15.51 19.75 23.36

B3  1.4E-03 8.0E-04 6.0E-04 3.0E-04 1.0E-04 6.0E-05 3.0E-05 1.0E-05

m3  0.48 0.57 0.59 0.66 0.72 0.78 0.85 0.90

The discharge selected as being the most appropriate for this study was

the 2.33 year flood event discharge as this is believed to be the dominant

discharge in terms of sediment transport and channel formation. However, as

this return interval is defined as the bankfull discharge, further investigation

should determine the validity of this figure for the Ngarradj catchment.

The discharge area relationship fitted for this study based on the 2.33 year peak

discharge (Table 6.6) is therefore:

where Q is in m3 s−1 and A is in m2.
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6.4.4 Long Term Average Sediment. Discharge

The SIBERIA parameter derivation process requires a long term average

sediment discharge to be generated by applying the calibrated sediment

transport model to the long term runoff record from HEC-HMS for the Ngarradj

catchment. These values are then converted to volumes by dividing by the bulk

density of the surface material (1.38 Mg m-3) (Boggs et al., 2000) (Table 6.7).

The average volume of sediment loss is used to derive the final SIBERIA

parameter β1/.

Table 6.7: Predicted long-term average discharge (using HEC-HMS) and total

sediment loss in the Ngarradj catchment (using equation 3.3 and parameter

values from Table 6.5).

Year Discharge (Ml y−1) Soil Loss Mass

Rate (Mg y−1)

Soil Loss Volume

Rate (m3 y−1)

 SC UM ET SC UM ET SC UM ET

72/73 25496 9926 5040 2529 1998 701 1833 1448 508

73/74 16083 7591 4130 1405 3043 518 1018 2205 375

74/75 27591 11367 5641 2626 2115 760 1903 1533 550

77/78 23392 10952 5941 2161 1501 805 1566 1087 583

78/79 19876 9602 5279 1796 993 696 1301 720 504

79/80 37947 18488 8561 3801 1648 1264 2754 1194 916

86/87 16075 7787 4199 1513 1583 587 1096 1147 426

87/88 11706 5858 2990 1019 1342 375 739 972 272

88/89 18856 9214 5007 1671 3102 646 1211 2248 468

90/91 24254 12369 6332 2265 1175 878 1642 852 636

91/92 12246 6065 3063 1072 769 387 777 557 280

92/93 18544 9044 4068 1737 1245 541 1259 902 392
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Year Discharge (Ml y−1) Soil Loss Mass

Rate (Mg y−1)

Soil Loss Volume

Rate (m3 y−1)

 SC UM ET SC UM ET SC UM ET

93/94 19082 8861 4819 1717 1849 631 1244 1340 457

94/95 29893 13416 7271 2825 805 1011 2047 583 732

95/96 23502 10275 5329 2193 1332 721 1589 965 522

96/97 19312 8512 4700 1777 1225 626 1287 888 454

97/98 34043 15078 7712 3248 2006 1071 2354 1454 776

98/99 29464 13771 7221 2739 1484 926 1985 1075 671

99/00 40082 20283 10262 3629 1212 1263 2630 878 915

00/01 29758 14251 7175 2781 2256 981 2015 1635 711

Mean 23860 11136 5737 2225 1634 769 1613 1184 558

[StDev.] [7952] [3830] [1851] [790] [643] [255] [572] [466] [185]

6.4.5 β1 Derivation

6.4.5.1 Analytical

Through substitution and transposition, the value of the β1, in equation 6.2 is

derived using the long term sediment loss rate (qs) by:

where A is the catchment area in m and the slope, 5, is assumed to be lm.m

(Evans et al., 1998); (Moliere et al., 2002). The value of n1, was fixed at

0.69, as this value was derived in previous studies within the region (Evans

et al., 1998); (Willgoose and Riley, 1998). Equation 6.2 was thus solved for

the SC, UM and ET catchments to provide β1, values of 60.35, 60.09 and



hdl:1780.01/6410

177

55.14 respectively. These values are, however, uncorrected for grid cell scale

and slope.

The qs value (Equation 6.2) is implicitly derived as the sediment loss per lm x

lm area. SIBERIA operates on a node by node basis where each grid cell in the

DEM is also assumed to have a dimension of 1. However, the resolution of the

Ngarradj catchment DEM used in the SIBERIA modelling is 50 m. Therefore

β1 (Equation 6.2) needs to be adjusted to account for the error in calculating

slope over a length of 1 i.e. each node is considered to be 1 unit area, and S

reflects the number of metres drop between nodes, which are 50 m apart for the

Ngarradj catchment DEM. S values required for the soil loss equation, on the

other hand, are in m.m−1. To correct this in SIBERIA, β1, must be reduced to

reflect the slope calculated by SIBERIA using the correction factor

Applying the correction factor to equation (6.3), β1, values of 4.06, 4.04 and

3.71 were derived for the SC, UM and ET catchments respectively.

This correction factor is no longer needed in the latest version of SIBERIA

(V8.25) as it is built into the code and all discharge and sediment transport

rates are characterized per unit width. This improvement in SIBERIA arrived

too late to be used in this thesis.
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6.4.5.2 Iterative

The derived long term average soil loss volume rates were used to determine

the long term denudation rates for the SC, UM and ET subcatchments of

the Ngarradj catchment (Table 6.8). The denudation rates calculated for the

subcatchments reflect their area and maturity. That is, the less weathered,

smaller ET subcatchment has the highest denudation rate whilst the denudation

rate for the more mature, larger SC subcatchment is considerably lower. This

concurs with sediment delivery ratio theory (Robinson 1977; Walling 1983) and

indicates the processes are being modelled adequately.

Table 6.8: The denudation rates calculated from the predicted long-term

sediment losses for the SC, UM and ET subcatchments

 Denudation Rate (mm ky−1)

SC 37

UM 63

ET 77

The SIBERIA model was applied to the Ngarradj catchment for a period of

1000 years using the analytically derived β1 values. The long term denudation

rates calculated from this simulation for the ET, UM and SC catchments

were 27, 16 and 15 mm ky−1 respectively. These values are lower than the

‘observed’ long-term denudation rates shown in table 6.8. This error requires

further investigation, but is currently believed to relate to the complex nature

of the Ngarradj catchment. An iterative regression approach was therefore

established to fit β1 values that produced a denudation rate equivalent to the
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measured denudation rates. β1 values, unadjusted for slope, of 73.6, 142.0 and

118.2 were produced for the ET, UM and WC catchments using this approach

(where parameters were fitted for the WC catchment by fixing the ET and UM

parameters with their solved values, and modifying the parameter value for the

WC catchment until the denudation rate for the whole SC catchment matched

the ‘observed’ value). These values were used in the final modelling of the

long-term evolution of the Ngarradj catchment.

6.5 Application

Long-term landform evolution was modelled in the Ngarradj catchment using,

‘ArcEvolve’, the GIS based interface for SIBERIA (Boggs et al., 2001). The

data management and spatial data analysis tools associated with the ArcEvolve

extension and standard Arc View GIS software package simplified parameter

management and enabled vector, raster and image data sources to be used in

the generation of SIBERIA inputs and analysis of SIBERIA outputs. These

are valuable functions in this study as the size and spatial complexity of the

Ngarradj catchment meant that a large number of simulations with different

parameters were run and predictions could be compared with vector (e.g. land

system maps) and raster data sources (e.g. aerial photography).

The predicted erosion and deposition in the Ngarradj catchment using a single

erosion parameter set for the whole SC catchment and a spatially distributed

subcatchment based erosion parameter set are shown in Figures 6.4 (a) and

6.4 (b). The spatial distribution of erosion and deposition appears to be very
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similar, with sediment primarily being lost from the steep slopes in the Arnhem

Land plateau and escarpment areas and large amounts of sediment being

deposited at the base of these areas or within the narrow valley floors. A

contingency table analysis (Table 6.9) based on the categories shown in Figure

6.5 illustrates the similarity between the SIBERIA predictions, with a total

agreement of 86% and the differences that do occur predominantly being within

one category of the corresponding prediction (given the bias introduced by

assigning predicted values to erosion/deposition classes (Verbyla and Hammond,

2002). However, there is a general trend in which greater rates of erosion, and

consequently deposition, are predicted using the single parameter dataset (e.g

approximately one third of the area predicted as ‘high’ erosion using the varied

parameters is predicted as ‘very high’ using the single parameter dataset).

Table 6.9: A contingency table1  illustrating the relationship between the single

parameter and varied parameter simulations (the classes are based on the legend

in Figure 6.4)

Varied

  Erosion (ha)   Deposition (ha)

  V. High High Moderate Low Low Moderate High V. High

V. High 351 123 0 0 0 0 0 0

High 3 256 95 0 0 0 0 0
Erosion

(ha)
Moderate 3 10 443 40 0 0 0 0

Low 0 0 16 827 10 0 0 0
Single

Low 0 0 0 67 992 4 0 0

Moderate 0 0 0 0 81 354 2 0Deposition

(ha) High 0 0 0 0 0 79 194 1
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Varied

  Erosion (ha)   Deposition (ha)

  V. High High Moderate Low Low Moderate High V. High

V. High 0 0 0 0 0 1 61 357

TOTAL (ha) 357 388 553 933 1082 437 257 359

1 where a contingency table shows the area of agreement between two datasets. For example, the area

that is classified as very high erosion using both the varied and single parameter datasets is 351 ha, whilst

the area classified as very high erosion using the varied dataset, but only classified as high erosion using

the single parameter dataset is 3 ha.
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Figure 6.4: The distribution of erosion and deposition values predicted using (a) a single parameter set and (b)

a subcatchment based parameter set.
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The impact of the different parameter datasets on the predicted quantities and

spatial distribution of erosion and deposition are more clearly illustrated by

examining the subcatchments of the Ngarradj catchment. Table 6.10 shows

the net sediment loss, average erosion and average deposition values for the

whole Ngarradj catchment and the three subcatchments. Both parameter sets

indicate that the UM and ET sub-catchments are eroding whilst the WC

subcatchment is accreting. This suggests that the UM and ET sub-catchments

are sediment source zones whilst the WC catchment is a significant sediment

storage area, which concurs with previous studies in the area (Erskine et al.,

2001) and reflects their different geomorphology (Section 6.3). The parameter

set derived for the whole Ngarradj catchment appears to accurately predict the

denudation rate for the UM subcatchment, whilst underpredicting the sediment

lost from the ET subcatchment and sediment being deposited within the WC

subcatchment. However, the average erosion and deposition values show that

the single parameter set predicts larger volumes of sediment movement in the

UM and WC subcatchments, whilst ET predictions are relatively similar to

the varied parameter set. This trend is reinforced in figure 6.5, which shows

that the erosion values predicted by the varied parameter set in the UM

subcatchment are largely about 80% of the values predicted using the single

parameter set, whilst WC and ET are approximately 87% and 96% respectively.

The predicted volumes of deposition, on the other hand, are more variable with

values ranging between approximately 80% and 95% for UM and WC and 93%

and 103% for ET. These consistent differences indicate the need to divide a
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catchment into as geologically and geomorphologically similar subcatchments

when attempting to model landform evolution in medium scale catchments.

Table 6.10: A comparison of SIBERIA varied and single erosion parameter

simulated net sediment loss (expressed as a denudation rate - DR), gross

erosion and deposition within the Ngarradj catchment and subcatchments.

 SC UM WC ET

Single DR

(mm/yr)

0.037 0.064 −0.005 0.06

Varied DR

(mm/yr)

0.037 0.063 −0.015 0.077

Single Mean

Erosion (m) [SD]

4.5 [4] 5.7 [3.9] 2.9 [3.9] 4.5 [3.3]

Varied Mean

Erosion (m) [SD]

4.1 [3.4] 4.8 [3.2] 2.5 [3.4] 4.4 [3.2]

Single Mean

Deposition

(m) [S.D.]

4.4 [5.1] 6.5 [6.2] • 2.3 [3.3] 4.5 [3.7]

Varied Mean

Deposition

(m) [SD]

3.9 [4.7] 5.9 [5.8] 2.1 [3] 4.4 [3.6]



hdl:1780.01/6410

185

Figure 6.5: Frequency diagrams of erosion and deposition values predicted using the single parameter set

expressed as a percentage of the erosion and deposition values predicted using the varied parameter set for the

UM, WC and ET subcatchments.

The SIBERIA modelling of the Ngarradj catchment can be assessed through

comparisons with existing land system mapping of the region. The proportion

of predicted erosion and deposition within each land system is shown in Figure

6.7. The Bedford and Buldiva upland land systems clearly have significantly

more erosion relative to deposition than the other land systems. This indicates

that SIBERIA is correctly modelling the net lowering of the Arnhem Land

plateau. Furthermore, the Bedford land system, which covers the plateau

outliers, is shown to have the greatest amount of sediment loss relative to

deposition, reflecting the lack of internal sediment storage which occurs in this
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land system. The eroded sediment is subsequently modelled as being deposited

within the lowland land systems of the Ngarradj catchment. Of particular

interest is the significance of the Bundah land system, which includes the

footslopes of the Arnhem escarpment and upper Ngarradj valley, as a sediment

store. This is more clearly demonstrated in Figure 6.8, which shows the mean

erosion and deposition occuring within each land system.

Figure 6.6: Proportion of erosion and deposition within each landsystem of the Ngarradj catchment.

Figure 6.7: Mean depth of erosion and deposition in each land system.
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6.6 Conclusions

The SIBERIA landform evolution model has been calibrated for the Ngarradj

catchment. This has involved the division of the catchment into three sub-

catchments far which catchment-specific sediment transport parameter values

could be derived. The ET and UM subcatchments were found to be upland

catchments whilst the WC subcatchment was found to be dominated by the

lowland landsystems. However, differences were identified between the ET and

UM subcatchments, with the ET subcatchment having relatively low relief and

a waterfall to link with the lowland land systems whilst the UM subcatchment

had high relief and an extensive gorge system that provided a more gradual

trend from the upland plateau area to the lowlands of the Ngarradj catchment.

Derivation of the discharge area relationship for the catchment was based

on an annual series flood frequency analysis of a 20 year runoff record

predicted using the HEC-HMS hydrology model. Long term sediment transport

modelling, based on this extended runoff record, was greatly improved through

the incorporation of bedload transport data into the model calibration. The

denudation rates derived using these data were 37, 63 and 77 mm/kyr for the

SC, UM and ET subcatchments respectively.

The calibrated SIBERIA landform evolution model was applied to the Ngarradj

catchment for a period of 1000 years. Model predictions indicate that the UM

subcatchment will have the greatest mean erosion. However, this is balanced by

the large amount of deposition that will occur in the upper Ngarradj valley of

the UM subcatchment A significant amount of sediment is also being deposited
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on the Ngarradj floodplain, with the WC catchment experiencing a net accretion

of sediment of 0.015 mm.ky−1. Modelling of the natural evolution of the

Ngarradj catchment will allow future studies to consider the potential impact

of the Jabiluka Mine on the erosion and deposition processes operating within

the catchment over long time scales.
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Chapter Seven

Post Mining Landforms and Landform Evolution Modelling

7.1 Thesis Context

Chapter seven examines the long-term stability of engineered landforms at

the Jabiluka Mine using the SIBERIA landform evolution model. This high

resolution study of landform evolution on individual landforms is an important

step in the impact assessment process as it provides information on how

different post-mining landform designs and surface conditions may impact on

local erosion and deposition processes. This study introduces new data collected

from rainfall simulation experiments on four surface conditions present on

the recently constructed Jabiluka Mine including: schist waste rock; sandstone

waste rock; road/disturbed surfaces; and natural areas. As described in chapters

three and six, SIBERIA requires long-term average sediment loss data to be

calibrated. These data are generated in this study by calibrating and applying

the WEPP model for each of the Jabiluka Mine surface conditions. The

SIBERIA model is applied to two potential post-mining landforms presented

as conceptual diagrams in the Jabiluka Public Environment Report. Inputs for

the SIBERIA model are generated from these diagrams using standard GIS

techniques and the customised tools described in chapter four. GIS is also used

to identify spatial patterns in landform evolution on the two suggested landform

designs under the four surface conditions.
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7.2 Introduction

The ability of humans to modify the landscape by moving earth in construction

and mining activities has increased to the point where it has been suggested

that we have become the premier geomorphic agent sculpting the landscape

(Hooke, 2000). However, the construction of new landforms requires an

understanding of the impact of the construction material, geomorphic form and

local weathering agents on the stability of the landform if the new landform

is to exist for an extended period of time. The construction and rehabilitation

of final landforms for storing waste rock or mine spoils is consequently an

important part of rehabilitation planning following mining activities (Evans,

1997).

Research is increasingly being directed at the application of geomorphic

models to the assessment of the long-term stability of engineered, post-mining

landforms. The SIBERIA landform evolution model, in particular, has been

used to examine landform design (Willgoose and Riley, 1998), the effects

of vegetation and surface amelioration on constructed landform evolution

(Evans et al., 1998) and to identify temporal trends in erosion and hydrology

characteristics of a constructed landform (Moliere et al., 2002). The extensive

calibration process associated with the SIBERIA landform evolution model

allows mine planners to incorporate the erosive characteristics of different

surface conditions present on a mine site into the assessment of a final

landform construction material. Landform design, on the other hand, can be
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rapidly assessed by incorporating digital elevation models (DEM) of potential

landform designs into the modelling process.

This chapter uses the SIBERIA landform evolution model to examine the long-

term stability of two suggested landform designs for the Jabiluka Mine in the

Northern Territory of Australia (Figure 1.1). Rainfall simulation techniques are

used to assess the erosive characteristics of different surface conditions present

on the existing Jabiluka Mine site and to calibrate the Water Erosion Prediction

Project (WEPP) model. The calibrated WEPP model is applied to a long-

term climate record for the region to derive long term average sediment loss

data from which SIBERIA parameters can be derived. The impact of different

surface conditions on the long-term landform evolution of the two landform

designs is subsequently assessed using the SIBERIA landform evolution model.

7.3 Jabiluka Mine

The Jabiluka Mineral Lease includes two uranium ore deposits, Jabiluka ‧1

and Jabiluka ‧2, which were originally discovered by Pancontinental Mining

Ltd in 1971 and 1973. However, only the Jabiluka ‧2 deposit, which is one

of the most significant unconformity-related uranium orebodies in the world,

is considered economically viable for mining, (Kinhill and Associates, 1996).

The draft Environmental Impact Statement (EIS) for the Jabiluka uranium

mine project (Kinhill and Associates, 1996) provides descriptions of mine

development alternatives. These include the Ranger Mill Alternative (RMA), the

Jabiluka Mill Alternative (JMA) and the Pancontinental proposal. An alternative
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option (the ‘Amended Layout’) for milling ore at Jabiluka was then presented

and contrasted with the original concept in the JMA Public Environment Report

(PER) (Kinhill and Associates, 1998). The amended layout JMA proposal was

approved in 1998 by the

Commonwealth Government of Australia with the condition that Energy

Resources of Australia (ERA) put all tails back down in the mine stopes

or specially excavated silos. The landform evolution modelling conducted in

this chapter focuses on the JMA development alternative and addresses two

design scenarios; the JMA original concept and JMA amended layout, as

described in the Jabiluka Mill Alternative PER (Kinhill and Associates, 1998).

Although these proposals may not be the final landforms, outcomes derived

from these modelling scenarios can be used in the formation of management

recommendations once final decisions on mine development and design are

made.

7.3.1 JMA Original Concept

The JMA original concept was initially described in the Draft EIS (Kinhill

and Associates, 1996) and further assessed in the JMA PER (Kinhill and

Associates and in association with Energy Resources Australia, 1998). The

JMA original concept would involve the containment of all mining and ore

processing operations within the Jabiluka Mineral Lease and the construction of

a 55 ha tailings dam with a four cell staged ‘paddock’ layout (Figure 7.1 shows

the area covered by the OC tailings dam). The conceptual plan for rehabilitation
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of the JMA original concept mine layout would use borrow material from the

plant site pad to cap the surface of the tailings deposit. The first three cells,

however, would be capped using surface alluvial/colluvial material from the

construction of the following cell as no construction time would be required for

the paste fill material. The paste would be placed to form a dome with shallow

gradients and a minimum of lm cover with a total volume of approximately

880,000 m3 of cover material required.

Figure 7.1: Extent of the final landforms for the JMA original concept (JMA O.C.) and amended layout (JMA

A.L.) project proposals.
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7.3.2 JMA Amended Layout

The JMA amended layout was proposed in the JMA PER (Kinhill and

Associates, 1998) as the preferred form of development for the JMA

as it incorporated implications from a Best Practicable Technology (BPT)

assessment. The most significant implications of the BPT assessment in terms

of final landform design related to the management of mine tailings, which

would be treated in such a way that they could be deposited in a paste form

but would subsequently harden to form a solid mass (Kinhill and Associates

and in association with Energy Resources Australia, 1998). The JMA amended

layout would involve the construction of two purpose built pits for the storage

of the tailings, with the waste material excavated from the two pits stored in

two separate waste rock stockpiles (Figure 7.1 shows the areas covered by the

tailings pits and waste rock stockpiles). Rehabilitation of these areas would

involve the backfilling of the pits, following deposition of the tailings, with

waste rock from the adjacent stockpiles. The remaining stockpiles, which are

expected to be geochemically benign, would be recontoured and covered in

topsoil to shed water as evenly as possible (Kinhill and Associates, 1998).

7.3.3 Final Landform Grid Development

The SIBERIA landform evolution model requires a grid of elevation values to

be able to calculate long term erosion and deposition on a landform (Figure

7.2). The JMA PER contains indicative diagrams of the contour alignment for

the JMA original concept and amended layout final landforms superimposed on

the natural contours of the surrounding catchment. This diagram was scanned
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at high resolution and georeferenced using geographic coordinates indicated on

each figure. The contours were subsequently digitised using the ArcView 3.2

GIS software package. Elevation values were associated with the contours based

on the surrounding natural catchment contours at a contour interval of lm. A

digital elevation model (DEM) captured from 1:25 000 pre-mining (1991) aerial

photography and produced on a 5 m grid (vertical accuracy of +/- 0.5m and

horizontal accuracy of +/- 2m) was used to adjust some contours around the

edge of the landforms as it was assumed that the edges of the landforms would

be engineered to ensure they joined seamlessly with the surrounding landscape.

The contours were converted into a ARCINFO grids with a resolution of 5m

using the ANUDEM interpolation algorithm developed by (Hutchinson, 1989)

and adapted for implementation in the ARCINFO GIS software package. The

grids were checked and pit-filled where necessary to ensure that they were

hydrologically correct. Some general landform descriptors derived from the

DEMs of the original concept and amended layout final landform designs are

shown in Table 7.1.
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Figure 7.2: Three dimensional profiles of the original concept and amended layout landform designs as

interpreted from the Jabiluka PER for this study.

Table 7.1: General landform descriptors derived from the DEMs constructed

for the Jabiluka Original Concept and Amended Layout final landform designs

from the Jabiluka PER (Kinhill and Associates and in association with Energy

Resources Australia, 1998)

 Area (ha) Volume (m3)Min Elev (m) Max

Elev (m)

Elev

Range (m)

Mean

Slope (deg)

[St Dev]

Original

Concept

62 2131185 19.1 33.5 14.4 1.7 [1.0]

Amended

Layout

87 3800127 15 36.2 21.2 2.6 [1.8]
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7.3.4 Existing Surface treatments

Stage one of the Jabiluka project was completed in September 1999. This

involved the construction of the portal, waste rock stockpiles, retention pond,

general infrastructure (such as roads, offices etc) and drainage systems. The

final landforms for the Jabiluka Mine have not been constructed and very little

information exists concerning the rehabilitation strategy for the final landforms

at Jabiluka. However, it is appropriate to assume that the final landforms will

be dominated by one of the materials found on the existing Jabiluka Mine site.

Four surface conditions found on or around the existing Jabiluka Mine site are

condsidered in this study, including; schist waste rock, sandstone waste rock,

road/disturbed and natural areas (Figure 7.3) (Duffy, 2001). The retention pond

batters and non-erodible areas are not considered in this study.
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Figure 7.3: The surface conditions present on the existing Jabiluka Mine site (modified after Duffy, 2001)

The current Jabiluka Mine has two waste rock stockpiles constructed from

material removed from the mine adit during construction. The first contains

schists of the Cahill Formation, which hosts the Jabiluka ‧2 ore body. Schist

rock at the Ranger Mine, which is believed to occur in the same stratigraphic

horizon as the Jabiluka orebody (Milnes, 1998), has been described as highly

weatherable material that decomposes rapidly from large competent chloritic

schist fragments into medium and fine gravel and clay rich detritus (Milnes,

1998). The second stockpile is composed of Kombolgie Formation sandstone,
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which dominates the upper reaches of the Ngarradj catchment (Evans et al.,

In Review). The Kolmbogie sandstone is more competent than the Schists

and is stockpiled as rocky spoil, with particle sizes ranging from fines to

rock fragments up to 50 cm diameter. Kombolgie Sandstone crops out on the

northern and southern sides of the Jabiluka Mine and most surface soils within

the area are sourced from Kombolgie Sandstone parent material (Kinhill and

Associates and in association with Energy Resources Australia, 1998).

The road/disturbed areas are represented in all areas of the mine and encompass

all roads and general areas (Figure 7.3). These areas consist of bare soils

with little or no vegetation present and have varying levels of compaction

depending on use (Duffy, 2001). The undisturbed areas surrounding the mine

are dominated by sandy sediments derived from the Kombolgie Sandstone and

have been described by (Duggan, 1988). During the wet season these sands

may be saturated such that significant overland flow can occur. The vegetation

is predominantly Savanna Woodland, with the tree stratum dominated by

Eucalypt species and a grassy understorey dominated by annual sorghum. 2.

7.4 SIBERIA Calibration

The calibration process for the SIBERIA landform evolution model requires the

derivation of parameters that describe the long term hydrology, sediment loss

and sediment transport rate of an area. This generally requires the calibration

of hydrology and sediment transport models using data collected from the

field that describes current hydrology and sediment movement processes and
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applying these models to long-term climate information to generate estimates

of long term discharge and sediment transport. Previous studies have used

both plot (Evans et al., 1998) (Moliere et al., 2002) and catchment based

data (Hancock et al., 2002) (Boggs et al., In Review) for the calibration of

SIBERIA.

This study collects sediment loss data for the schist waste rock stockpile,

sandstone waste rock stockpile, road/disturbed areas and natural erosion units

identified within or adjacent to the existing Jabiluka Mine site using plots

subjected to rainfall simulation. These data are used to calibrate the Water

Erosion Prediction Project (WEPP) model (Flanagan and Nearing, 1995).

7.4.1 Rainfall Simulation

The rainfall simulator (RFS) designed and described by (Loch et al., 2001) is

used in this study to measure the sediment loss and transport characteristics

of each erosion unit. The RFS simulates rainfall by sweeping a series of

downward facing nozzles to and fro across a 1.5 m wide plot. The simulator

uses Veejet 80100 nozzles, which have been used in previous USDA-ARS and

QDPI studies (Meyer and McCune, 1958; Loch and Donnollan. 1983). Duncan

(1972) calculated the kinetic energy, based on measured drop size and velocity,

as 29.49 J/m2.mm for the Veejet 80100 nozzle, which is similar to the kinetic

energy for natural rain at intensities of = 40 mm/h (Rosewell, 1986). The RFS

controls effective rainfall by adjusting the frequency with which the nozzles

sweep and achieves a good spatial uniformity of intensity on the plots, with
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coefficients of variation (CV) on the body of the plot being 8–10% (Loch et

al., 2001). Discharge from the plot is measured using a tipping bucket system

with a portable computer acting as a data logger. Sediment leaving the plot is

sampled at set time intervals, with the sample time and identification number of

each sediment sample being recorded by the computer.

Rainfall simulation experiments were conducted on plots of various lengths

and slopes, as determined by the site characteristics of each erosion unit on

the Jabiluka Mine (Table 7.2). The rainfall simulation plots for the waste rock

stockpiles, however, were constructed on a section of roadway covered in

material transported from the two stockpiles using a loader as the stockpiles

were unsuitable for rainfall simulation plot construction. At least two plots were

constructed for each erosion unit.

Table 7.2: Erosion plot physical attributes and rainfall simulation/overland flow

experiment information.

Material Sites Length Slope Rainfall Simulation Overland Flow

  (m) (deg) Max

Intensity

(mm/hr)

Duration

(min)

Rate (L/s) Duration

(min)

Schist 3 5 13-16 143.6 26 0.1-3 7

Sandstone 2 5 14 115.5 30 NA NA

Road/

Disturbed

2 3 18-20 117 25 0.1-1.7 7

Natural 3 5 4-6 184 68 NA NA
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Rainfall intensities and durations applied to each plot were designed to simulate

maximum possible conditions for the area. Rainfall intensities of less than

200 mm/hr for durations of up to 68 minutes were used, with some variation

depending on the time taken for each erosion unit to generate runoff. Following

the generation of runoff, an average of 8 sediment samples were taken during

each simulation.

The WEPP model requires information describing rill erosion rates for

calibration. These were measured by simulating overland flow without the

application of rainfall. The flow rates applied reflected those likely to occur

under normal field conditions and were maintained for approximately 7

minutes. Sediment loss was estimated from 4 samples collected during this

period. Sediment loss data, however, was not collected for the undisturbed

and sandstone plots as the high infiltration rates in these areas made it hard

to achieve overland flow. Representative samples from the sandstone plot

were transported to Queensland for flume analysis by Landloch Pty Ltd.,

whilst particle size analysis was used to estimate WEPP parameters for the

undisturbed site. Gravimetric soil moisture was also measured before and after

the simulation at depths of 0–5 cm and 5–10 cm below the surface and bulk

densities calculated for each erosion unit.

7.4.2 WEPP Model Calibration

Data obtained from the rainfall simulations and laboratory analysis were used

to derive runoff and erosion parameter values for the WEPP model using
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procedures consistent with the WEPP user guide (Flanagan and Nearing, 1995).

The WEPP input parameters derived for this study are interill erodibility, rill

erodibility, hydraulic conductivity and bulk density.

7.4.2.1 Interrill Erodibility

Interrill erodibility, a measure of the sediment delivery rate to rills, is

incorporated into the WEPP model through the derivation of an interrill

erodibility parameter (K1) for a particular surface condition (Flanagan and

Nearing, 1995). Interill erodibility is a function of rainfall intensity and runoff

rate and is derived from rainfall simulation on the basis of plot gradient

and delivery rate of sediment. The interrill parameter values derived for each

erosion unit are shown in Table 7.3.

7.4.2.2 Rill Erodibility

The susceptibility of a soil to detachment by concentrated flow is modelled in

WEPP as a function of rill erodibility (Kr) and critical shear stress (Tc). Rill

erodibility (Kr) is defined as the increase in soil detachment per unit increase

in shear stress of clear water flow whilst critical shear stress (Tc) is the shear

stress below which no soil detachment occurs (Flanagan and Nearing, 1995).

The function that relates these parameters to rill detachment capacity (Dc) is:

where T is the flow shear stress.
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These parameters were derived for each erosion unit from the overland flow

studies conducted on each rainfall simulation plot, or flume studies (Table 7.3).

The rill parameters (Tc and Kr) were estimated by plotting rates of detachment

in rills against T. The intercept of the fitted line gave Tc and the reciprocal of

the gradient of the line equated to Kr.

7.4.2.3 Hydraulic conductivity

Infiltration and runoff rates are predicted within the WEPP model through the

application of the Green-Ampt infiltration equation (Green & Ampt 1911);

where f = the infiltration rate at the soil surface (mm h−1);

Ks = the effective saturated hydraulic conductivity (mm h−1);

M = the antecedent moisture deficit (volume/volume);

S = the wetting front suction (mm), and;

F = the cumulative depth of water infiltration (mm).

Of the parameters in this equation, the effective hydraulic conductivity is the

key parameter for the WEPP model (Flanagan and Nearing, 1995). The Green-

Ampt hydraulic conductivity was estimated by fitting a Green-Ampt curve to

the measured infiltration rates, where priority was given to the final infiltration

rates rather than to initial data (Table 7.3). The suction at the wetting front
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was fitted based on the particle size distribution of the erosion unit (Landloch

Pty Ltd, 2001).

7.4.4 WEPP Model Application

The hillslope profile version of the WEPP model is applied in this study to

predict long term sediment loss and discharge per unit width for the 4 erosion

units found on the existing Jabiluka Mine site. Application of the WEPP model

requires the input of a climate file for the region and a soil, slope and plant/

management file for each plot being modelled. The climate file used in this

study was generated for the town of Gove, located approximately 500 km to

the east of Jabiluka as a file was not available for Jabiluka. However, Gove

is situated in a similar climatic and rainfall zone (Wet/Dry Tropics, rainfall

of approx. 1400mm), and the record covered a period of 87 years. Predicted

discharge and sediment loss for this period was assumed to reflect long term

trends at Jabiluka. A separate soil file was created for each erosion unit.

The soil file contains the intertill, rill and Green-Ampt hydraulic conductivity

parameters described previously, as well as the bulk density and particle size

distribution for each erosion unit. The slope file contains the length and angle

of slope segments within a plot, where a series of slope segments can be

used to model a complex slope profile. The slopes used in this study were

simple linear slopes with lengths and angles that reflected the characteristics of

the existing Jabiluka Mine. The plant/management files were derived from the

WEPP database to closely resemble the actual surface of the various erosion

unit types of the existing Jabiluka Mine.
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Table 7.3: Primary WEPP parameters inputted into WEPP simulations

 Natural Road/Disturbed Schist WRS Sandstone WRS

Interrill (kg s/m4) 300012 154032 154032 50000

Rill (s/m) 0.0248 0.0017 0.0004 0.0003

Critical Shear (pa) 2.0 14.4 9.8 26.1

Hydraulic

conductivity

2.032 16 17 30

Sand (%) 92 81.7 64 66.6

Clay (%) 5.3 14.6 29 26

Organics (%)* 0.5 0.5 0.5 0.5

CEC* 1.00 1.00 1.00 1.00

Slope Angle (%) 1–15 3–5 3–5 5–10

Slope Length (m) 20–100 100–166 100–166 100–166

* Please note organic carbon and cation exchange capacity (CEC) in sandy soils and mine

spoils is close to zero. The values entered are the lowest that the WEPP model permits

(Loch pers.comm. 2001).

The WEPP model was run for 87 years for each slope condition and erosion

unit. The output information from WEPP includes the date, total rainfall (mm),

runoff (mm), interrill detachment (kg/m*m), average total detachment (kg/m*m)

and sediment delivery (kg/m width) for each rainfall event contained in the

climate file (where WEPP assumes that there is only one rainfall event in one

day (Flanagan and Nearing, 1995)).
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7.4.5 Siberia Parameterisation

The SIBERIA model predicts landform evolution by modelling the long-term

average erosion and deposition occurring at a point. The fluvial sediment

transport rate through a point (qs) is modelled within SIBERIA by;

where: qs = m3 y−1, S = slope (m/m), A is area (m2) and β1, m1, m3, β3 and

n1 are fitted parameters.

The values for m3 and β3 used in this study, 0.59 and 0.0006, are those

calculated for the Ngarradj catchment by (Boggs et al., In Review).

7.4.5.1 Sediment Transport Model (m1)

The sediment transport model used in previous studies to derive the sediment

transport exponent, m1, for input into the SIBERIA model is of the form (Evans

et al., 1998; Willgoose and Riley, 1998);

where T is the total sediment loss, Q is the discharge (m3) and m3 and K

are fitted parameters.

The technique used here to calibrate the sediment transport model from WEPP

predictions was developed by Loch (pers. comm. 2001). The WEPP model is

used to provide long term records from the rainfall simulation experiments.
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This has the potential to introduce error in the calibration process and needs

to be investigated further in future studies. This involves fitting equation 7.4

based on the WEPP predicted event sediment loss versus event discharge.

However, initial investigations by Loch (pers. comm. 2001) indicated that the

low discharges were significantly skewing the relationship. In terms of sediment

transport, it is very important to fit an equation that models sediment loss

accurately at higher discharges. The modelled events are therefore ranked, and

those events less than the median are removed from the equation fitting process.

The m1 values fitted for each erosion unit are consistent with values fitted

on other mine sites (Evans et al., 1998; Moliere et al., 2002) and are shown

in Table 7.4.

Table 7.4: Values derived for the calibration and application of the SIBERIA

landform evolution model under different surface conditions at the Jabiluka

Mine.

 Sandstone WRS Road/Disturbed Schist WRS Natural

m1 1.3203 2.2389 1.5726 1.355

qs (m3) 0.00131 0.03628 0.04053 0.00104

m3 0.59 0.59 0.59 0.59

b3 0.0006 0.0006 0.0006 0.0006

A(m)2 61 133 133.5 56

S(m/m) 0.1 0.04 0.04 0.065

n1 0.69 0.69 0.69 0.69

β1 4.67 8554.09 464.47 6.39

B.D. 2.20 2.39 2.17 1.38
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7.4.5.2 Sediment Loss Coefficient (β1)

The sediment loss coefficient is fitted by solving equation 7.3 using the

previously derived parameters and site characteristics. The analytically derived

β1 values, and the values used in the parameterisation process, for each erosion

unit are shown in Table 7.4. The β1 parameter, however, must be adjusted if

the grid cell size of the

DEM used is not equal to 1. The correction factor applied is defined by

equation 7.5 and allows for the correct calculation of slope within the SIBERIA

model:

This correction factor is no longer needed in the latest version of SIBERIA

(V8.25) as it is built into the code and all discharge and sediment transport

rates are characterized per unit width. This improvement in SIBERIA arrived

too late to be used in this thesis. **

7.5 Landform Evolution Modelling

The SIBERIA model predicts landform evolution based on a grid of elevations

(DEM). SIBERIA also requires a boundary grid that defines the area of

operation for irregularly shaped regions and the location of catchment outlets.

Within this study, every cell surrounding each landform was considered to

be a possible outlet as the landforms are designed to shed water evenly.

The generation of the inputs and running of the model were conducted using
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standard GIS tools and the ArcEvolve extension, developed for linking the

ArcView GIS software package with the SIBERIA landform evolution model

(Chapter 4). The model was run for a period of 1000 years as mill tailings must

be contained for periods in excess of 1000 years and previous studies within

the region have examined this time period.

The SIBERIA parameters derived above for four existing surface conditions

at the Jabiluka Mine were applied to the final landform design grids for

the Original Concept and Amended Layout JMA proposals to evaluate the

potential long-term stability of the respective landforms under different surface

conditions. It should be recognised that these materials (and the associated

surface condition) may change over time such that the results presented here

should be viewed as a worst case scenario. The exact nature of the final

surface conditions has not been decided, however, descriptions in the JMA PER

(Kinhill and Associates and in association with Energy Resources Australia,

1998) indicate that the landforms will be covered with material excavated

during mine construction and operation and, in some cases, covered with a

layer of topsoil. The results of the landform evolution modelling presented

below should be incorporated into future decisions on both landform design and

surface condition at the Jabiluka Mine.

7.5.1 Original Concept Landform Design

The SIBERIA model predicts landform evolution over both short and long

time scales and has options that allow elevation grids to be output at various



hdl:1780.01/6410

211

time intervals within a simulation (Willgoose and Riley, 1998). The following

analysis describes predicted erosion and deposition on the original concept

landform design at 100, 500 and 1000 years under the surface conditions for

which parameters have been derived (Table 7.5). The spatial distribution of

erosion and deposition patterns predicted over 1000 years for each surface

condition are shown in Figure 7.4.

The highest denudation rates, representing the net loss of sediment, are

predicted on a landform covered with material from the schist waste rock

stockpile. Over a period of 1000 years, net lowering associated with the

schist surface condition is predicted to be more than 15 times that occurring

under a natural surface. This reflects the relatively rapid decomposition of

schist from large fragments into medium and fine gravel and clay rich detritus

which is susceptible to erosion and highly mobile once detached from the

surface. The road/disturbed surface condition is also susceptible to erosion, with

denudation rates of almost 0.1 mm yr. However, the highly competent and

immobile sandstone actually causes a lower denudation rate to be predicted

when compared with that under a natural surface (denudation rates recorded in

the surrounding Ngarradj catchment range between 37 and 77 mm ky” (Chapter

6).

The maximum depth of erosion is predicted to occur on the road/disturbed

surface condition with gullies of up to approx. 2 m expected to form over a

period of 1000 years (compared with a maximum depth of erosion of 0.8m on

the schist surface). This is despite the mean and net volume of erosion on a
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landform with road/disturbed parameters being about 2/3 of that occurring on

a schist surface (Figure 7.4). This is a significant prediction as the original

concept landform was designed to encapsulate the tailings deposit with a

minimum cover of only lm and demonstrates the need to identify a surface

condition's vulnerability to gullying as well as net sediment loss when designing

a stable landform. The modelling also supports research by Saynor et al. (In

Review) which has shown that natural soils within the area are particularly

susceptible to gullying if exposed and compacted.

Figure 7.4: A cross section of the mid-slope of the OC landform illustrating the predicted erosion

characteristics of each surface condition.
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Table 7.5: The net denudation rate (D.R.) and erosion/deposition statistics

predicted for the original concept landform design under four surface

conditions.

 D.R.

(mm yr-1)

Max. (m) Erosion

Mean (m)

[StDev]

Vol. (m3) Max (m) Deposition

Mean (m)

[StDev]

Vol. (m3)

Road/Dist.        

100 years 0.083 0.39 0.01 [0.02] 5756 0.18 0.014

[0.02]

1025

500 years 0.091 1.26 0.05 [0.09] 27752 0.23 0.04 [0.04] 1870

1000 years 0.096 2.03 0.1 [0.17] 56055 0.22 0.04 [0.04] 1442

Sandstone        

100 years 0.004 0.05 0.001

[0.001]

400 0.04 0.001

[0.002]

175

500 years 0.004 0.12 0.004

[0.005]

1900 0.1 0.006

[0.008]

762

1000 years 0.004 0.17 0.009

[0.009]

3688 0.14 0.01

[0.014]

1368

Schist        

100 years 0.119 0.23 0.02 [0.02] 9014 0.2 0.02 [0.03] 2225

500 years 0.126 0.6 0.08 [0.07] 40138 0.4 0.05 [0.06] 4190

1000 years 0.128 0.8 0.15 [0.12] 76629 0.5 0.06 [0.08] 3720

Natural        

100 years 0.0073 0.079 0.002

[0.002]

718 0.06 0.002

[0.004]

302

500 years 0.0075 0.17 0.008

[0.008]

3350 0.14 0.009

[0.013]

1240
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 D.R.

(mm yr-1)

Max. (m) Erosion

Mean (m)

[StDev]

Vol. (m3) Max (m) Deposition

Mean (m)

[StDev]

Vol. (m3)

1000 years 0.0076 0.23 0.015

[0.014]

6491 0.19 0.016

[0.022]

2150

Predicted spatial patterns in erosion on the original concept landform are shown

in Figure 7.6. These figures indicate that there are some common trends in the

distribution of erosion independent of the final surface condition. The highest

relative erosion rates are predicted in a large area running predominantly along

northern side of the landform and in smaller patches along the eastern and

southern sides of the landform. These areas represent an area of changing slope

(convex profile) at the lower end of long slope profiles (Figure 7.5). This

profile has been linked to higher erosion rates in previous studies (Willgoose

and Riley, 1998) and should be avoided in the final landform design.
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Figure 7.5: Profile from the centre of the landform to the northern side of the landform illustrating the

common area of higher erosion.
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Figure 7.6: Predicted erosion and deposition after 1000 yrs on the original concept landform design under

(a) sandstone; (b) schist; (c) road/disturbed and (d) natural surface conditions where the mean and standard

deviation of erosion and deposition for each surface condition are used to illustrate lower and higher areas of

erosion/deposition.
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The statistics describing deposition patterns predicted by SIBERIA tend to

show less variation between the surface conditions than those describing

erosion. Schist has both the highest mean and maximum deposition. However,

these values are less than 4 times the values predicted under natural surface

conditions. This indicates that the morphology of the landform is a dominant

factor in determining deposition rates, with limited deposition actually occurring

on the landform itself. This is important for considerations of potential

downstream impacts of a final landform design. Of particular interest is the

higher volumes of deposition which occur after 500 years than 1000 years

under the schist and road/disturbed surface conditions. This shows that sediment

that is deposited within the first 500 years is likely to be eroded and reworked

in the second 500 years.

Spatial patterns in deposition are also similar between the surface conditions in

terms of general location on the landform. Deposition primarily occurs on the

very edge of the southern, eastern and northern sides of the landform and along

the slight valley that exists on the western side of the landform. The areas on

the southern, eastern and northern sides of the landform are located on flatter

areas directly below the areas of high erosion which occur on the lower convex

slope profiles (Figure 7.6). This is common for areas of high slope changing

to low slope, but may indicate that much of the sediment will be deposited

directly around the landform itself if the landform is situated within a low relief

area. The lower valley area on the western side of the catchment is shown to be

a significant sediment store on the original concept landform. However, under



hdl:1780.01/6410

218

more erodible surface conditions (ie road/disturbed and schist), the upper valley

area is actually a zone of erosion.

7.5.2 Amended Layout Landform Design

The predicted erosion and deposition on the amended layout landform design

is shown in Figure 7.8 and Table 7.6. Similar relationships between the surface

condition and patterns in erosion and deposition can be seen when compared

with those observed on the original concept landform (Figure 7.6). That is, the

road/disturbed surface condition is associated with the development of extensive

gully networks, up to 1.8m deep, whilst the highest total denudation rates are

associated with the schist surface condition.
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Figure 7.7: A cross section of the mid-slope of the AL northern landform illustrating the predicted erosion

characteristics after 1000 yrs of each surface condition.
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Figure 7.8: Predicted erosion and deposition after 1000 yrs on the ammended layout landform design under

(a) sandstone; (b) schist; (c) road/disturbed and (d) natural surface conditions where the mean and standard

deviation of erosion and deposition for each surface condition are used to illustrate lower and higher areas of

erosion/deposition.
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Table 7.6: The net denudation rate (D.R.) and erosion/deposition statistics

predicted after 1000 yrs for the ammended layout landform design under four

surface conditions.

 D.R. (mm

yr−1)

Max. (m) Erosion

Mean (m)

[St Dev]

Vol. (m3) Max. (m) Deposition

Mean (m)

[St Dev]

Vol. (m3)

Road/Dist.        

100 years 0.071 0.42 0.01 [0.02] 8032 0.23 0.02 [0.02] 1872

500 years 0.077 1.32 0.05 [0.08] 38572 0.57 0.05 [0.07] 5070

1000 years 0.081 1.81 0.1 [0.14] 76373.5 0.7 0.07 [0.09] 5951

Sandstone        

100 years 0.005 0.02 0.001

[0.001]

729 0.05 0.002

[0.003]

296

500 years 0.0051 0.06 0.005

[0.005]

3562 0.13 0.008(0.01] 1351

1000 years 0.0052 0.11 0.01 [0.009] 6992.5 0.18 0.015

[0.018]

2468

Schist        

100 years 0.138 0.3 0.02 [0.02] 16611 0.25 0.03 [0.03] 4620

500 years 0.144 0.75 0.1 [0.08] 76235 0.69 0.1 [0.12] 13450

1000 years 0.147 0.99 0.19 [0.13] 145580 0.98 0.15 [0.18] 17610

Natural        

100 years 0.009 0.034 0.002

[0.002]

1302 0.08 0.003

[0.004]

519

500 years 0.0093 0.1 0.009

[0.008]

6302 0.17 0.014

[0.016]

2265

1000 years 0.0095 0.2 0.017

[0.015]

12310 0.23 0.025

[0.029]

4058
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However, the larger size of the amended layout landform means that the total

volumes of sediment being eroded and deposited are higher under all surface

conditions on the amended layout landform design. More clear differences in

predicted sediment movement on the two landform designs can be seen when

the total volumes are considered as a percentage of the total landform volumes.

Table 7.7 shows that the relative amount of sediment being eroded from the

amended layout landform design is consistently higher for all surface conditions

except under the road/disturbed surface. The deposition rates, however, are

higher for 3 out of 4 surface conditions on the amended layout landform

design. This is an important difference as it indicates that the original landform

design is more susceptible to gullying than the amended layout design whilst

also indicating that more eroded sediment is retained on the amended layout

landform design. The lower susceptibility to gullying on the amended layout

landform is likely to be a result of the shorter slope lengths associated with

the construction of separate smaller landforms. The large areas of low slope

between the waste rock stockpile and storage pits on the southern landform

of the amended layout landform design can be seen to act as a significant

sediment storage area, with eroded sediment being deposited within the valley

areas (Figure 7.8).
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Table 7.7: The predicted 1000 year erosion and deposition volumes for the

original concept and amended layout final landform designs expressed as a

percentage of the total landform volume

Surface Erosion (%) Deposition (%)

 Original Concept Amended Layout Original Concept Amended Layout

Road/Disturbed 2.63 2.01 0.07 0.16

Sandstone 0.17 0.18 0.06 0.06

Schist 3.60 3.83 0.17 0.46

Natural 0.30 0.32 0.10 0.11

7.6 Conclusion

Construction of the Jabiluka Mine, including the portal, retention pond and

other head works, began in 1998. A number of methods have been presented

for mining uranium at the Jabiluka Mine, with the JMA (subject to a

number of environmental requirements) being the most recently accepted

proposal. This paper has examined the JMA original concept and amended

layout landform designs presented in the Jabiluka PER as final landform

designs for the approved JMA proposal have not yet been presented. Rainfall

simulation experiments were conducted on four existing surface conditions at

the existing Jabiluka Mine site, including schist waste rock, sandstone waste

rock, road/disturbed surfaces and natural areas, as it is assumed that the final

landform surface will reflect one of these conditions. Data collected from these

experiments has been used to calibrate the WEPP model for each surface

condition. Parameters for the SIBERIA landform evolution model were obtained
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by applying the calibrated WEPP model to a long term climate record to predict

the long-term average erosion characteristics of each surface condition.

Landform evolution simulations were conducted for periods of 100, 500 and

1000 years for each landform design and surface condition. The original

concept landform design was found to have a lower denudation rate than the

amended layout landform design for the schist, sandstone and natural surface

conditions. However, the denudation rate and maximum erosion depths were

greater on the original concept landform design under a road/disturbed surface,

with gullies of up to 2m expected to form over the 1000 year period. This

is attributed to the longer slope lengths associated with the original concept

landform design causing more erosion if the surface condition is susceptible to

gullying. The higher slope angles of the amended layout landform design, on

the other hand, caused higher erosion rates under the other surface conditions.

Indeed, examination of the spatial patterns of erosion and deposition under

each surface condition revealed that although the greatest erosion rates occured

under the schist surface condition (D.R = 0.147 mmyr-1”), only the road/

disturbed surface showed clear signs of gullying. Erosion rates under the

sandstone and natural conditions were found to be minimal. The design of

the final landform for the accepted JMA proposal should therefore attempt

to minimise slope angles and lengths whilst avoiding schist or road/disturbed

surface conditions, unless adequate rehabilitation strategies are employed to

reduce the susceptibility of these surface conditions to erosion.
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Chapter Eight

Catchment Based Assessment of Post-mining Landforms at

Jabiluka

8.1 Thesis Context

This chapter examines the impact of the original concept (OC) and amended

layout (AL) post-mining landforms at Jabiluka on the hydrology and erosion

of the surrounding catchment. The study focusses on the catchments of three

tributaries of Ngarradj that directly drain the mine-impacted area (collectively

termed the ‘mine affected (MA) catchment) to demonstrate the techniques

involved. This chapter draws on research completed in Chapters one to seven

and develops an impact assessment method that is transferable to other post-

mining developments. The GIS tools developed in Chapter four are applied

to each catchment to assess the value of basic descriptors (eg mean slope,

catchment area etc) and geomorphic statistics (eg width function, hypsometric

curve etc.) for assessing changes associated with the construction of new

landforms on catchment form. Parameters derived from Chapters six and seven

for the Ngarradj catchment and mine surfaces respectively are used here to

examine the impact of each landform and surface condition on long term

landform evolution within the MA catchment.

8.2 Introduction

Mining of the environment is commonly associated with relatively short

duration, high impact activities. However, once mining has finished, there is
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a significant risk that the environment has been altered to such an extent that

wide-spread and long-term impacts may be experienced in the region. These

impacts can range from subtle to easily recognised changes and may only

register as impacts well into the future. The ability to identify these changes

and pre-empt future long-term impacts is therefore an important aspect of

managing the environmental impact of mining.

The design of post-mining landforms to accommodate mining by-products,

such as waste rock or tailings, is an important part of mine-site rehabilitation

planning (Evans et al., 1998, Willgoose and Riley, 1998). Post-mining

landforms generally become long-term features of a landscape and can have

particular implications for the erosion and hydrology of an area. For example,

increased erosion rates on a post-mining landform can lead to increased

sediment loads in downstream waterways (Evans, 2000). Environmental

modelling techniques provide tools for quantitatively investigating the impact

of different management scenarios before they are implemented, and have

therefore been suggested as appropriate methods for assessing mine site

rehabilitation (Boggs et al., 2000).

The structure and function of landforms can also be assessed using

geomorphometric techniques (Morisawa, 1988). The quantification of landform

morphology using basic statistics such as catchment area and slope or more

advanced tools such as hypsometry can be used to analyse and compare

processes and characteristics of different catchments (Hancock, 1997). This
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chapter advances on these studies by using these tools to investigate the impact

of post-mining landforms on geomorphology at the catchment scale.

This study uses geomorphometric and landform evolution modelling techniques

to quantify changes in the landform characteristics of the MA sub-catchment

associated with two described post-mining scenarios at the Jabiluka Mine. The

approach is based on the following five steps;

• developing digital elevation models (DEMs) that represent the proposed

‘long-term’ state(s) of the disturbed area and superimposing these on the

undisturbed catchment,

• deriving simple geomorphic descriptors, such as catchment area, maximum

flow length, mean elevation and slope etc. for the natural and proposed post-

mining landscapes

• obtaining complex geomorphic statistics, including the hypsometric curve,

width function, cumulative area diagram and area slope relationship for the

natural and proposed post-mining landscapes

• deriving spatially distributed SIBERIA input parameters that reflect different

potential post-mining surface conditions, and

• conducting landform evolution simulations to investigate the effect of the

different potential landform designs and surface conditions on long term

erosion and hydrology in the disturbed catchment.

This approach allows the researcher to identify the impact of the structure,

composition and positioning of different post-mining landforms at a catchment
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level. This chapter builds on information gathered from chapters one to seven

of this thesis.

8.2.1 Study Catchment

The Ngarradj catchment has been extensively described in previous chapters.

The mine affected catchment (MA) (420 ha), as defined here, covers less

than a tenth of the Ngarradj catchment and is composed of three distinct

subcatchments that completely encompass the Jabiluka Mine in their collective

catchment boundary. The three tributaries have been referred to as Tributary

North (TN), Tributary Central (TC) and Tributary South (TS) in previous

reports (Erskine et al., 2002; Moliere et al., 2002). These tributaries all flow in

an easterly direction from the high relief Jabiluka Outlier onto a large alluvial

fan. TN drains directly into the Ngarradj main channel whilst TC flows into

an anabranch of Ngarradj through a depositional zone and TS flows into a

larger north flowing tributary (Tributary West - TW) slightly upstream of its

confluence with the Ngarradj main channel (Figures 1.1 and 8.1).
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Figure 8.1: The mine affected (MA) catchment showing the TN, TC and TS streams and catchment

boundaries and the areas disturbed by the OC and AL design scenarios.

8.3 Development of Catchment Grids

The regular, spatially distributed representation of elevation contained in digital

elevation models (DEMs) can be used to rapidly generate information about the

land's surface. DEMs are a major input in the SIBERIA landform evolution

model and are used in geomorphometry to derive various catchment descriptors.

The ability to accurately assess the geomorphologic impact of a final landform

design scenario is therefore dependent on the generation of a DEM that

accurately represents the proposed final land surface.

The original concept (OC) and amended layout (AL) landform designs are

investigated in this study as they have been described in the Jabiluka Mill
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Alternative (JMA) Public Environment Report (PER) (Kinhill and Associates

in association with Energy Resources Australia, 1996). These landforms are

described in more detail in Chapter 7 and differ primarily in their storage of

tailings in either above-ground or below-ground facilities respectively. Chapter

7 also describes the development of DEMs for each of these scenarios. These

were produced on a 5 m grid and covered the landforms only. This chapter

requires the integration of the landforms with the pre-mining Ngarradj DEM.

Furthermore, a scaled approach to DEM resolution is required to maintain a

reasonable level of computer processing time for each scale of investigation.

The MA catchment was modelled using a grid cell resolution of 15 m as this

was found to most accurately represent surface features at this scale whilst

providing practical simulation durations.

The indicative contour data provided in the Jabiluka PER are superimposed

on 0.5 m contour data for the pre-mining catchment condition. However, the

proposed landform contours do not match directly with the contours of the

pre-mining catchment in most cases. In order to accurately model changes in

catchment structure, contours were added or adjusted to ensure that the new

landforms merged seemlessly with the pre-mining DEM. The contours were

then gridded using the TOPOGRID command in ARC/INFO 8.2®, which is

based on the anudem algorithm (Hutchinson, 1989). The final grids were pit-

filled in ArcView 3.2® and checked to ensure drainage conditions were correct.

However, the figures in the Jabiluka PER do not provide any indication of post-
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mining drainage construction and it is therefore assumed that runoff will be

directed by the elevation characteristics of the proposed landforms.

8.4 Catchment Geomorphometry

8.4.1 General Statistics

The first step in the GIS based impact assessment process is to examine basic

changes in catchment form associated with each particular landform design

scenario. Figure 8.2 shows the elevation, drainage network and catchment

boundary characteristics of the MA catchment for the pre-mining, OC landform

and AL landform design scenarios. Table 8.1 shows the area, perimeter,

maximum flow length, mean elevation and mean slope of the MA catchment

and the TN, TS and TC subcatchments.
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Figure 8.2: The MA catchment, showing the elevation, drainage network and catchment boundary

characteristics associated with the (a) pre-mining, (b) OC and (c) AL catchment conditions.

The pre-mining MA catchment can be seen to include three distinct sub-

catchments associated with the TN, TC and TS stream channels. TN is an

extremely elongated catchment, with a significantly larger maximum stream

length in proportion to catchment area compared with the TS and TC

subcatchments (Maximum Stream Length / Area). The TC subcatchment drains

most of the higher elevation areas of the catchment with TS being dominated

by lowland areas. The importance of these differences in catchment shape

and form are likely to have important implications in terms of hydrology and

sediment transport. For example, Moliere et al. (2002b) found that the longer
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lag time (time to peak runoff) of the TS catchment relative to the TN and TC

subcatchments could be modeled using simple catchment characteristics.

Table 8.1: General catchment statistics for the MA, TN, TS and TC catchments

based on the pre-mining, OC landform and AL landform design scenarios

Catchment/Landform Area (ha) Perimeter

(km)

Max. Flow

Length

(km)

MFL (m)/

Area (ha)

Mean

Elev. (m)

Mean

Slope (deg)

NC 423 12.7 3.75 8.9 45.4 4.8

OC 423 12.7 3.54 8.4 45.9 4.9MA

AL 423 12.7 3.67 8.7 46.2 5.1

NC 61 6.7 2.56 42 36.9 4.6

OC 256 11.8 3.54 13.8 56.6 5.8TN

AL 91 7.7 3.22 35.4 48.3 5.1

NC 267 13.2 3.75 14 50 4.7

OC 78 4.8 1.55 19.9 18.9 1.1TC

AL 236 12.8 3.67 15.6 48.7 4.8

NC 95 6.5 2.17 22.8 37.6 5.5

OC 89 6.5 2.17 24.4 38.6 5.8TS

AL 96 6.5 2.17 22.6 38.3 5.9

The OC landform design can be seen in Figure 8.2 and Table 8.1 to have the

biggest impact on catchment structure. The OC landform is a regularly shaped

landform that is positioned directly on the TC main channel. This causes much

of the catchment area of TC to be diverted into the TN drainage line, whilst TS

is relatively unchanged This increases the catchment area of TN by more than

four times and is likely to have significant consequences on the stability of the
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lower TN channel. Previous research has shown that this is an unstable area and

is prone to gullying (Saynor et al., In Review). A significant increase in stream

discharge would therefore be expected to cause extensive gullying and erosion

of the floodplain sediments surrounding the lower TN catchment. This may also

have significant downstream impacts as the TN channel drains directly into the

Ngarradj main channel, allowing eroded sediment to directly enter the Ngarradj

system. The design of the landform directs the orignal TC channel around the

western boundary of the new landform. This will have significant implications

for the stability of the landform and will most likely require the construction of

a hard channel feature such has been constructed for the diverted TN channel

at the existing Jabiluka Mine (Figure 8.2).

The remaining TC catchment contains the eastern portion of the final landform

and contains only low slope floodplain areas of the pre-mining catchment.

The significantly lower discharges entering this area is likely to cause the

TC channel to aggrade and sediment eroded from the eastern side of the OC

landform is likely to be stored in these areas. As the TC channel drained into

an anabranch of the Ngarradj channel this may also have implications for the

continuation of this feature. The TS subcatchment drains the southern side of

the OC landform, but has only a minor change in catchment area. There is

also a slight increase in mean slope that may have implications for erosion

in the subcatchment.

The impact of the AL landform on catchment structure is less obvious than that

associated with the OC landform. The proposed landforms are on either side of
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the main TC channel, allowing the main channel to flow near to its original

position the most notable feature is an increase in the area (50%) and maximum

stream length (25%) of the TN subcatchment associated with the diversion of

one of the northern TC tributaries into the TN channel. These changes are

likely to be reflected in increased gullying in the lower TN subcatchment due

to the relatively unstable nature of the area, but is likely to be less than that

experienced with the OC landform. This tributary, however, is only diverted

by the end of the northern landform and could be redirected into the TC

main channel with a slight modification to the landform's length. The original

TC main channel would need to be realigned to run between the constructed

landforms. The stability of this new channel will have direct implications for

the surrounding landforms and down stream areas. The changed hydrology, in

terms of reduced discharge, is relatively minor in terms of the original TC

subcatchment area but would also need to be considered in the channel design

and construction. TS will drain approximately half the southern landforms, but

has no real change in catchment area and maximum stream length. There is,

however, an increase in mean slope.

8.4.2 Geomorphic Statistics

8.4.2.1 Hypsometric Curve

The hypsometric curve has been described as a fundamental geomorphic

relationship from which inferences on catchment age and structure can be

formed. The hypsometric curves for the MA catchment with the pre-mining,

OC landform and AL landform conditions are shown in Figure 8.3(a). The
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general form of the curve resembles that of the monadnock landscape described

by Strahler (1952) in which the majority of the basin area is below the median

elevation. The curves and hypsometric integrals are able to detect a minor

change in hypsometry associated with the construction of the two landforms.

This change is confined to the lower end of the hypsometric curve and is

exaggerated in Figure 8.3(b). The actual shift in hypsometric curve appears

to be similar for both landforms, but more elongated for the amended layout

landform. Willgoose and Hancock (1998) have shown that the hypsometric

curve is sensitive to changes in catchment shape and drainage networks. As

the MA catchment boundary is constant between the three curves, it can be

assumed that the drainage characteristics of the mid to lower regions of the MA

catchment are likely to be affected by the proposed landforms. Furthermore,

the interruption to the consistently curving concave form of the hypsometric

may have important implications for the stability of the landforms based on

the catchment forming a consistent shape. In this context, the hypsometric

curves may indicate that the OC landform is less stable as it causes the greater

disruption to the form of the curve. However, the change in curve for the

overall catchment is minor indicating that the net impact on erosion rates and

landform stability are likely to be low.
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Figure 8.3: Hypsometric curves in the mine affected catchment based on the natural, amended layout and

orginal concept landform scenarios for (a) the whole catchment and (b) the mine affected portion of the

catchment.

The hypsometric curves for the TN, TC and TS sub-catchments are shown in

Figure 8.4 for each landform scenario. These curves show significant changes

to the elevation distributions in the TN catchment for both landform scenarios

and in the TC catchment for the OC landform scenario. Neither landform

appears to change the hypsometry of the TS catchment whilst the TC catchment

is relatively unaffected by the AL landform. Comparison of these figures with

Figure 8.2 indicate that the changes in hypsometry shown in Figure 8.4 are

primarily a result of changes in catchment boundaries rather than internal

changes in catchment elevations. For example, the TS catchment boundary is

relatively consistent for each scenario, but the internal elevations are affected

by each landform. This is not detected by the hypsometric curves. The TN

catchment, on the other hand, progressively captures more of the TC catchment

with the AL and OC landforms respectively, causing significant changes in the

hypsometric curves of the TC and TN catchments. The AL landform causes a
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tributary of the TC catchment to be diverted into the TN catchment This causes

a significant change in the hypsometric curve of the smaller TN sub-catchment,

whilst only having a minor affect on the larger TC catchment's hypsometric

curve. This indicates that the hypsometric curve is able to detect the relative

significance of changes.

Figure 8.4: Hypsometric curves for the TN, TC and TS sub-catchments with no landform, original concept

landform and amended layout landform.
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8.4.2.2 Width function

The width function measures the number of channels at regular distances from

the catchment outlet where distance is measured along the drainage path. Two

methods for calculating the width function have been included in the GIS tools

described in chapter 4: (1) the ‘simplified’ width function, in which every grid

cell is considered to be a channel; and (2) the ‘standard’ width function, in

which a drainage threshold is applied to define the channel network from a

DEM. The width function is sensitive to changes in channel network structure

and catchment boundary conditions. The width function is applied here to the

MA catchment as the catchment boundary is fixed and therefore changes in

the width function can be attributed to changes in the drainage characteristics

of the area. A drainage threshold of 100 cells (2.25 ha) was applied to derive

the standard width function.

Both the simplified and standard width functions are relatively constant for

the first three kilometres (ie maximum width is 2.5 km and minimum width

1.5 km in the simplified width function) (Figure 8.5). This demonstrates the

regular shape of the catchment as a whole, and is most likely a by-product

of applying the function to three neighbouring, parallel running catchments at

once. However, changes in the drainage structure associated with OC and AL

landform design scenarios can be observed using both methods. Within the

simplified width function the amended layout curve can be seen to follow the

trend of the natural catchment curve, with a slight positive off-set between

1500m and 3000m and negative off-set beyond 3000m. This ‘shortening’ of
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the catchment is likely to influence the hydrologic response of the catchment,

causing a more rapid time to peak discharge. The trend is more obvious in

the original concept width function, with a much higher number of grid cells

between 1500 m and 3000 m from the catchment outlet. Analysis of the general

basin geometries in section 8.4.1.1 showed that one of the TC main channels

had been re-directed into TN. The change in the width function most likely

reflects this change and indicates that discharge from the upper TC catchment

has a shorter distance to the TN catchment outlet.

Figure 8.5: Simplified (a) and standard (b) width functions for the mine affected catchment.

The standard width function indicates that the AL and OC landforms cause an

increasingly regular distribution of channels within 3000 m of the catchment

outlet when compared with the natural catchment (which has a distinct peak in

the number of channels between 1000 m and 1500 m and a trough between

1500 m and 2500 m). Analysis of the DEM indicates that this change is

predominantly associated with the upper area of the TS catchment in which

both the OC and AL landforms cause the flat, numerous ‘channelled’ streams
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to become well organised into fewer channels that drain the southern part of

each landform. Previous studies by Moliere et al. (2002) have shown that this

catchment has a distinctive hydrologic response due to the flat and complex

morphology of this subcatchment. This change in channel form may change

this response and influence the downstream form of the stream. The increased

number of channels between 1500 m and 2500 m can be attributed to the re-

direction of the TC channel into TN, as the shorter distance to the catchment

outlet means that the 1500 - 2500 m band shifts upstream to cover the minor

tributaries of TC before they aggregate to form the main TC channel.

The simplified and standard width functions for the TC, TN and TS catchments

are shown in Figure 8.6. Once again, the general shape of the two functions are

similar indicating that both functions are able to detect changes in catchment

form. However, the standard width function appears to be more sensitive to

catchment changes. The figure indicates that the hydrology of the TN catchment

will be significantly affected by construction of the OC post-mining landform.

The form of the width function changes from a relatively flat curve to a sharply

peaked form with a maximum value almost 4 times greater than the pre-

mining catchment. As the width function approximates hydrologic response, this

indicates that the catchment will be exposed to a significant increase in peak

discharges and is likely to cause the lower floodplain areas of the catchment

to become unstable. Although the AL landform also increases the area of the

TN catchment, the width function is only extended and has similar peak values
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indicating that flood duration will be increased, but peak discharges should

remain similar.

The opposite trend is shown in the TC catchment, with the OC landform

significantly reducing the height and width of the width function whilst the

AL landform reduces the flood peak slightly. The floodplain area of the TC

catchment is a significant depositional zone and joins an anabranch of Ngarradj.

If discharge, and therefore sediment delivery, are significantly reduced this area

may be eroded by the Ngarradj anabranch and could have implications for the

stability of the OC landform where it borders the floodplain. The simplified

width function indicates only minor changes in the TS catchment. The standard

width function, however, shows a decrease in channel density half way up

the TS catchment with the AL and OC landforms. This is the area of the

TS catchment on which the landforms will be constructed, indicating that the

landforms will create a more defined drainage pattern in this relatively flat

area of the catchment.
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Figure 8.6: Simplified (a-c) and standard (d-f) width functions for the TN, TC and TS sub-catchments under

each landform.
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8.4.2.3 Cumulative Area Diagram

The cumulative area diagram describes the spatial distribution of areas within a

catchment and has been used as a means of characterising the flow aggregation

structure of channel networks (Rodriguez et al., 1992). The cumulative area

distribution can generally be classified into three regions: (1) rainsplash/

interrill erosion dominated areas; (2) channelised flow dominated areas; and

(3) downstream large channels approaching the catchment outlet. The MA

catchment cumulative area distribution appears to obey this distribution (Figure

8.7). As would be expected in this relatively small catchment, there is a

significant proportion of the catchment dominated by diffusion processes and

channelised flow. The OC and AL landforms only appear to influence the

channels with catchment areas greater than 15 ha and 30 ha respectively. The

OC and AL landforms, however, can be seen to influence the curve in different

ways. The OC curve deviates negatively from the natural catchment before

extending the tail of the curve whilst the AL landform curve increases the

number of grid cells with catchment areas greater than between 30 ha and 85

ha. These are interesting changes as they are directly opposed and demonstrate

two different changes to the channel structure of the MA catchment. Within

the OC landform scenario, the re-direction of the TC channel into the TN

catchment removes this significant portion of channel from the TC catchment.

The AL scenario, on the other hand, diverts some of a tributary of TC into

the TN catchment creating a situation where there is a greater number of

these medium to large catchment areas channels. The changes detected in this

portion of the cumulative area distribution indicate the floodplain areas of the
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MA catchment are most likely to experience impacts from the post-mining

landforms at Jabiluka.

Figure 8.7: Cumulative area diagram for the MA catchment under natural, amended layout and original

concept landform design scenarios.

The cumulative area diagrams for the TN, TC and TS catchments are shown

in Figure 8.8. The significant affect of the OC and, to a lesser extent, the

AL landform on the cumulative area diagrams for the TN and TC catchments

are associated with the redirection of TC tributaries into the TN catchment.

This causes the curve to be greater in all regions of the TN catchment and

reduced in all areas of the TC catchment. The relatively constant decline of

the cumulative area diagram in the OC landform affected TC catchment also

indicates that this will be a poorly developed catchment, almost lacking a

channelised region. The cumulative area diagram shows no changes in the TS

catchment.
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Figure 8.8: Cumulative area diagrams for the TN, TC and TS subcatchments under a natural catchment,

original concept and amended layout landform design.

8.4.2.4 Area-slope relationship

The area-slope relationship for the MA catchment is shown in Figure 8.9. The

curve has been divided into two regions: (1) areas dominated by diffusion

processes which act to round the landscape; and (2) fluvial dominated areas
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in which slope decreases with increasing catchment area. The curves fitted to

the fluvial portion of the relationship indicate that the amended layout landform

changes the area-slope relationship when compared with the OC and natural

landscapes the slope of this line has been used as an indicator of the erosion

characteristics of a catchment and has been linked to the m1 and m2 parameters

used in the SIBERIA model (Moliere et al., 2002). Higher slopes have been

reported as being related to incised landforms with deeper and more valleys

(Willgoose and Loch, 1996; Evans et al., 1998 (Moliere et al., 2002). This may

therefore indicate that more erosion and valley development is likely to occur

under the amended layout landform design scenario.

Figure 8.9: Area slope relationships for the mine affected catchment under natural, amended layout and

original concept landform design scenarios (the fitted line is a power function fitted to the fluvial portion of

the area slope relationship (area = 10).
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The area slope relationships for the TN, TC and TS catchments are shown

in Figure 8.10 with a power function fitted to the fluvial dominated portion

of the curve. The catchment showing the most significant change in the area

slope relationship is the TC catchment with OC landform. Although the slope

of the line is similar to that of the natural and AL landform, it is constantly

lower. This indicates that the relationship between drainage area and slope is

similar, but that slopes are consistently lowered after construction of the OC

landform. This reflects the effect of redirection the main TC channel into the

TN catchment, leaving only the downstream, low slope area of the catchment.

Interestingly, the AL and OC landforms cause similar changes to the area slope

relationship in the TN catchment, with consistently higher slopes. The area

slope relationships for each landform scenario are similar, although the OC

landform area-slope relationship has an slightly lower slope indicating that it

is a less incised landscape.
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Figure 8.10: Area-slope relationships for the TN, TC and TS catchments for the OC, AL and natural landform

scenarios.

8.5 Landform Evolution Modelling

8.5.1 SIBERIA Parameters

The SIBERIA landform evolution model has been parameterised for different

surface conditions present in the Ngarradj catchment in previous chapters.

SIBERIA models hydrology using a simple discharge area relationship. This

relationship was parameterised in Chapter six for the Ngarradj catchment based



hdl:1780.01/6410

250

on long-term hydrology modelling described in Chapter five. Previous studies

have found that this relationship is relatively insensitive to surface condition

and more directly reflects catchment form (Willgoose and Riley, 1998; Moliere

et al., 2002). These hydrology parameters are therefore adopted throughout

this project. SIBERIA'S sediment loss parameters, on the other hand, were

found by Moliere et al. (2002) to be highly sensitive to surface condition.

Sediment loss parameters have therefore been derived for a number of surface

conditions present in the Ngarradj catchment. Chapter six derived SIBERIA

parameters values for the SC (where m1 represents the entrire SC catchment

and B1 represents the WC subcatchment), UM and ET sub-catchments based on

data derived from an intensive stream monitoring program. These parameters

reflect the different erosion characteristics of each sub-catchment; the WC

subcatchment is representative of lowland areas with deep sands whilst the ET

and UM sub-catchments are dominated by upland areas with shallow sandy

soils and exposed rock. They also represent a gradation in catchment size, with

ET being the smallest and UM the largest. These parameters were successfully

used to model landform evolution in the Ngarradj catchment using a DEM that

had a grid cell resolution of 50m. Rainfall simulation experiments have also

been used to derive parameters for SIBERIA (Chapter seven). These parameters

are representative of existing conditions at the Jabiluka Mine and include schist,

sandstone, road/disturbed and natural areas. SIBERIA modelling based on these

parameters was used to investigate erosion and deposition on the OC and AL

landform designs using DEMs with a grid cell resolution of 5 m in Chapter

seven.
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In order to use landform evolution modelling to investigate changes in

catchment hydrology and geomorphology associated with mining at Jabiluka it

is necessary to combine these parameters. That is, areas impacted by mining

and natural areas need to be identified and appropriate parameters assigned to

them. The area affected by the OC and AL mining proposals, including the

area described as being reshaped to the original landform, were digitised and

converted to 15 m grids for input into the SIBERIA modelling of the MA

catchment.

A number of ‘natural’ parameters have been solved for areas of the Ngarradj

catchment, including those for the ET, UM and WC subcatchments in Chapter

6 and the ‘natural’ parameter values calculated using rainfall simulation

experiments in Chapter seven (Table 8.2). Landform evolution in the MA

catchment was simulated using each ‘natural’ set of parameters for a period

of 1000 years using the SIBERIA model to investigate which set of parameter

values gave the most reasonable predictions. The 1000 year denudation rates

predicted by each of these parameter sets are shown in Table 8.2. The

denudation rate predicted using the rainfall simulation based natural parameters

is grossly under predicted (1 mm/ky−1) when compared with predictions made

using the other parameters (where field data in the Ngarradj catchment has

calculated denudation rates to range between 37 and 77 mm ky−1 (Table 6.8)).

The rainfall simulation parameters are therefore not appropriate at the catchment

scale. Application of SIBERIA using the WC, UM and ET parameters to the

final landforms only, however, significantly over-predicted sediment loss whilst
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the rainfall simulation natural parameters predicted reasonable denudation rates

(8 mm ky−1) given the low slope characteristics of the landforms. The WC,

UM and ET parameters are therefore not appropriate for use at the post-mining

landform scale.

Table 8.2: Sediment loss parameters derived for different natural areas of the

Ngarradj catchment and the denudation rates predicted for the MA catchment.

 ET UM TW Rainfall Sim.

m1 1.16 1.21 1.11 1.355

β1 73.6 142.0 118.2 6.39

D.R. (mmky−1) 61 110 150 1

The ability to scale up parameters from plot based studies or scale down

parameters from catchment based studies is a significant issue that has been

highlighted by this research and requires further investigation. Comparing the

predicted denudation rates with natural data collected from the surrounding

Alligators Rivers Region (ARR) (Figure 8.11) the ET parameters were found

to be the most appropriate and attached to the natural areas of the catchment.

Within the mine impacted region, the rainfall simulation derived parameters

were used to model landform evolution. This allowed direct comparisons of the

impact of different landform designs and surface material. The incompatibility

between the rainfall simulation natural parameter values and ET parameter

values means that the predictions of erosion and deposition distributions

based on the landforms being rehabilitated to a ‘natural’ surface condition

are unreliable. Therefore, results of this ‘natural’ modelling are presented in
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the next section but are not discussed, with comparisons instead being made

between the other surface conditions and with pre-mining erosion distributions.

Figure 8.11: Sediment loss versus catchment area for natural data collected within the Alligators Rivers

Region (which Ngarradj forms part of) (Moliere per. comm., 2001) with sediment loss predicted by SIBERIA

using the ET, WC, UM and rainfall simulation derived parameter values.

8.5.2 Application

The impact of the OC and AL post-mining landforms on long-term erosion

and deposition within the MA catchment is assessed in this section using

the SIBERIA model to predict landform evolution over a period of 1000

years. Furthermore, four different rehabilitation scenarios are considered for the
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landforms and associated disturbed areas. As discussed above (section 8.5.1),

this is achieved using parameter values derived in Chapter 7 (using rainfall

simulation techniques) for the area disturbed or occupied by the final landforms

and parameter values derived for the ET subcatchment (Chapter 6) for the rest

of the MA catchment (Figure 8.1).

8.5.2.1 Original Concept Landform

The predicted distribution of erosion and deposition within the MA catchment

with the OC post-mining landform incorporated into the DEM and four

potential surface treatments on the disturbed area are shown in Figures 8.12

(b) to 8.12 (e). Figure8.12 (a) shows predicted erosion and deposition within

an undisturbed catchment. Comparison of the figures indicates that erosion and

deposition patterns are predicted to be considerably changed after construction

of the OC post-mining landform. However, the extent to which this is expected

to occur is dependent on the surface condition of the disturbed area. Four cross

sections of erosion/deposition taken at approximately 300m intervals moving up

the MA catchment are shown Figures 8.13 and 8.14. As shown in Chapter 7,

the greatest predicted erosion is associated with a surface covered by schist

waste rock while a road/disturbed surface cover is likely to cause increased

gullying. The sandstone waste rock surface condition is found to be very stable.
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Figure 8.12: (a) Natural erosion and deposition patterns in the MA catchment and predicted erosion and

deposition with the OC landform design and (b) sandstone, (c) road/disturbed, (d) schist and (e) natural

surface conditions.
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Figure 8.13: Location of the cross sections shown in Figure 8.14(a) cross section of the western portion of the

landform is shown in Figure 8.15)

Figure 8.14: Cross section profiles (N to S) of the OC affected MA catchment

A significant outcome of this modelling, however, is the ability to examine

the ‘off-site’ impacts of each landform surface condition. The sandstone waste

rock surface condition, for example, is extremely stable on the landform itself,

but has increased predicted erosion around the north-western, northern and

eastern sides of the OC landform (relative to the schist and road/disturbed

surface conditions). This is most clearly seen in Figure 8.14(b), which is a

cross-section of the north-eastern area and shows the OC landform/pre-mining

catchment boundaries at approximately 600m and 700m. At these points there

are simulated gullies associated with the sandstone surface condition, whilst

erosion is negligible between the gullies on the landform itself. This indicates

that the lower erodibility of the sandstone surface cover is likely to cause

water shed by the landform to become an erosive agent at the boundary with

the surrounding catchment surface and will need to be properly managed to

limit off-site erosion. This reduction in sediment loads is also likely to lead

to decreased channel stability in the lower portions of the tributary channels.

The areas under the schist and road/disturbed surface conditions, on the other

hand, are primarily stable or depositional zones. The schist surface condition,
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in particular, develops a large, shallow depositional fan along the northern edge

and has more than two metres of predicted deposition where the pre-mining

TC channel meets the edge of the OC final landform. The contrast of this

simulated deposition versus gullying can be seen clearly in Figure 8.14(c) at

approximately 300m. Management of the off-site impacts associated with the

schist and road/disturbed surface conditions will therefore have to focus on

limiting the amount of sediment leaving the landform.

The sandstone surface cover scenario also causes a large gully (> 2m deep)

to form in the simulations adjacent to the northern edge of the OC landform.

This can be seen in Figure 8.14(b) and at approximately 300m in Figure

8.14(d). This is a signficant feature as it occurs on a channel that drains a

large proportion of the upper catchment and may lead to undercutting of the

OC landform itself. On the other hand, sediment eroded from the schist or

road/disturbed covered landform is deposited directly adjacent to the landform

within the channel. This stream is therefore likely to be a significant conduit

for sediment eroded from the schist or road/disturbed covered landform to the

lower MA catchment floodplain, and into the Ngarradj creek system.

On the up-stream (western) side of the disturbed area the pattern is reversed.

That is, greater deposition is predicted to occur in the natural catchment slightly

up stream of the disturbed area under sandstone waste rock surface conditions.

This results in a significant tributary being redirected around the western

disturbed area (Figure 8.12 and 8.15). Under road/disturbed conditions a gully

forms on the disturbed area, resulting in only a slight displacement of the
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tributary channel but significant erosion (gully depth of l-2.5m). The boundary

of the disturbed/undisturbed conditions does not appear to affect the position of

die tributary under schist conditions.

Figure 8.15: Cross section along the western disturbed/undisturbed boundary.

Table 8.3 contains predicted denudation rates for different areas of the MA

catchment under pre-mining conditions and the four surface conditions with the

OC landform. Rehabilitation of the disturbed area using sandstone waste rock

will lower the net denudation rate for the MA catchment by approximately 10

mm/kyr, whilst an increase of 14mm/kyr will be experienced if schist waste

rock is used. The road/disturbed surface appears to have no impact on the long-

term denudation rate of the MA catchment. The denudation rates calculated for

the OC landform in Table 8.3 include the areas disturbed by mining (primarily

to the west of the landform). This causes the denudation rates to differ from

those calculated in Chapter 7. Although the basic trend is similar (ie schist

is most erodible and sandstone least), the sandstone figure actually indicates

there will be a net aggradation in this area, whilst the road/disturbed denudation

rate is very low relative to the schist surface condition. This indicates that

a significant amount of sediment is being stored in the western area of the

disturbed area under road/disturbed surface conditions.

Table 8.3: Denudation rates (mm/yr) associated with the OC landform

Surface Condition MA Catchment Landform Floodplain Uplands

No Landform 0.061  −0.019 0.069



hdl:1780.01/6410

259

Surface Condition MA Catchment Landform Floodplain Uplands

Sandstone 0.051 −0.060 −0.016 0.057

Road/Oist. 0.067 0.001 −0.024 0.075

Schist 0.075 0.084 −0.022 0.084

Natural 0.051 −0.060 −0.017 0.058

The MA catchment was divided into upland and floodplain areas based on

the 15m contour, where the landform is contained in the upland portion of

the catchment. Under road/disturbed and schist waste rock surface conditions,

deposition on the floodplain was found to aggrade the area at a rate greater than

the pre-mining catchment. The sandstone surface conditions, on the other hand,

cause sediment to deposit on the floodplain at a lower rate than pre-mining.

Examination of the cross section in Figure 8.14(a), which crosses the centre

of the flood plain, supports this, showing slightly lower volumes of deposition

under sandstone surface conditions on the southern side of the floodplain. This

indicates that less sediment is reaching the floodplain under sandstone surface

conditions. Given evidence that this area is vulnerable to gullying (Saynor et

al., In Review) this sediment deficit may result in further extension of the gully

network. As would be expected, the lower erosion rates on the OC post-mining

landform under sandstone surface condition causes the denudation rate for the

uplands area to be lower than before mining. Road/disturbed and schist upland

denudation rates are higher.

Data collected from the SC gauging station on Ngarradj was used to estimate

the downstream impact of each surface condition on sediment loads in

Ngarradj. The volume and mass (based on a bulk density of 1.38) of sediment
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entering the Ngarradj system from the MA catchment are shown in Table 8.4.

These predicted sediment loads were compared with the pre-mining sediment

loads predicted by SIBERIA and their relative impact on the water quality in

Ngarradj was calculated using the annual average discharge shown in Chapter

5 (23,860 ML). Evans et al. (In Review) found the background sediment

concentration at Swift Creek was 139 mg/L and the standard deviation of the

suspended sediment is 33mg/L. Brown et al. (1985) suggest that the mean value

of the altered variable should not be greater than one standard deviation of the

natural distribution. Predictions by SIBERIA therefore indicate that there will

be no significant long-term impact on water quality in Ngarradj associated with

the OC landform design and any of the four surface condition scenarios.

Table 8.4: Predicted impacts on water quality in Ngarradj (where deviation

is the difference between the post-mining and pre-mining sediment transport

rates).

Surface

Condition

MA

Catchment

D>R.(mm/yr)

Sed. Vol.

(m3/yr)

Sed. (Mg/yr) Deviation

(Mg/yr)

Impact on

SC(mg/l)

Pre-mining 0.061 258 356   

Sandstone 0.051 216 298 −58 −2.4

Road/Dist. 0.074 313 432 76 3.2

Schist 0.068 288 397 41 1.7

Natural 0.051 216 298 −58 −2.4
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8.5.2.2 Amended Layout Landform

The predicted spatial distribution of erosion and deposition based on the AL

landform and the four described surface condition scenarios are shown in

Figures 8.16(b) to 8.16 (e). Figures 8.18 (a) to 8.18 (d) show cross sections

of erosion/deposition at approximately 300m intervals moving up the catchment

(Figure 8.17). On the constructed landforms, erosion is again found to be

greatest under a schist waste rock surface cover and least under sandstone waste

rock. A road/disturbed surface cover can be seen to increase simulated gullying.

Figure 8.16: Predicted erosion and deposition in the mine affected catchment with the amended layout

landform design and (a) pre-mining catchment, (b) sandstone, (c) road/disturbed, (d) schist and (e) natural

surface conditions.

Figure 8.17: Location of the cross sections shown in Figure 8.18(a cross section of the western disturbed area

is shown in Figure 8.19).

Figure 8.18: Cross section (N to S) profiles of the AL affected catchment showing

Similar impacts on predicted denudation rates across the MA catchment are

shown for the AL landform as for the OC landform, with schist and road/

disturbed surface conditions increasing the denudation rate whilst it decreases

with sandstone (Table 8.5). However, the relative effect of the road/disturbed

and schist surface conditions are reversed (with each being increased and

decreased respectively). As the relative erosion from the landform itself

maintains the schist as the most erosive unit, it is likely that this indicates that
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sediment eroded from a schist surface is largely deposited within the catchment,

whilst sediment is more readily transported from the catchment under road/

disturbed conditions. The processes driving this relationship require further

investigation. This finding, however, is significant as it implies more sediment

will be delivered into the Ngarradj creek system if a road/disturbed surface

is constructed despite this surface condition being less erodible than a schist

surface (where modelling of only the AL landform in Chapter 7 showed schist

to be the most erodible surface condition).

Table 8.5: Denudation rates (mm/yr) associated with the AL landform

Surface Condition MA Catchment Landform Floodplain Uplands

No Landform 0.061  −0.019 0.069

Sandstone 0.051 −0.094 0.007 0.055

Road/Dist. 0.074 −0.03 −0.013 0.082

Schist 0.068 0.039 −0.047 0.079

Natural 0.051 −0.094 0.003 0.055

The relationship for the AL landform design between predicted erosion on and

around the constructed landforms and surface condition is similar to that shown

for the OC design. As can be seen in Table 8.5 and Figures 8.16(b) - (e) and

8.17 (b) -(c), the most erosion on the landform occurs under a schist surface

condition, road/disturbed conditions tend to erode in gullies whilst sandstone is

stable on the landform but increases erosion in adjoining natural areas. This

matches intuitive expectation indicating SIBERIA is correctly able to model

erosion variations between surface conditions. The effect of these simulated

erosion patterns on the drainage patterns in the MA catchment, however, is
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more significant in the AL catchment. That is, deposition of sediment eroded

from the schist and road/disturbed surface conditions causes the TC channel

(or part of in the case of the road/disturbed surface condition) to be diverted

into the TN channel near the top of the AL landform. This has significant

downstream implications for the TN channel.

In Figures 8.16 (a) to 8.16 (e) and 8.18 (a) deposition patterns on the floodplain

of the MA catchment, as defined by the 15m contour, appear to be similar

for each surface treatment. However, Table 8.5 indicates that deposition on the

floodplain is more than doubled under schist surface conditions, whilst there

is actually predicted erosion of the floodplain if the AL landform is covered

in sandstone. Further investigation of Figures 8.16 (a) to 8.16 (e) indicates

that erosion and deposition patterns differ between each surface treatment in

the north-western areas of the floodplain. Figure 8.19 shows a cross section of

the area between the northern waste rock dump and the eastern edge of the

floodplain. The cross section clearly shows simulated erosion is increased below

the northern waste rock dump if the AL landform is covered with sandstone,

whilst this area is a depositional zone under a schist surface cover scenario.

Erosion/deposition rates for each surface treatment, however, become similar on

the eastern edge of the floodplain. The significantly greater impacts of the AL

landform versus those of the OC landform on the floodplain area of the MA

catchment can therefore be largely attributed to the proximity of the northern

waste rock dump to the floodplain.
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Figure 8.19 Cross section of predicted erosion and deposition on the northern floodplain of the MA catchment

with an AL landform design scenario.

The predicted impacts on the floodplain of the MA catchment are perhaps

of even greater concern, as the modelling conducted here does not consider

potential flood events from the main Ngarradj channel. The floodplain of the

MA catchment forms part of an anabranch of the main Ngarradj channel and is

therefore likely to be inundated during high flow events. This has implications

for the distribution of sediments eroded from the landform itself (ie under schist

conditions) or, combined with gullying around the landform and decreased

downstream channel stability associated with a sandstone surface, may lead to

undercutting of the landform. Further investigation of the vulnerability of the

area to flooding from the Ngarradj main channel should be further examined

and/or modelled.

The surface condition that is predicted to cause the most erosion in the uplands

area of the MA catchment is the road/disturbed surface. This is the only surface

condition to experience an increase in the denudation rate relative to the OC

landform design.

The impact of each surface condition on water quality in Ngarradj is shown in

Table 8.6. The AL landform is also not predicted to have any significant impact

on water quality in Ngarradj, with the reduction in sediment loss associated

with the sandstone surface condition being the greatest impact.
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Table 8.6: Predicted sediment loss from the MA catchment and relative impact

on water quality in Ngarradj associated with the AL landform and four surface

conditions.

Surface

Condition

MA

Catchment

D.R(mm/yr)

Sed. Vol.

(m3/yr)

Sed. (Mg/yr) Deviation

(Mg/yr)

Impact on

SC(mg/l)

Pre-mining 0.066 279 385 0  

Sandstone 0.051 216 298 −87 −3.6

Road/Dist. 0.067 283 391 6 0.3

Schist 0.075 317 438 53 2.2

Natural 0.051 216 298 −87 −3.6

8.6 Conclusions

This chapter has presented methods for assessing the impact of the structure,

composition and positioning of post-mining landforms on the surrounding

catchment and has applied these methods at the Jabiluka Mine. The

proposed landforms were found to only cause minor changes in catchment

geomorphometry for the entire mine affected catchment. Simple geomorphic

descriptors found the OC landform caused maximum flow lengths to decrease

whilst the AL landform caused greatest changes in mean elevation and

slope. However, the simple geomorphic descriptors found the OC landform

significantly changed the morphology of the TN and TC sub-catchments, as

the landform diverted the upper TC channel into TN. This caused the TN

catchment to almost quadruple in size and has significant implications for the
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stability of the lower catchment. Tributary south was largely unaffected by

either of the proposed landforms.

More advanced geomorphic statistics applied in this analysis as tools

for assessing the impact of proposed post-mining landforms included the

hypsometric curve, width function, cumulative area diagram and area slope

relationship. The hypsometric curve indicated the AL landform would cause

greatest changes to the lower elevations of the MA catchment. At the sub-

catchment scale, it indicated both the AL and OC landforms would cause

significant changes to the TN catchment but only the OC landform significantly

changed the hypsometry of the TC catchment. Both the standard and simplified

width functions indicated the OC landform would cause the greatest changes

to the hydrologic response of the MA catchment and TN, TC and TS

subcatchments. The cumulative area diagram was found to be less sensitive to

catchment change. Changes detected, however, indicated that the AL and OC

landforms would cause directly opposing changes to the channel structure of

the MA catchment in the medium to large channels. This was associated with

the diversion of TC and further supported in the cumulative area diagrams for

TC and TN. The area slope relationship also detected changes associated with

the diversion of the TC channel. Importantly, however, it detected changes in

the TS catchment, with the OC landform causing a reduction in the slope of

the fluvial dominated curve.

Application of the SIBERIA model to the post-mining landscape has shown

the importance of modelling a potential landform within a catchment context.
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The sandstone surface condition, for example, was found to form a stable

surface condition on the post-mining landform but led to increased instability

in areas surrounding the landform. The interaction between landform design

and surface condition was also shown, with the schist surface condition causing

the greatest sediment loss from the MA catchment with the OC landform,

whilst the road/disturbed surface condition was predicted as causing the greatest

erosion if the AL landform was adopted. However, issues were encountered

when attempting to scale up plot based or scale down catchment derived natural

parameters and requires further investigation. No landform or surface condition

was found to significantly change downstream sediment concentrations in the

Ngarradj system.

Collectively, these tools allow managers to assess different post-mining

scenarios in terms of both their potential long-term stability and environmental

impact. Furthermore, they allow managers to identify and proactively manage

potential problems associated with the chosen post-mining landform design

scenario.



hdl:1780.01/6410

268

Chapter Nine

Conclusions and Future Research

9.1 Conclusions

The mining process can generate significant volumes of waste material. This

material is often left on-site following the completion of mining activities and is

stored in engineered post-mining landforms that subsequently become long-term

features of the landscape. It is therefore necessary to quantitatively examine

the long-term impact of these landforms on their surrounding catchment in

order to identify the optimum landform design, surface condition and position

to minimise environmental impacts. This thesis has developed an approach

to assessing the effect of post-mining landforms on catchment hydrology,

sediment transport and catchment form using GIS and modelling techniques.

The approach has been applied to the ERA Jabiluka Mine in the Northern

Territory of Australia, but can be adapted to any situation in which their is a

need to construct new landforms.

The project was broken into seven objectives to achieve the overall aim of the

research. Conclusions relating to each of these objectives are discussed below.

9.1.1. Objective 1

Develop a simple erosion risk model, (Chapter two)

A relatively simple, rapid erosion assessment model was developed in Chapter

two. The model is adapted from the RUSLE and can be applied using widely
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available spatial data sets and standard GIS tools. DEM based elevation data

should be used in the method as it is shown in the Ngarradj catchment to

improve the validity of the results based on comparisons with field data. Two

methods for calculating slope length are also investigated, with the accumulated

flow (AF) technique proving to be the more reliable estimation method. The

comparison of predicted soil loss ratios with measured in-stream sediment

yields on a sub-catchment basis indicated that the rapid erosion assessment

method tends to be increasingly influenced by area with decreasing data

resolution. However, it must be remembered that the rapid erosion assessment

method has been designed simply as a means for quickly acquiring and

evaluating existing data to assist in the design phase of development projects

and the planning of more detailed assessment programs.

9.1.2. Objective 2

Perform a feasibility study of the theoretical approach, (Chapter three)

The GIS and landform evolution modelling based approach to assessing

mining impact is investigated in Chapter three. The study provided a

preliminary evaluation of integrating hydrology and landform evolution

modelling techniques with GIS to assess the possible impacts of mining on the

Ngarradj catchment. Within the study, a GIS centred database was established

to store and manage both spatial and attribute datasets associated with this

project. First pass hydrology and sediment transport parameters were derived

from gauged stream data. The derived parameter values allowed the application



hdl:1780.01/6410

270

of the DISTFW hydrology model and SIBERIA landform evolution model.

However, the derived parameter values were not found to quantify hydrology

and landform evolution well due to the complexity of the Ngarradj. This was

the first attempt to calibrate and apply SIBERIA to a catchment of this size

in the wet-dry tropics and highlighted the need for accurate modelling of

long-term trends in hydrology and the derivation of spatially varied erosion

parameters.

The feasibility study also demonstrated the complimentary nature of GIS and

landform evolution modelling. GIS based pre-processing tools were developed

to generate DEJTFW model inputs and transfer data between the SIBERIA

model and GIS. GIS was identified as being of significant benefit to the

landform evolution modelling process as the GIS could derive, store, manage

and analyse SIBERIA data. Furthermore, the ability to rapidly produce modified

input landform scenarios using GIS was identified as a valuable tool for

assessing the possible impacts of mining impact on catchment sedimentary and

hydrological processes.

9.1.3. Objective 3

Create a GIS based application for modelling and analysing landform

evolution, (Chapter four)

SIBERIA simulates landform evolution using gridded digital elevation data

(DEMs). Many GIS software packages, such as ArcView used in this study,

contain a range of functions for managing and analysing these land surface
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data. However, the format of SIBERIA grids, including rst2, boundary and

region files, is significantly different to that used by ArcView. More complex

analysis tools, such as many of the geomorphic statistics, also require further

customisation of the standard ArcView GIS software. This study represents

the first attempt to tightly couple the SIBERIA model with a GIS and

has developed an ArcView extension, ‘ArcEvolve’, which can be used to

manage SIBERIA spatial and parameter data, run the model and analyse model

output using standard GIS techniques and more advanced geomorphic statistics.

Linking the SIBERIA model with a GIS provides many advantages including

a fully integrated environment for the preparation, modelling and analysis

of landform evolution, improved data storage and management, greater data

manipulation capabilities and more powerful tools for the final analysis of the

impact of landuse activities on landform evolution.

9.1.4. Objective 4

Predict the long-term hydrology of the Ngarradj catchment, (Chapter five)

Stream discharge data has only been collected for a period of four years in the

Ngarradj catchment. In order to calibrate the SIBERIA model, however, data

are required that describe long-term trends in the hydrology of a catchment

Previous studies have used partial series analysis of the short observed record to

generate flood frequency information (from which SIBERIA can be calibrated).

However, this study has shown rainfall runoff modelling can be used to

extend the runoff record and therefore provide a more sound basis for flood
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frequency distribution. This study has also shown that hydrology models that

can be calibrated using long-term hydrographs, such as HEC-HMS, may be

more appropriate for extending the runoff record as they can be calibrated

to provide more accurate predictions of annual peak and total discharge than

models which are only calibrated from selected events. This is a particular

advantage in data limited catchments, such as Ngarradj, in which the exact

calibration of hydrology models is difficult. However, application of the model

to an atypical year has shown that extending an observed runoff record using

hydrology models must be approached with caution. The modeller must have a

good understanding of the catchment system and the limitations of the chosen

hydrology model.

9.1.5. Objective 5

Investigate the long-term natural landform evolution of the Ngarradj catchment,

(Chapter six)

The Ngarradj catchment exhibits complex geomorphology. Significant areas

of the catchment are dominated by high relief, sandstone covered regions

whilst large floodplain areas also exist with low relief and deep sandy soils.

Application of landform evolution modelling to the catchment therefore requires

spatially varied parameters that reflect this complex geomorphology. The sub-

catchments of three gauging stations in the Ngarradj catchment were examined

to establish differences and similarities in catchment geomorphology. The

ET and UM subcatchments were found to be representative of two upland
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geomorphologies whilst the TW subcatchment exemplified lowland conditions.

SIBERIA erosion parameters were derived for each of these subcatchments

from suspended and bedload sediment transport observed in the field at each

of these gauging stations. Further refinement of the model parameters based

on observed subcatchment denudation rates was found to further improve the

validity of the parameter values. The calibrated SIBERIA landform evolution

model was applied to the Ngarradj catchment for a period of 1000 years. Model

predictions indicated that the UM subcatchment will have the greatest mean

erosion. However, this is balanced by the large amount of deposition that is

predicted to occur in the upper Ngarradj valley of the UM subcatchment. The

modelling also suggests that a significant amount of sediment is being deposited

on the Ngarradj floodplain, with the WC catchment experiencing a net accretion

of sediment of 0.015 mm.ky−1.

9.1.6. Objective 6

Examine the long-term stability of potential post-mining landforms under

different surface conditions, (Chapter seven)

The Jabiluka Mill Alternative Public Environment Report contains indicative

contour data for two potential post-mining landforms: (1) the Original Concept

(OC); and (2) Amended Layout (AL) proposals. These landforms have been

assessed in this study as no landform designs have yet been presented for

the JMA proposal accepted by the Commonwealth Government of Australia.

Rainfall simulation experiments were used to derive SIBERIA parameters for
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different surface conditions present on the existing Jabiluka Mine including

schist, sandstone, road/disturbed and natural surfaces. Landform evolution

modelling was subsequently applied to each landform/surface condition

scenario. The OC landform design was found to be more susceptible to

gullying (as experienced under the road/disturbed surface condition) but likely

to erode less than the AL landform design if the surface condition was not

prone to gullying. This was attributed to the shape of each landform, with

longer, flatter slopes occuring on the OC landform than the AL landform

which is characterised by higher slope angles. Although not prone to gullying,

the schist surface condition was found to cause the greatest amount of

sediment loss. Erosion under the natural and sandstone surface conditions

was found to be minimal. The design of the final landform for the accepted

JMA proposal should therefore attempt to minimise slope angles and lengths

whilst avoiding schist or road/disturbed surface conditions, unless adequate

rehabilitation strategies are employed to reduce the susceptibility of these

surface conditions to erosion.

9.1.7. Objective 7

Identify potential impacts of Jabiluka final landform design/surface condition

scenarios on the geomorphology of the Ngarradj catchment. (Chapter eight)

The application of geomorphometric and landform evolution modelling

techniques to assessing the potential impacts of post-mining landforms on

catchment hydrology and geomorphology is a significant research outcome of
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this thesis. This technique requires the construction of DEMs that accurately

reflect pre- and post-mining landscapes. The technique is also scale dependent,

and requires the user to select an appropriate scale for analysing impacts

on catchment form and landform evolution based on the nature of the

surrounding catchment and the extent of the proposed landform changes. This

has implications for DEM resolution, with grid cell sizes increasing with the

analysis extent to maintain reasonable computer processing times.

Application of this methodology to the OC and AL landform scenarios at

Jabiluka found that simple desciptor statistics such as catchment area and

slope are able to distinguish some effects of post-mining landform construction.

The OC landform, for example was found to divert the largest mine affected

tributary (TC) into the significantly smaller TN channel. This has significant

implications for the long-term stability of TN and the constructed landform.

Complex geomorphic statistics including the hypsometric curve, width function,

cumulative area diagram and area slope relationship detected different aspects

of change in catchment form associated with landform construction. These

curves have been related to catchment process and therefore allow associated

changes to be analysed in this context. However, the sensitivity of these

curves to change is heavily influenced by scale. Landform evolution modelling

studies detected changes in erosion and deposition distributions associated with

the design of the considered landforms and potential surface conditions. The

application of spatially varied parameters allowed the off-site impacts of the
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two landform design scenarios and four potential land surface scenarios to be

quantified and analysed.

9.2 Future Research

This report discusses progress in the research area of GIS application to the

assessment and management of mining impact. Three areas have been identified

as requiring further study in order to provide a more valuable approach to

assessing mining impact. These are: (i) the incorporation of greater spatial

variation in SIBERIA input parameter values in the modelling process; (ii) an

analysis of the sensitivity of the SIBERIA model to input parameter value

variations or error and; (iii) investigation of the issues of scale associated with

applying plot based and catchment based parameters to one simulation.

9.2.1 Incorporation of Spatial Variation in Parameters

The landform evolution model, SIBERIA, has been used to investigate erosion

and hydrological processes operating on post-mining landforms (Evans et al.,

1998; Willgoose and Riley, 1998; Hancock et al., 2000b) and small natural

catchments (< 55 ha) (Hancock et al., 2000a). However, the majority of

these studies have been conducted using constant parameter values reflecting

the initial conditions of one area of the landform or catchment with no

consideration of the spatial variation in surface conditions, such as vegetation

cover, soil erodibility or management practices. SIBERIA has been shown by

the research presented in this thesis to be sensitive to spatial variations in

parameter values. However, the level of detail associated with these spatial
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variations has been coarse. Integration of SIBERIA with GIS provides the

opportunity to derive data sets that more accurately reflect the spatial variation

of erosion characteristics. Within the Ngarradj catchment, for example, areas

of rock that crop out could be interpreted from remotely sensed imagery

and unique parameters associated with these for SIBERIA modelling. This is

also important in assessing mining impact, as post-mining landforms could be

designed with varying surface conditions to minimise erosion on the landform.

9.2.2 Sensitivity Analysis of SIBERIA

Many hydrological and erosion modelling studies employ sensitivity analyses

to methodically investigate the response of selected output variables to

variations in parameters and/or driving variables (Veihe and Quinton, 2000).

Sensitivity analysis studies are of particular importance in complex models,

such as SIBERIA, as the model complexity frequently induces uncertainties

in model output due to the propagation and compounding of errors in input

parameter estimation through the modelling process. The following discussion

of sensitivity analysis in SIBERIA stems from a proposal to eriss by the author

of SIBERIA, Prof. Garry Willgoose (University of Leeds).

Sensitivity analysis provides a method by which model parameters can be

ranked based on their contribution to overall error in model predictions. It

describes model uncertainty because it indicates the expected errors in model

prediction which will be attributable to errors in model parameters (Tiscareno-

Lopez et al., 1993). Furthermore, a detailed evaluation of a model's response
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can yield a great deal of insight into the nature of the model. In fact, to the

degree of accuracy with which a model simulates a physical system, sensitivity

analysis can provide considerable information on the influence of individual

factors on the response of the physical system (Nearing et al., 1990).

Uncertainty in the modelling process can be derived from three sources

including structural uncertainty, parameter uncertainty and input uncertainty.

Structural uncertainty refers to the inadequacy and the incompleteness of the

model in accurately representing the physical system being studied. Parameter

uncertainty arises from the uncertainty associated with parameters that are

generally fixed in the model and not normally adjusted by the user. The final

source of uncertainty, input uncertainty, refers to errors associated with the

measurement or derivation of input data for the model (Chaves and Nearing,

1991). Future studies should investigate the impact of input uncertainty on the

SIBERIA modelling process.

Several sensitivity analysis methods exist ranging from simple analysis, where

individual input variables and parameters are changed and the model output

examined (De Roo, 1996), to methods based on the Monte Carlo simulation,

where a number of random parameter selections are made based on the input

variables' probability distributions (Veihe and Quinton, 2000). The Monte Carlo

simulation method is suitable for complex non-linear, as well as linear, models

where the input parameters' probability distributions can be described and for

models that involve the use of time-dependent driving variables (Tiscareno-

Lopez et al., 1993; Veihe and Quinton, 2000). Through repeated numerical
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sampling from the input variables’ probability distribution, a large number of

samples of finite size are created. Estimation techniques are then applied to the

samples and the distributions of the estimates are studies in relation to the true

parameter values and to theoretical expectations about asymptotic distributions

(Veihe and Quinton, 2000).

The SIBERIA landform evolution model is being developed by the model's

author to support Monte Carlo simulations. When the software packages have

been modified, a quantitative risk assessment (QRA) study of the ERA Jabiluka

Mine is proposed (G. Willgoose, pers comm 2000). The risk assessment will

involve the (a) input of the error data into the new version of SIBERIA,

(b) the running of the Monte-Carlo simulations and (c) the analysis of the

simulation output to determine the probability distribution of the desired

environmental assessment. The computational demands of the proposed Monte-

Carlo simulation will be large. To put these demands in perspective a 1000 year

simulation using SIBERIA V8.10 of a 20,000 cell DEM (Willgoose and Riley,

1998) takes about 30 minutes on a 500MHz Pentium III running Windows

2000. Thus a 10,000 realisation simulation would take approximately 200 days.

It is proposed that the runs will be done on a Beowulf workstation cluster,

which is optimised for doing large Monte-Carlo simulations. This will allow the

elapsed time to be reduced to about 10 days.

SIBERIA will not be modified to provide statistical analysis of the simulations

as this would limit the analysis to those described in detail by the user prior

to the Monte Carlo simulations being performed. Rather, results from all the
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simulations will be stored for later analysis in order to provide the most flexible

approach to the final error analysis. However, this will require the availability

of a very large amount of disk space. A considerable section of the final

analysis will be conducted within the Ngarradj GIS.

The current estimation of the minimum number of realisations that should

be considered is 10,000. However, it may be possible to reduce that number

slightly once experience has been gained with some smaller test runs of the

modified code. This estimate is based on a simple calculation in which the

probability of failure was assumed to be 1 in 1000. Table 9.1 shows the

probability of observing no failures whatsoever in any of the realisations (ie.

the simulations would indicate that the project is acceptable when in fact it is

not). Only with 10,000 simulations will the probability of saying something is

acceptable, when in fact it is not, be acceptably low.

Table 9.1: Probability of having no failures for a set number of realisations (G.

Willgoose, pers comm, 2000).

Number of Realisations Probability of No Failures

100 0.90

1,000 0.37

10,000 4.5 e-5

100,000 3.5 e-44

9.2.3 Scale Issues in Parameter Derivation

The SIBERIA model was calibrated using two distinct methods in this thesis

to obtain data on the erosion characteristics of the wider Ngarradj catchment
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and mine site surface. Stream sampling at three gauging stations in Ngarradj

allowed three sets of erosion parameters to be derived for the three sub-

catchments of the Ngarradj catchment ‘Natural’ parameters for the Ngarradj

catchment were also derived from rainfall simulation experiments. Application

of these parameters to each respective scale (catchment versus landform)

resulted in realistic model output when compared with measured denudation

rates. However, when the ‘natural’ parameters were applied to a natural area of

the Ngarradj catchment erosion values were found to be grossly underpredicted.

On the other hand, modelling of erosion on the final landforms themselves

using the stream sampling parameters grossly overestimated erosion. This issue

needs to be further investigated through derivation of parameter values for

similar surfaces based on plot and catchment studies.



hdl:1780.01/6410

282

References

Arkinstal, M., Willgoose, G. R., Loch, R. J., and Pocknee, C., 1994. Calibration

of DBTFW parameters for the QDPI rainfall simulator Oaky Creek. Research

Report No. 093.04.1994, Department of Civil, Surveying and Environmental

Engineering, The University of Newcastle, New South Wales, Australia.

Blazkova, S. and Beven, K., 1997. Flood frequency prediction for data limited

catchments in the Czech Republic using a stochastic rainfall model and

TOPMODEL. Journal of Hydrology, 195:256–278.

Boggs, G.S., Evans, K.G., Devonport, C.C, Moliere, D.R. and Saynor, M.J., 2000.

Assessing catchment-wide mining-related impacts on sediment movement in the

Swift Creek catchment, Northern Territory, Australia, using GIS and landform-

evolution modelling techniques. Journal of Environmental Management,59: 321–

334.

Boggs, G.S., Evans, K.G. and Devonport, C.C, 2001a. ArcEvolve: A Suite of

GIS Tools for Assessing Landform Evolution, 6th International Conference on

Geocomputation, Brisbane, Australia.

Boggs, G. S., Devonport, C C, Evans, K. G, Saynor, M. J. and Moliere, D.

R., 2001b. Development of a GIS based approach to mining risk assessment.

Supervising Scientist Report 159. Supervising Scientist, Darwin.

Boggs, G.S., Moliere, D.M., Evans, K.G. and Devonport, C.C 2003. Long-term

hydrology modelling and analysis in a data limited small catchment in the wet-

dry tropics of Australia. Australian Journal of Water Resources. 7(2), 71–86.



hdl:1780.01/6410

283

Braun, J. and Sambridge M. 1997. Modelling landscape evolution on geological

time scales: a new method based on irregular spatial discretization. Basin

Research. 9, 27–52.

Brown, V.M., Johnston, A., Murray, A.S., Noller, B. & Riley, G.H. 1985.

Receiving water standards for the Alligator Rivers Region, p.111–119. Alligator

Rivers Region Research Summary 1998–85. Supervising Scientist for the

Alligator Rivers Region, Canberra.

Bull, A., 1999. Past, present and future development of GIS at the Environmental

Research Institute of the Supervising Scientist and the Office of the Supervising

Scientist. Internal Report, Environmental Research Institute of the Supervising

Scientist, Canberra. Unpublished paper.

Bureau of Meteorology, 1999. Hydrometeorological analyses relevant to

Jabiluka. 140, Supervising Scientist, Canberra.

Burrough P., 1986. Principles of Geographical Information Systems for Land

Resources Assessment. Oxford University Press: New York.

Burrough, P. A. and R.A. McDonnell, 1998. Principles of Geographic

Information Systems. Great Britain: Oxford University Press.

Camp Dresser & McKee Inc. 2001. Evaluation of Integrated Surface Water and

Groundwater Modeling Tools - Research and Development Program Report.

Camp Dresser and McKee Inc. Massachusetts.

Carey W.P 1984. A field technique for wieghing bedload samples. Water

Resources Bulletin 20:261–265.



hdl:1780.01/6410

284

Carey W.P 1985. Variability in measured bedload-transport rates. Water

Resources Bulletin 21:39–48.

Charnock, T. W., Hedges P. D. and Elgy J., 1996. Linking multiple process

level models with GIS, IAHS publication no. 235. In: Application of Geographic

Information Systems in Hydrology and Water Resources Management, K. Kovar

and H. P. Nachtnebel, (Eds.), pp. 385 - 393. Wallignford: IAHS Press.

Chaves HML and Nearing MA 1991. Uncertainty analysis of the WEPP soil

erosion model. Transactions of the ASAE, 34 (6): 2437–2443.

Coulthard, T. J., 2001. Landscape evolution models: a software review.

Hydrological Processes, 15:165–173.

Coulthard, T.J., Kirkby, M.J. and Macklin, M.G. 2000. Modelling geomorphic

response to environmental change in an upland catchment. Hydrological

Processes. 14, 2031–2045.

Delaney J. 1999. Geographical Information Systems - An Introduction. Oxford

University Press, Melbourne.

DeCoursey, D.G. 1985. Mathematical models for nonpoint water pollution

control. Journal of Soil and Water ConservationA0(5): 408–413.

De Roo A. 1996. Soil Erosion Assessment Using G.I.S. In: Geographical

Information Systems in Hydrology, Singh VP and M. Fiorentino (Eds.). Kluwer

Academic Publishers: London.

Desmet, P. J. J. and G. Govers, 1995. GIS-based simulation of erosion and

deposition patterns in an agricultural landscape: a comparison of model results

with soil map information. Catena, 25:389–401.



hdl:1780.01/6410

285

De Vantier, B. A. and A. D. Feldman, 1993. Review of GIS Applications in

Hydrologic Modeling. Journal of Water Resources Planning and Management,

119(2): 246–260.

Doan, W.A., 2001. GeoSpatial Hydrologic Modeling Extension HEC-GeoHMS

User's Manual, Version 1. U.S. Army Corps of Engineers, Hydrologic

Engineering Centre, Davis, C.A.

Duffy, K. 2001. An erosion assessment of the Jabiluka Uranium Mine, Northern

Territory. Honours Thesis, University if Newcastle, Newcastle.

Duggan K., 1988. Mining and erosion in the Alligator Rivers Region of northern

Australia. PhD. Thesis, School of Earth Sciences, Macquarie University.

Duncan, M.J. 1972. The performance of a rainfall simulator and an investigation

of plot hydrology. MagrSc Thesis. Lincolin College, University of Canterbury,

New Zealand.

Emmett, W.W. 1979. A field calibration of the sediment trapping characteristics

of the Helley-Smith bedload sampler. U.S. Geological Survey Professional Paper

1139.

Erskine, W.D. and MJ. Saynor, 2000. Assessment of the off-site geomorphic

impacts of uranium mining on Magela Creek, Northern Territory, Australia.

Supervising Scientist Report 156, Supervising Scientist, Canberra.

Erskine W, Saynor M, Evans K and Boggs G., 2001. Geomorphic research

to determine the off-site impacts of the Jabiluka Mine on Swift (Ngarradj)

Creek, Northern Territory. Supervising Scientist Report (In Press), Supervising

Scientist, Canberra.



hdl:1780.01/6410

286

Evans, K. G. (1997). Runoff and erosion characteristics of a post-mining

rehabilitated landform at Ranger Uranium Mine, Northern Territory, Australia

and the implications for its Topographic Evolution. PhD Thesis, University of

Newcastle, NSW.

Evans, K.G., Martin, P., Moliere, D.M., Saynor, M.J., Prendergast, J.B. and

Erskine, WJX In Review. Application of an erosion risk methodology to the

Jabiluka minesite, Northern Territory, Australia.

Evans, K. G., 2000. Methods for assessing mine site rehabilitation design for

erosion impact. Australian Journal of Soil Research, 38,231–247.

Evans, K. G., Willgoose, G. R., Saynor, M. J. and House, T., 1998. Effect of

vegetation and surface amelioration on simulated landform evolution of the post-

mining landscape at ERA Ranger Mine, Northern Territory, Supervising Scientist

Report 134, Supervising Scientist, Canberra.

Fedra, K., 1993. GIS and Environmental Modeling. In: Environmental Modeling

with GIS, M. F. Goodchild, B. O. Parks, and Steyaert L. T. (Eds.), pp. 35 - 51.

New York: Oxford University Press.

Ferguson, R. L, 1986. River Loads Underestimated by Rating Curves. Water

Resources Research, 22 (1): 74 - 76.

Flanagan, D.C. and Nearing, M.A., 1995. USDA Water Erosion Prediction

Project -Hillslope profile and watershed model documentation. 10, USDA-ARS

National Soil Erosion Laboratory, West Lafayette.

Flint, J.J., 1974. Stream gradient as a function of order, magnitude and discharge.

Water Resources Research, 10(5):969–971.



hdl:1780.01/6410

287

Field, W. G. and Williams, B. J.,1983. A generalised one-dimensional kinematic

catchment model. Journal of Hydrolology, 60:25–42.

Field, W. G. and Williams, B. J., 1987. A generalised kinematic catchment model.

Water Resources Research, 23(8): 1693–1696.

Finnegan, L. G., 1993. Hydrolic characteristics of deep ripping under simulated

rainfall at Ranger Uranium Mine. Internal Report 134, Supervising Scientist for

the Alligator Rivers Region, Canberra. Unpublished paper.

Foster, G.R. 1982. Modelling the erosion process. In: Haan, C.T.,

Johnson, H.P. and Brakensiek, D.L. (eds). Hydrologic Modelling of Small

Watersheds.Monograph No 5, ASAE: Michigan.

Garbrecht, J and L Martz, 1994. Grid size dependency of parameters extracted

from digital elevation models. Computers and Geosciences. 20: (1) 85 - 87.

Green, W.H. and Ampt, G.A. 1911. Studies in soil physics: flow of air and water

through soils. Journal of Agricultural Research. 4:1–24.

GREHYS, 1996. Presentation and review of some methods for regional flood

frequency analysis. Journal of Hydrology, 186: 63–84.

Goyen, A.G., 1983. A model to statistically derive design rainfall losses,

Hydrology and Water Resources Symposium. Institution of Engineers, Australia,

pp. 220–225.

Guy HP and Norman VW 1970. Field methods for measurement of fluvial

sediment. Techniques of Water-research investigations of the United States

Geological Survey C2(3), Washington.



hdl:1780.01/6410

288

Hack, J.T., 1957. Studies of longitudinal stream profiles in Virgina and Maryland.

292(B), United States Geological Survey.

Hancock, G. R., 1997. Experimental Testing of the SIBERIA landscape evolution

model. PhD Thesis. University of Newcastle, Newcastle.

Hancock, G.R., Willgoose, G.R. and Evans, K.G., 2002. Testing of the SIBERIA

landscape evolution model using the Tin Camp Creek, Northern Territory,

Australia, field catchment. Earth Surface Processes and Landforms, 27(2): 125–

143.

Hancock, G. R., Evans, K. G., Willgoose, G. R, Moliere, D. C, Saynor, M. J.

and Loch, R. J., 2000. Medium-term erosion simulation of an abandoned mine

site using the SIBERIA landscape evolution model, Australian Journal of Soil

Research, 38:249–263.

Helley EJ and Smith W 1971. Development and calibration of a pressure

difference bedload sampler. US Geological Survey Open File Report.

Hellweger FL 1997. AGREE - DEM Surface Reconditioning System. http://

www.ce.utexas.edu/prof/maidment/ashvdro/ferdi/research/agree/agree.html as

of October 2000.

Hickey R, Smith A and P. Jankowski, 1994. Slope length calculations from a

DEM within ARC/INFO GRID: Computers, Environment and Urban Systems.

18: (5) 365 -

Hill, J. M., Singh, V. P. and Aminian H., 1987. A computerized data base for flood

prediction modeling. Water Resources Bulletin, 23(1): 21–27.



hdl:1780.01/6410

289

Hooke, R.L., 2000. On the history of humans as geomorphic agents. Geology,

28(9):843–846.

Horton RE 1945. Erosional development of streams and their drainage basins;

hydrophysical approach to quantitative morphology. Geological Society of

America Bulletin 56:275–370.

Howard, A. D., 1994. A detachment-limited model of drainage basin evolution,

Water Resources Research, 30(7):2261–2285.

Huang, H. Q. and G.R. Willgoose, 1992. Numerical analyses of relations between

basin hydrology, geomorphology and scale. Research Report No 075.04.1992,

Department of Civil Engineering and Surveying, University of Newcastle,

Australia.

Huang, H. Q. and G.R. Willgoose G. R., 1993. Flood frequency relationships

dependent on catchment area: An investigation of causal relationships. Towards

the 21st Century, Hydrology and Water Resources Symposium, Newcastle, 1993,

The Institution of Engineers (Australia), pp. 287–92.

Hudson N., 1973. Soil conservation, 2nd edn, BT Batsford Ltd: London.

Hutchinson M., 1989. A new procedure for griding elevation and stream line data

with automatic removal of spurious pits. Journal of Hydrology. 106: 211–232.

Hutchinson M. 1993. Development of a continent-wide DEM with applications

to terrain and climate analysis. In: Goodchild MF, Parks BO and Steyaert LT

(Eds), Environmental Modeling with GIS. Oxford University Press: New York.

392–399.



hdl:1780.01/6410

290

Jeffreys RJ., Brett J., Aspinall T.O., White B., Stevens C. and Johnson M. 1986.

Mine planning. In Australasian coal mining practice. Monograph Series No

12, eds AJ Hargravesand CH Martin, The Australaian Institute of Mining and

Metallurgy, Melbourne, 174–188.

Jenson, S. K. and Domingue, J.O. 1988. Extracting Topographic Structure

from Digital Elevation Data for Geographic Information System Analysis,

Photogrammetric Engineering and Remote Sensing, 54(11): 1593–1600.

Lane L, Renard K, Foster G and Laflen J., 1992. Development and Application of

Modem Soil Erosion Prediction Technology - The USDA Experience. Australian

Journal of Soil Research. 30: 893–912.

Loague, K. and Corwin, D. L., 1998. Regional-scale assessment of non-point

source groundwater contamination, Hydrological Processes, 12:957 - 965.

Leopold, L.B. and Miller, J., 1956. Ephemeral streams-Hydraulic factors and their

relation to the drainage net. 282-A, U.S. Geological Survey.

Leopold, L. B., Wolman, M. G. and Miller, J. P., 1964. Fluvial processes in

geomorphology. London: Freeman.

Loch, R.J. and Donnollan, T.E., 1983. Field rainfall simulator studies on two clay

soils of the Darling Downs, Queensland. I. The effects of plot length and tillage

orientation on erosion processes and runoff and erosion rates. Australian Journal

of Soil Research, 2 1:33–46.

Loch, R.J., Robotham, B.G., Masterman, N., Orange, D.N., Bridge, B.J.,

Sheriden, G and Bourke, J.J. 2001. A multi-purpose rainfall simulator for field

infiltration and erosion studies. Australian Journal of Soil Research, 39:599–610.



hdl:1780.01/6410

291

Luo, W., 1998. Hypsometric analysis with a geographic information system.

Computers and Geosciences, 24(8):815–821.

Maidment, D. R., 1996. Environmental modeling within GIS. In: GIS and

Environmental Modeling: Progress and Research Issues, M. F. Goodchild, L. T.

Steyaert, B. O. Parks, C. Johnston, D. R. Maidment, M. Crane and S. Glendinning,

(Eds.), pp.315 - 323. New York: Oxford University Press.

Mesa, O. J. and Mifflin, E. R., 1986. On the Relative Role of Hillslope and

Network Geometry in Hydrologic Response. Gupta, V. K., Rodriguez-Iturbe, I.

and Wood, E. F. Scale Problems in Hydrology. D. Reidel Publishing Company.

pp. 1–17

Meyer, L.D. and D.L. McCune, 1958. Rainfall simulator for runoff plots.

Agricultural Engineering, 39:644–648.

Milnes, A.R., 1998. Rock weathering in the waste rock dumps at the Ranger

Project Area. 3, CSIRO Division of Soils, Adelaide.

Mitas, L. and H. Mitasova, 1998. Distributed soil erosion simulation for effective

erosion prevention. Water Resources Research. 34: (3) 505–516.

Mitasova H. Hofierka J., Zlocha M. and Iverson L.R. 1996. Modelling

topographic potential for erosion and deposition using GIS. International Journal

of Geographic Information Systems. 10 (5) 629–641.

Mizgalewicz PJ and Maidment DR 1996. Modeling Agrichemical Transport in

Midwest Rivers Using Geographic Information Systems. Center for Research in

Water Resources Online Report 96–6, University of Texas, Austin, Texas.



hdl:1780.01/6410

292

Mitchell J and G. Bubenzer, 1980. Soil loss estimation. In: Kirkby MJ and R.P.

Morgan (Eds.), Soil Erosion. Wiley: Brisbane.

Moglen, G. E. and R.L. Bras, 1994. Simulation of observed topography using a

physically-based basin evolution model. TR 340. Ralph M. Parsons Laboratory,

Massachusetts Institute of Technology, Cambridge.

Moliere, D.R. 2000. Temporal Variation in Erosion and Hydrology Parameters

on a Rehabilitated Mine Site. Masters of Engineering Thesis. University of

Newcastle.

Moliere, D., Boggs, G., Evans, K., Saynor, M. and Erskine, W., 2002a. Baseline

hydrology characteristics of the Ngarradj catchment, Northern Territory,

Supervising Scientist Report 172. Supervising Scientist, Canberra.

Moliere, D.R., Boggs, G.S., Evans, K. and Saynor M.J. 2002b. Hydrological

response of Ngarradj-a seasonal stream in the wet-dry tropics, Northern Territory,

Australia. In: IAHS Publ. no. 276, 2002 - The Structure, Function and

Management Implications of Fluvial Sedimentary Systems. 281- 288.

Moliere, D., Evans, K., Saynor, M. and Boggs, G., 2001. Hydrology of the

Ngarradj catchment 1998–2000, Northern Territory, Supervising Scientist,

Canberra.

Moliere, D.R., Evans, K.G., Willgoose, G.R. and Saynor, MJ. 2002c. Temporal

trends in erosion and hydrology characteristics for a post-mining landform at

Ranger Mine, Supervising Scientist Report 165, Supervising Scientist Division,

Canberra.



hdl:1780.01/6410

293

Moore, I. D., Grayson, R. B. and Ladson, A. R., 1991. Digital terrain modeling:

A review of hydrological, geomorphological and biological applications.

Hydrological Processes, 5: 3–30.

Morisawa, M., 1988. The Geological Society of America Bulletin and the

development of quantitative geomorphology, Geological Society of America

Bulletin, 100, pp. 1016–1022.

Naden, P. S., 1992. Spatial variability in flood estimation for large catchments:

the exploitation of channel network structure. Journal of Hydrological Sciences,

37(1): 53–71.

Nearing M.A, Deer-Ascough L and Laflen J.M 1990. Sensitivity analysis of the

WEPP hillslope profile erosion model. Transactions oftheASAE. 33 (3):839–849.

Nogami, M., 1995. Geomorphometric measures for digital elevation models,

Zeitschrift fur Geomorphologie, 101:53–67.

Pancontinental, 1979. The Jabiluka project environmental impact statement,

Pancontinental Mining Limited.

Pandey, GR. and V.T.V. Nguyen, 1999. A comparative study of regression based

methods in regional flood frequency analysis. Journal of Hydrology, 225:92–101.

Perera, J. H., 1997. The hydro-geomorphic modelling of sub-surface saturation

excess runoff generation. PhD. University of Newcastle, Newcastle, Australia.

Pickup G., Wasson R.J., Warner R.F., Tongway D. and Clark R.L. 1987. A

feasibility study of geomorphic research for the long term management of

uranium mill tailings. CSIRO Divistion of Water Resources Research Divisional

Report 87/2.



hdl:1780.01/6410

294

Raper, J. and Livingstone, D., 1996. High-Level Coupling of GIS and

Environmental Process Modeling. In: GIS and Environmental Modeling:

Progress and Research Issues, M. F. Goodchild, L. T. Steyaert, B. O. Parks, C.

Johnston, D. R. Maidment, M. Crane and S. Glendinning (Eds.), pp. 387 - 390.

New York: Oxford University Press.

Renard K, Laflen J, Foster G and McCool D., 1994. The Revised Universal Soil

Loss Equation. In: Soil Erosion Research Methods, 2nd Edition, Lai, R. (Ed), Soil

and Water Conservation Society: Alkeny. pp. 105 -124.

Rieger, W., 1998. A phenomenon-based approach to upslope contributing area

and depressions in DEMs. Hydrological Processes, 12:857 - 872.

Roberts R.G. 1991. Sediment budgets and Quaternary history of the Magela

Creek catchment, tropical northern Australia. PhD Thesis, Department of

Geography, University of Woolongong NSW.

Robinson A.R. 1977. Relationship between soil erosion and sediment delivery.

International Associations of Hydrological Sciences, 122: 159–167.

Rodriguez, I., Vasquez, E. J., Bras, R. L. and Tarboton, D. G., 1992. Distributions

of discharge, mass and energy in river basins, Water Resources Research, 28(4):

1089–1093.

Rodriguez-Iturbe, I. and Rinaldo, A., 1997. Fractal River Basins; Chance and

self-organisation. Cambridge University Press, Cambridge.

Rosewell, C.J. 1986. Rainfall kinetic energy in eastern Australia. Journal of

Climate and Applied Meteorology. 25.1695–1701.



hdl:1780.01/6410

295

Saunders W.K. 2000. Preparation of DEMs for Use in Environmental Modeling

Analysis. In Maidment DR and Djokic D (eds), Hydrologic and Hydraulic

Modeling Support with Geographic Information Systems, ESRI Press, California.

Saunders W.K. and Maidment D.R. 1995. Grid-Based Watershed and Stream

Network Delineation for the San Antonia-Nueces Coastal Basin, hi Texas

Water ‘95: A Component Conference of the First International Conference of

Water Resources Engineering, August 16–17, 1995. American Society of Civil

Engineers, San Antonio, Texas.

Saynor, M.J. 2000. Hydrology, sediment transport and sediment sources in the

swift creek catchment Northern Territory: A PhD proposal. Internal Report 339,

Supervising Scientist, Darwin. Unpublished paper.

Saynor, M.J., Erskine, W.D., Evans, K.G. and Eliot, I. In Review. Gully initiation

on sandy footslopes of the Jabiluka outlier, Kakadu region, Northern Territory,

Australia. Geografiska Annaler.

Scharffenberg, W.A. 2001. Hydrologic Modelling System, HEC-HMS User's

Manual Version 2.1. US Army Corps of Engineers, Hydrologic Engineering

Centre, Davis, CA.

Schultz, G. A., 1993. Application of GIS and remote sensing in hydrology. In:

K. Kovar and H. P. Nachtnebel (Eds) HydroGIS 93: Application of Geographic

Information Systems in Hydrology and Water Resources, IAHS Publ. no. 211, pp.

127–140. Wallignford: IAHS Press.

Silbum, D.M., Loch, R.J., Conolly, R.D. and Smith, G.D. 1990. Erosional

stability of waste rock dumps at the proposed Coronation Hill mine. Consultancy



hdl:1780.01/6410

296

Series, Kakadu Conservation Zone Inquiry, Resource Assessment Commission.

Australian Government Publishing Service, Canberra.

Singh, V. P. and M, Fiorentino, 1996. Hydrologic modeling with GIS. In:

Geographical Information Systems in Hydrology, V. P. Singh and M. Fiorentino

(Eds), pp. 1–13. London: Kluwer Academic Publishers.

Steyaert, L. T., 1993. A Perspective on the State of Environmental Simulation

Modeling. In: Environmental Modeling with GIS, M. F. Goodchild, B. O. Parks

and L. T. Steyaert (Eds.) pp. 16 - 30. New York: Oxford University Press.

Strahler, A. N. 1957. Quantitative analysis of watershed geomorphology

American Geophysical Union Transactions, 38, pp. 913–920.

Strahler, A. N., 1964. Quantitative geomorphology of drainage basins and channel

networks. In: Chow, V. T. Handbook of Applied Hydrology. McGraw-Hill. New

York, pp.4.40–4.74

Sun, T., Meakin, P. and Jossang, T. 1994. The topography of optimal drainage

basins. Water Resources Research, 30:2599–2610.

Surkan, A. J., 1968. Synthetic hydrographs: Effects of network geometry. Water

Resources Research, 5(1): 112–128.

Tiscareno-Lopez, M., Lopes, V.L., Stone, J.J. and Land, L.J. 1993. Sensitivity

analysis of the WEPP watershed model for rangeland applications I: Hillslope

Processes. Transactions of the ASAE 36 (6): 1659–1672.

Tucker, G.E and Slingerland R.L. 1994. Erosional dynamics, flexural isostasy

and long lived escarpments: a numerical modeling study. Journal of Geophysical

Research. 36(7), 1953–1964.



hdl:1780.01/6410

297

Tucker, G.E., Lancaster, S.T., Gasparini, N.M., Bras, R.L., Rybarczyk, S.M. 2001.

An object-oriented framework for hydrologic and geomorphic modeling using

triangulated irregular networks. Computers an d Geosciences. 27(8), 959–973.

Verbyla, D. and Hammond, T. 2002. How to lie with an error matrix, http://

www.ai-geostats.org/online papers/ papers/00000005.htm as of 21/07/2002

Veihe, A. and Quinton, J. 2000. Sensitivity analysis of EUROSEM using Monte

Carlo simulation I: hydrological, soil and vegetation parameters. Hydrological

Processes 14: 915–926.

Walling, D. 1983. The sediment delivery problem. Journal of Hydrology. 65: 209

-237.

Wang, X. and Yin, Z. 1998. An Evaluation of Using ARC/INFO to Extract

Basin Physiographic Parameters from DEMs. http://www.esri.com/library/

userconfyproc97/proc97/to250/pap215/p215.htm as of November 2000.

Watson, D.A. and Laflen, J.M. 1986. Soil strength, slope and rainfall intensity

effects on interrill erosion. Transactions of the American Society of Agricultural

Engineers. 29,98–102.

Wells, M., 1978. Soil Studies in the Magela Creek Catchment, Part 1. Territory

Parks and Wildlife Commission: Darwin.

West, T.O. and Wali, M.K. 1999. A model for estimating sediment yield from

surface-mined lands. International Journal of Surface Mining, Reclamation and

Environment 13 (3): 103–109.



hdl:1780.01/6410

298

Wharton, G., 1994. Progress in the use of drainage network indices for rainfall-

runoff modelling and runoff prediction. Progress in Physical Geography. 18; 539

- 557.

Willgoose, G. R., 1992. User Manual for SIBERIA (Version 7.05). Research

Report 076.04.1992. University of Newcastle, Newcastle.

Willgoose, G.R., Bras, R.L. and Rodriguez-Iturbe, I., 1989. A physically based

channel network and catchment evolution model. TR 322, Ralph M. Parsons

Laboratory, Massachusetts Institute of Technology, Cambridge.

Willgoose, G.R., Bras, R.L. and Rodriguez-Iturbe, L, 1991. Results from a new

model of river basin evolution. Earth Surface Processes and Landforms, 16: 237–

254.

Willgoose, G.R. and Hancock, G. 1998. Revisiting the hypsometric curve as

an indicator of form and process in transport-limited catchment. Earth Surface

Processes and Landforms, 23: 611–623.

Willgoose, G. R., Kuczera, G. A. and Williams, B. J., 1995. DISTFW-

NLFIT: rainfall-runoff and erosion model calibration and model uncertainty

assessment suite user manual, Research Report No. 108.03.1995. The University

of Newcastle, Department of Civil, Surveying and Environmental Engineering.

Willgoose G.R. and Loch R.J. 1996. An assessment of the Nabarlek rehabilitation,

Tin Camp Creek and other mine sites in the Alligator Rivers Region as test sites

for examining long term erosion processes and the validation of the SIBERIA

model. Internal report 229, Supervising Scientist, Canberra. Unpublished paper.



hdl:1780.01/6410

299

Willgoose G.R. and Perera J.H. 2001. A simple model for saturation excess runoff

generation using geomorphology, Steady-state soil moisture. Water Resources

Research. 37: 147–156.

Willgoose, G. and Riley, S. 1993. Application of a catchment evolution model

to the prediction of long-term erosion on the spoil heap at the Ranger uranium

mine: Stage 1 report, Open file record 107, Supervising Scientist for the Alligator

Rivers Region, Canberra. Unpublished paper.

Willgoose, G. R. and Riley, S.R. 1998a. Application of a catchment evolution

model to the prediction of long-term erosion on the spoil heap at Ranger uranium

mine: Initial analysis, Supervising Scientist Report 132, Supervising Scientist,

Canberra.

Willgoose, G.R. and Riley, S. 1998b. The long-term stability of engineered

landforms of the Ranger Uranium Mine, Northern Territory, Australia:

Application of a catchment evolution model. Earth Surface Processes and

Landforms, 23: 237–259.

Wilson, J.P and Gallant, J.C. 1996. EROS, A grid based program for estimating

spatially distributed erosion indices. Computer and Geosciences 22 (7): 707–712.

Wischmeier W and D. Smith, 1978. Predicting rainfall erosion losses - A guide

to conservation planning. US Department of Agriculture, Agriculture Handbook

No. 537, US Government Printing Office: Washington DC.

Wockner, G. W. and Freebairn, D.M. 1991. Water balance and erosion study on

the eastern Darling Downs - An update. Australian Journal of Soil and Water

Conservation, 4, 41–47.


	Application of Geographic Information Systems to the Assessment and Management of Mining Impact
	Table of Contents
	Note
	Chapter One. Introduction and Background
	1.1 Introduction
	1.2 Aim and Objectives
	1.3 Study Area
	1.4 GIS and Environmental Models for Physical Impact Assessment
	1.4.1 Basin analysis with GIS
	1.4.1.1 Preparation of DEMs
	1.4.1.2 Standard GIS Basin Analysis Tools

	1.4.2 Erosion Hazard Models
	1.4.3 Landform Evolution Models
	1.4.4 Geomorphic Statistics
	1.4.4.1 Hypsometric Curve
	1.4.4.2 Width Function
	1.4.4.3 Cumulative Area Distribution
	1.4.4.4 Area-Slope Relationship


	1.5 eriss Geomorphic Research at Ngarradj
	1.6 Thesis Organisation

	Chapter Two. GIS Based Rapid Assessment of Erosion Risk
	2.1 Thesis Context
	2.2 Introduction
	2.2.1 Aims

	2.3 Rapid Erosion Assessment Method
	2.4 Data
	2.5 Derivation of Input Factors
	2.5.1 Soil Erodibility Factor
	2.5.2 Slope Angle Factor
	2.5.3 Slope Length Factor
	2.5.4 Cover Management Factor

	2.6 Results and Validation
	2.6.1 Elevation Data Resolution
	2.6.1.1 Land Units Data
	2.6.1.2 100 m DEM
	2.6.1.3 Ngarradj 25 m DEM

	2.6.2 Field Data Validation

	2.7 Conclusion

	Chapter Three. Landform Evolution Model Scoping Study
	3.1 Thesis Context
	3.2 Introduction
	3.3 Database Establishment
	3.4 Siberia Input Parameter Derivation
	3.4.1 DISTFW Hydrology Model
	3.4.2 Sediment Transport Model
	3.4.3 Scale analysis - Discharge area relationship
	3.4.4 Runoff series and long-term sediment loss rate

	3.5 GIS Linkage
	3.5.1 DISTFW Hydrology Model
	3.5.2 SIBERIA Landform Evolution Model

	3.6 Application
	3.7 Conclusions

	Chapter Four. A GIS Extension for the Support and Analysis of Landform Evolution Modelling
	4.1 Thesis Context
	4.2 Introduction
	4.3 ArcEvolve
	4.3.1 SIBERIA Interface
	4.3.2 Geomorphometric Analysis
	4.3.2.1 Hypsometric Curve
	4.3.2.2 Width function
	4.3.2.3 Cumulative Area Distribution
	4.3.2.4 Area-Slope Relationship


	4.4 Application
	4.5 Conclusions

	Chapter Five. Hydrology Modelling
	5.1 Thesis Context
	5.2 Introduction
	5.3 Dist-FW Hydrology Model
	5.3.1 Calibration

	5.4 HEC-HMS Hydrology Model
	5.4.1 Calibration

	5.5 Model Comparison for Long-term Modelling
	5.6 Application
	5.7 Long-Term Runoff Record Derivation
	5.8 Flood frequency analysis
	5.9 Conclusion

	Chapter Six. Natural Catchment Landform Evolution Modelling
	6.1 Thesis Context
	6.2 Introduction
	6.3 Ngarradj Catchment Geomorphology
	6.4 SIBERIA Calibrations
	6.4.1 Hydrology Model Calibration

	6.4.2 Sediment Transport Equation Calibration
	6.4.3 Discharge Area Relationship
	6.4.4 Long Term Average Sediment. Discharge
	6.4.5 β1 Derivation
	6.4.5.1 Analytical
	6.4.5.2 Iterative


	6.5 Application
	6.6 Conclusions

	Chapter Seven. Post Mining Landforms and Landform Evolution Modelling
	7.1 Thesis Context
	7.2 Introduction
	7.3 Jabiluka Mine
	7.3.1 JMA Original Concept
	7.3.2 JMA Amended Layout
	7.3.3 Final Landform Grid Development
	7.3.4 Existing Surface treatments

	7.4 SIBERIA Calibration
	7.4.1 Rainfall Simulation
	7.4.2 WEPP Model Calibration
	7.4.2.1 Interrill Erodibility
	7.4.2.2 Rill Erodibility
	7.4.2.3 Hydraulic conductivity

	7.4.4 WEPP Model Application
	7.4.5 Siberia Parameterisation
	7.4.5.1 Sediment Transport Model (m1)
	7.4.5.2 Sediment Loss Coefficient (β1)


	7.5 Landform Evolution Modelling
	7.5.1 Original Concept Landform Design
	7.5.2 Amended Layout Landform Design

	7.6 Conclusion

	Chapter Eight. Catchment Based Assessment of Post-mining Landforms at Jabiluka
	8.1 Thesis Context
	8.2 Introduction
	8.2.1 Study Catchment

	8.3 Development of Catchment Grids
	8.4 Catchment Geomorphometry
	8.4.1 General Statistics
	8.4.2 Geomorphic Statistics
	8.4.2.1 Hypsometric Curve
	8.4.2.2 Width function
	8.4.2.3 Cumulative Area Diagram
	8.4.2.4 Area-slope relationship


	8.5 Landform Evolution Modelling
	8.5.1 SIBERIA Parameters
	8.5.2 Application
	8.5.2.1 Original Concept Landform
	8.5.2.2 Amended Layout Landform


	8.6 Conclusions

	Chapter Nine. Conclusions and Future Research
	9.1 Conclusions
	9.1.1. Objective 1
	9.1.2. Objective 2
	9.1.3. Objective 3
	9.1.4. Objective 4
	9.1.5. Objective 5
	9.1.6. Objective 6
	9.1.7. Objective 7

	9.2 Future Research
	9.2.1 Incorporation of Spatial Variation in Parameters
	9.2.2 Sensitivity Analysis of SIBERIA
	9.2.3 Scale Issues in Parameter Derivation


	References

