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kl 
COOPERATIVE RESEARCH CENTRE FOR 

CATCHMENT HYDROLOGY 

The CRC for Catchment Hydrology was formed in 1992 as a cooperative joint venture of 
research and water industry parties under the Commonwealth Government's Cooperative 

Research Centre's program, with a mission to improve the understanding of catchment 
hydrology and its application to land and water management. The centre brings together 
the combined resources, skills and expertise of research and industry groups to tackle 
major environmental concerns including salinity, flooding, degradation of rivers and 
streams, and pollution of stormwater in cities. 

R & D strengths 

The CRC's main research programs are: 

• Salinity: salinity processes in high water-table areas, managing irrigation and dryland 
salinity 

• Forest hydrology: water yield from disturbed forest catchment areas, forest erosion 

• Waterway management: sediment and nutrient delivery to streams, stream channel 
stability and rehabilitation, riparian zones 

• Urban hydrology: water quality improvement in urban waterways, management of 
gross pollutants and detention ponds 

• Flood hydrology: improved flood warnings, more reliable design flood estimates, 
regionalisation 

Commercial significance of work - technology transfer 

Australia faces significant losses each year due to land and water degradation. Flood 
damage is estimated at some $300 million annually, while agricultural production losses 
due to salinity amount to about $200 million each year. The centre's core research 
programs have already produced results which are useful to the water industry, such as 
improved ways of estimating the impact of logging on water yield from forests, and 
detailed information on urban pollution sources. More reliable ways of estimating peak 
spillway floods are being used for dam spillway upgrading, with substantial savings 
expected. 

Training and education 

The education and training program is directed at increasing the number and ability of 
trained staff for the land and water industry. The program includes workshops for industry 
staff {water and irrigation authorities, land management agencies, consultants), 
postgraduate research and courses, seminars on centre research and related work, and 
staff interchange. 



• 
COOPERATIVE RESEARCH CENTRE FOR 

CATCHMENT HYDROLOGY 

Participants 

Parties 

• Bureau of Meteorology • CSIRO Land and Water 

• Department of Natural Resources and the • Goulburn-Murray Water 
Environment, Vic 

• Melbourne Water • Monash University 

• Murray-Darling Basin Commission • Southern Rural Water 

• University of Melbourne • Wimmera-Mallee Water 

Associates 

• Department of Land and Water Conservation, NSW • Department of Natural Resources, Old 

• Hydro-Electric Corporation, Tas • State Forests of NSW 

Contact information 
Professor Russell Mein 

Director 

CRC for Catchment Hydrology 

Department of Civil Engineering 

Monash University 

Clayton Vic 3168 

Tel: +61 3 9905 4980 

Fax: +61 3 9905 5033 

Email: 
russell.mein@eng.monash.edu.au 

Professor Tom McMahon 

Deputy Director 

CRC for Catchment Hydrology 

Dept Civil & Environmental 
Engineering 

The University of Melbourne 

Parkville Vic 3052 

Tel: +61 3 9344 6641 

Fax: +61 3 9344 6215 

Email: 
tam@engineering.unimelb.edu.au 

Dr Rob Vertessy 

Deputy Director 

CRC for Catchment Hydrology 

CSIRO Land and Water 

GPO Box 1666 

Canberra ACT 2601 

Tel: +61 6 246 5790 

Fax: +61 6 246 5845 

Email: 
rob.vertessy@cbr.clw.csiro.au 



Foreword 

The King River Sediment Study has been investigated as part of a PhD degree by the author, 
commencing in 1993. This working paper was prepared in early 1995 as an interim data 
document, to provide other MLRRDP researchers with information on the research already 
being undertaken on the King River. Most of the data presented in this document was 
collected while the Mount Lyell Copper Mine was still discharging tailings into the river 
system ('pre-mine closure'). Since original publication of this working paper by the 
Cooperative Research Centre for Catchment Hydrology, the author has completed the thesis, 
which includes data analyses for the pre-mine closure samples and a similar range of 
investigations for post-mine closure. 

Data presented in this document was the best available data at the time of writing. 
Subsequent sample collection and analyses have allowed fine-tuning of information 
presented here. The reader is referred to the PhD thesis for complete presentation of all data 
and analyses conducted as part of this study (Locher H 1997. Sediment storage and transport 
in the King River, Tasmania. PhD Thesis, Department of Civil Engineering, Monash 
University, Melbourne). 

Some of the final conclusions of the thesis are as follows: 

97 million tonnes of tailings, 4.47 million tonnes of smelter slag, and 10 million tonnes 
of topsoil were discharged into the King River system from the Mount Lyell lease site 
during the 1900s 

80.5% of the smelter slag and 3.78% of the tailings discharged from the mine remain 
stored within the river system (excluding the delta) 

87.3 million tonnes of tailings are stored within the delta 

copper concentrations are not a reliable tracer of mine-derived sediments in the sediment 
banks, because of leaching 

bed load represented 1.8% of the total sediment load pre-mine closure, and 33% of the 
total sediment load post-mine closure 

total sediment load in the river post-mine closure is 9% of the pre-mine closure load 

suspended sediment loads have reduced several orders of magnitude post-mine closure; 
spikes in concentration with the start-up of the power station have reduced from several 
thousand mg/L to several hundred mg/L post-mine closure 

suspended sediment loads pre-mine closure were uniform throughout the King River; 
post-mine closure the loads show net erosion with distance downstream 

erosion pins on the sediment banks showed net aggradation pre-mine closure, and net 
degradation post-mine closure 

the river system showed bed degradation and bank erosion in response to mine closure; 
these will eventually stabilise due to armouring of the channel bed, re-adjustment of the 
sediment bank faces, and revegetation of the sediment banks 

HELEN LOCHER 
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Executive summary 

The King River system on the west coast of Tasmania has received a total of 97 million 
tonnes of fine-grained sediments ('tailings') from the Mount Lyell Copper Mine in 
Queenstown. These sediments were discharged over the period 1916 to 1994, in addition to 
1.4 million tonnes of smelter slag and an estimated 10 million tonnes of topsoil. This report 
presents the results to date of the King River Sediment Study, a PhD study on the response of 
the river system to this artificially high sediment load. 

Of the total tonnage of sediments discharged into the river system, an estimated 3.4 million 
tonnes are in sediment banks and a maximum of 10 million tonnes are in the river bed in the 
last 8 km of the King River, raising the river bed by as much as 9 m. About 100 million m3 

are stored in a delta at the mouth of the King River where it meets Macquarie Harbour. 
Reduced peak flows from a power scheme in the upper King River commencing in 1992 
curtailed the further growth of the sediment banks, but caused an increased rate of deposition 
in the bed close to the river mouth. The processes of deposition and scour of fresh tailings on 
the sediment banks were very dynamic while the mine was discharging its tailings, due to the 
regular fluctuations in water level from the power station operations. 

Suspended sediment concentrations while the mine discharged its tailings typically ranged 
from 10,000 mg/L in the Queen River (into which the tailings were discharged) to 500 mg/L 
in the lower King River under the power station's efficient operating load. Suspended 
sediment concentrations were very uniform across the channel cross-section, as was particle 
size (median grain size 7-8 µm). Concentrations rose as much as two orders of magnitude 
(100-10,000 mg/L) due to the initial flush of water with the power station coming on line, 
creating a wave of sediment clearly traceable as it propagated downstream. Since the mine 
has ceased to discharge tailings, suspended sediment concentrations are dramatically lower, 
in the range of 10-20 mg/L, and no longer uniform across the channel cross-section. 

Ongoing work in this study involves comparison of pre- and post-mine closure suspended 
sediment and bed load transport rates, monitoring of changes in hydraulic geometry and 
sediment bank stability, and application of flow and sediment transport models to the King 
River. 
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1 Introduction 

1.1 Background 

The King River catchment on the west coast of Tasmania, shown on map 1.1, carried for 78 
years what was undisputably the highest continuous sediment load of any river in Australia 
(Olive & Rieger 1986). 

The source of the sediment and the major activity in the King River catchment area for most 
of the 20th century has been the Mount Lyell copper mine at Queenstown. 1,500,000 tonnes 
of tailings per annum have been disposed of into the King River catchment since the mine 
introduced an ore preconcentration process involving grinding and chemical flotation in 
1916. Tailings are the fine-grained waste sediments from which, in the milling process, the 
copper concentrate is separated. Significant concentrations of heavy metals are under certain 
chemical conditions adsorbed onto the sediments and thus transported into the river system, 
and ultimately into Macquarie Harbour. In addition to a total tailings discharge estimated at 
95 million tonnes, an estimated I O million tonnes of topsoil and 1.4 million tonnes of smelter 
slag have also been carried down the Queen River from the Queenstown area. 

These mine tailings have created prominent sediment banks, channel infilling and point bars 
in the King River system, and a 250 hectare delta at the mouth of the King River where it meets 
Macquarie Harbour. Since 1992 flow in the King River has been controlled by a hydro-power 
scheme which has been shown to have a significant influence on the transport, deposition and 
remobilisation of tailings in the lower King River. The Mount Lyell copper mine closed in 
December 1994, and although another company has taken over the lease site, mine tailings 
will no longer be discharged directly into the river system. In this report, 'pre-mine closure' 
refers to the period while Mount Lyell was discharging its tailings, and 'post-mine closure' 
refers to the period since the discharge of tailings ceased on 10 December 1994. 

1.2 Study context 

The King River Sediment Study looks specifically at the response of the King River system 
to the artificially imposed sediment load from mining activities in Queenstown. It is being 
conducted as a PhD study within the Co-operative Research Centre for Catchment Hydrology 
at Monash University, and commenced in May 1993. 

The King River Sediment Study is an integral part of a larger Tasmanian Department of 
Environment and Land Management study of the King River-Macquarie Harbour system. 
The King River-Macquarie Harbour Environment Study commenced in February 1993 and 
was set up as a cooperative effort involving the Hydro-Electric Commission, Renison 
Goldfields Consolidated Ltd (parent company of Mount Lyell Copper Mine), and several 
Tasmanian government departments. 

As of· 1995, the Commonwealth government's Office of the Supervising Scientist has become 
involved in rehabilitation issues in the river and harbour system. This working paper provides 
a baseline document available to other researchers which summarises the work which has 
been done on the King River sediments over the past two years. It outlines the scope of the 
research undertaken for the King River Sediment Study, the methods and locations of data 
collection, and the extent and summary descriptions of data presently available. It 
summarises what is known about the sediment storage and transport in the river system to 
date, and identifies the further work that is to be conducted as part of this PhD study. 

1 



Map 1.1 King River catchment below Lake Burbury 
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1.3 Study aim and objectives 

The King River Sediment Study broadly aims to predict the impacts of catchment activities 
and regulated power station discharges on long-term river channel and delta stability. It has 
three major objectives: 

1 To identify how the river system has responded to 78 years of an artificially imposed 
sediment load. 

2 To monitor how the river system is responding to the sudden cessation of the artificially 
imposed sediment load. 

3 To determine how a regulated flow regime can be exploited to minimise downstream 
environmental impacts arising from sediment storage and transport in the King River. 

'River response' in this study incorporates changes in the hydraulic geometry of the river 
channel, changes in the extent, physical characteristics and stability of sediments in storage, 
and changes in the physical characteristics, concentrations and transport patterns of 
suspended and bed load sediments. Little to no background data existed for the King River 
prior to this study, so the achievement of objectives 1 and 2 has involved extensive field 
monitoring and data collection. 

Objective 3 involves the development of a model for flow and sediment transport in the river 
system. This model will be used to predict the effects changes in flow patterns and catchment 
activities will have on sediment transport and channel stability. 

Figure 1.1 outlines the approach being taken to achieve these study objectives. The results of 
this study and the geochemical work being conducted by the Department of Environment and 
Land Management will ultimately enable the development of an environmental management 
strategy for the King River-Macquarie Harbour system now that the Mount Lyell Copper 
Mine has closed. 

1.4 Outline of this report 

Section 2 summarises the available information on the history and quantities of wastes 
discharged from the Mount Lyell Copper Mine, and describes the characteristics of the 
sediment load. 

Section 3 describes the receiving environment into which the mine tailings were discharged. 
This section briefly reviews the land uses, climate, geology, geomorphology, soils and 
vegetation of the King River catchment. Information on the hydrology and river channel 
hydraulics of the Queen and King Rivers is presented in more detail. 

Section 4 looks in detail at the storages of mining-derived sediments in the river system. Sub­
sections of this section present data from which estimates of storage quantities are derived, as 
well as data on sediment characteristics in each storage area. 

Section 5 deals with stability of the sediment banks in the King River. Erosion processes are 
described, both while tailings were being discharged and since this practice has ceased. The 
results of monitoring of changes in bank form conducted for this study are also presented. 

Section 6 focuses on the transport of sediments in suspension in the Queen and King Rivers, 
and section 7 focuses on bed load sediment transport. In both sections, the monitoring 
strategy employed for this study is presented, and the results reviewed from both when 
tailings were being discharged and since the tailings stopped. Particular emphasis is given to 
the variability of sediment characteristics and concentrations over space and time. 

3 
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Figure 1.1 Approach to achieve study objectives 



Section 8 introduces the modelling work being undertaken in this study. The first section 
discusses the sediment transport equations available in the literature and the approach being 
taken to evaluate those most appropriate. The second section describes the flow modelling 
required to supplement the other work being done for this study. 

Section 9 provides a summary of progress to date, and outlines the further work to be done to 
complete this study. 

2 The sediment load 

2. 1 History of sediment discharge 

The longest established mining operation in Tasmania is the Mount Lyell Copper Mine at 
Queenstown, which was first worked for gold following its discovery in 1883, and from the 
1890s until present has almost continuously been worked for copper. The original copper 
recovery was done by direct smelting using large quantities of pyrite, but this became 
unviable as pyrite grades began to decline. In 1922, the smelting was supplemented by an ore 
preconcentration process using grinding and flotation technologies. Tailings were the very 
fine grained waste sediments produced by the preconcentration process, and these were 
discharged directly into the Queen River (see plate 2.1). Figure 2.1 summarises the mine's 
records of tailings discharged into the Queen River. 

10000 

- 1000 
~ 
0) 

= = 0 100 -= ......_tailings = = .... ---slag 
~ 10 -e---pyrite recovered 

1 +-,--,..--,-+-,----.----.-..... .,...... _____ ..,..., ____ a+-,--,-.. _~ 

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 

Figure 2.1 Mt Lyell discharge history 

The mine's records for tailings discharge commence in 1915, and annual discharge rate 
climbed fairly steadily until about 1940. Between 1940 and 1995 the annual discharge rate 
has fluctuated between 1-2 million tonnes. The average discharge rate over the life of the 
mine has been 1.2 million tonnes per year, with a total of 97 .4 million tonnes discharged. 

Another by-product of mining were large quantities of siliceous black slag produced by the 
smelters. This material was retained on site (an estimated 6 million tonnes) until the 
commencement of pre-concentration, when the tailings were used to mobilise the smelter slag 
(Wood 1991). An estimated 1.4 million tonnes of slag produced between the period 1929-
1970 have been discharged to the Queen River. Additionally, a rough calculation estimates 
that in the order of 10 million tonnes of topsoil from the lease site have been washed into the 
Queen and King Rivers over the life of the mine (Mount Lyell 1990). 
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Plate 2.1 Tailings outfall at Mount Lyell 

2.2 Tailings characteristics 

2.2.1 Mineralogy 

The Mount Lyell copper orebodies occur in metamorphosed volcanic sediments with small 
amounts of gold and silver. The tailings consist of alumino-silicates in various stages of 
weathering from a quartz sericite schist host rock, ground to a very uniform particle size in 
the milling operation. A typical chemical analysis of the material is shown in table 2.1 
(Mount Lyell 1990). As shown, the quartz sericite schist parent material is comprised 
primarily of silica, alumina and iron with a small percentage of sulphur. Both the iron and 
sulphur are present predominantly as pyrite. 

Table 2.1 Chemical analysis of Mount Lyell tailings 

Analyte Percentage 

S;02 58 
Al20 3 10 

Fe 11 

s 6 

cao 0.6 

Others 14.4 
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2.2.2 Particle size 

Figure 2.2 shows a typical size analysis of tailing collected from the Mount Lyell outfall on 
11 June 1993. This particle size distribution was obtained using a Malvern Laser Scatterer. 

0.10 1.00 10.00 100.00 1(l(X).00 

Particle Size (microns) 

Figure 2.2 Mount Lyell tailings particle size distribution 

The median grain size from the Malvern Laser Scatterer was found to be 11.02 microns, 
which is somewhat finer than the 26 microns determined by the Mount Lyell company using 
a hydrometer method (Mount Lyell 1990). The particle size distribution of three tailings 
samples collected at different periods during the month of June 1993 were found to be very 
consistent, as shown in table 2.2. 

Table 2.2 Comparisons of tailing grain size 

Date Subsample Median particle size (microns) 

Test1 Test2 Test3 Test4 Average 

25/6/93 10.66 10.65 10.66 

2 11.87 11.66 11.77 

3 12.07 11.52 11.39 11.38 11.59 

11/06/93 12.66 11.51 11.38 11.85 

2 11.15 11.02 11.09 

2/06/93 11.33 11.37 11.35 

2 11.6 11.04 10.5 10.58 10.93 

Minimum 10.66 

Maximum 11.85 

Median 11.35 

The slag which was also discharged into the river has a reasonably consistent particle size 
distribution. As it came out of the smelters, the slag was poured into molten water and so 
granulated instantly into a fine, hard and very angular particulate material. A typical particle 
size distribution is shown in fig 2.3. 
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Particle Size (mm) 

Figure 2.3 Mount Lyell slag particle size distribution 

2.2.3 Other tailings characteristics 

The specific gravity of a sample of dried tailings from the Mount Lyell outfall was analysed 
and found to be 2.9. 

An examination of the tailings under a Scanning Electron Microscope showed them to be 
flat, platy and highly fractured, as shown in plate 2.2. 

Plate 2.2 Tailings under the scanning electron microscope 

2.3 Changes in tailings characteristics with time 

The change of most relevance to this particular study is that of the particle size of tailings 
over time. As milling processes improved. the particle size distribution of the tailings has 
become increasingly finer. Based on known changes and improvements to the milling 
processes. Mount Lyell's mill superintendent John Geoghehan provided an estimate of 
particle size changes over time from which fig 2.4 was derived. Note that these sizes are 
consistent with the results of the mill's hydrometer analyses which give a slightly coarser 
particle size distribution than the Malvern Laser Scatter analyses used for this study. 
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Other changes to the tailings characteristics over time relate to which orebody on the mining 
lease was being mined. The copper orebodies being mined on the Mount Lyell lease are of 
three main types: 

1 Disseminated, with small grains of pyrite (iron sulphide) and chalcopyrite ( copper iron 
sulphide) in schist; 

2 Massive sulphide bodies with small veins of chalcopyrite and tennantite ( copper arsenic 
sulphide) in nearly solid pyrite; and 

3 High grade bornite (copper iron sulphide), chalcopyrite, chert (silica) orebodies. 

The first type of orebody is by far the most common type of occurrence (Mount Lyell 1984), 
and is the one from which the typical chemical analysis in table 2.1 is based. 

Changes to the chemical analysis shown in table 2.1 would also have occurred due to periods 
of pyrite removal from the tailings. This has varied over time depending on market demand 
and technological advances in recovery procedures and rates. Periods when pyrite was 
recovered were identified in fig 2.1. In recent years pyrite was removed at about 50% 
efficiency. The analysis shown in table 2.1 was conducted on a sample of tailings at a time 
when pyrite was not removed. During periods of pyrite removal the iron and sulphur levels 
would have been significantly lower, with sulphur approximately 3% and iron approximately 
8% (Mount Lyell 1990). The level of pyrite has significance for the chemical reactiveness of 
the tailings stored in the river system, delta and harbour. 

2.4 Summary 

This section has summarised information about the mine wastes discharged into the river 
system. A total of 97 million tonnes of tailings, 1.4 million tonnes of smelter slag, and 10 
million tonnes of topsoil are estimated to have gone into the King River system over the 100 
year life of the Mount Lyell Copper Mine, until its closure in December 1994. The tailings 
are from a quartz sericite schist host rock, predominantly consisting of silica, alumina and 
iron. They are flat, platy and highly fractured, and have a specific gravity of 2.9. The mining 
company has periodically recovered pyrite from the tailings. Tailings have become 
progressively finer over the years, from a median grain size of about 75 µm down to 11 um. 
Slag has a median grain size of 0.160 mm. 
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These physical characteristics of the mine wastes all influence the way they are transported 
through the river system, and if and how they are stored. The next section looks at the 
characteristics of the receiving environment into which the mine wastes were discharged. 

3 The receiving environment 

3.1 History and land use 

Mining was the major influence on the historical development of Tasmania's west coast, and 
most of the major towns have grown around the highly mineralised belt known as the Mount 
Read Volcanics. The major township in the King River catchment is Queenstown, shown on 
map 1.1, which in 190 I was the fourth largest town in Tasmania with a population of 5000. 
At present the population of Queenstown is approximately 3000, and the large copper deposit 
which has been its livelihood for the past century is still a viable mining operation. 
Considerable prospecting has also historically been conducted in the King River catchment, 
and two gold mines once operated at Lynchford (on the Queen River) and on Newall Creek 
(King River below the power station). 

Strahan is located near the mouth of the King River and for many years was the major port 
for the mines and mining communities. Since 1896 ore was transported by railway from 
Queenstown along the Queen and King Rivers originally to the small port of Teepookana, 5 
km above the King River mouth, and later to the port of Strahan. 

Other major activities in the King River catchment are forestry and power generation. Timber 
harvesting for Huon pine dates back to the convict days on Macquarie Harbour, and the 
Tasmanian Forestry Commission still salvages Huon pines from the Teepookana Plateau 
above the old port town of Teepookana. Hydro-electric power generation commenced in 
April 1992 from the damming of the upper King River and creation of Lake Burbury. 
Construction relating to the King River Power Development, including road construction, 
dam building, and tunnel drilling, was undertaken during the decade prior to commissioning 
of the power station. 

The King River flows out to Macquarie Harbour, which is approximately 276 km2 in area and 
almost entirely land-locked. The main uses of Macquarie Harbour include aquaculture, 
tourist cruise boats, and recreational fishing. Fish farms are predominantly located in the 
northern end of the harbour. The harbour is also the receiving environment for municipal 
wastes from Queenstown and Strahan, and for the wastewater discharged from the Mount 
Lyell Copper Mine in Queenstown. 

A large percentage of the catchment area of Macquarie Harbour is managed by the Tasmanian 
Parks and Wildlife Service and is known as the Southwest Conservation Area. A portion of 
this conservation area has been designated World Heritage Area. Most of the Southwest 
Conservation Area is inaccessible by conventional vehicles, although there is an extensive 
network of tracks associated with mineral exploration which are now used by bushwalkers. 

3.2 Climate 

The climate of Tasmania's west coast is dominated by the 'Roaring Forties', steady westerly 
winds which collect moisture over the Indian Ocean. The mountains of the West Coast Range 
cause a rapid uplift of the moist airstream resulting in a high annual rainfall averaging almost 
2400 mm at Mount Lyell. Population centres on the west coast commonly experience rain on 
200-240 days per year. 
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Rainfall is recorded at several locations in and around Queenstown and in Strahan. A 
summary of data available from the Bureau of Meteorology is given in table 3. l. 

Table 3.1 Meteorological data available· 

Township Station location Period of record Type of data 

Strahan Airport 1976--present Automatic weather station 

Synoptic aeronautical 

Strahan Lodge 1991 -present Synoptic 

Various locations 1882-1991 Rainfall 

(discontinuous) Periods of synoptic data 

Queens town Mount Lyell 1906--present Rainfall 

7XS radio station 1964-1994 Synoptic 

1995-onward Station closed, perhaps continue just rainfall 

Lake Margaret power station 1945-present Rainfall 

Lake Margaret dam 1912-present Rainfall 

Aerodrome 1968--1988 ? 

Gormanston 1895-present Rainfall 

Winter in Queenstown is characterised by cold, westerly airstreams which can result in heavy 
rains and an average temperature range of 2.3-12.7°C. Spring weather is more variable with a 
decreased severity and frequency of cold fronts. Summer is characterised by less rain and an 
average temperature range of 8-22.4°C. Prolonged periods of hot weather can occur in 
autumn when high pressure weather systems become stationary in the Tasman Sea (Dames & 
Moore 1989). 

3.3 Geology and geomorphology 

The geologic history of the King River catchment is summarised in table 3.2. Information in 
this section has been summarised from Banks et al ( 1977), Corbett et al ( 1977), Dames & 
Moore ( 1989) and Lake et al ( 1977). 

The Mt Lyell mineralisation occurs within a geological sequence known as the Mount Read 
Volcanics, host to several major volcanogenic massive sulphide deposits of Cambrian age. 
The Mt Lyell deposits generally occur as lenticular zones of disseminated copper sulphides, 
predominantly chalcopyrite (CuFeS2) with minor concentrations of silver and gold. 

The most important geomorphological features in the King River catchment and much of 
Tasmania's west coast are a consequence of the underlying geology and periods of glaciation. 
Long mountain ridges run parallel to the coast and are separated by broad valleys. The 
drainage system has a distinct trellis pattern, with many rivers flowing between the parallel 
ridges with occasional gorge sections as they cut across the ridges. Quarzite and 
conglomerate units form the mountain ranges, and the King River and its tributary valleys are 
underlain by more erodible limestones, sandstones and siltstones. Three separate phases of 
glaciation occurred on Tasmania's west coast, resulting in the deposition of large quantities 
of glacial till or meltwater deposits on valley floors. Effects of valley glaciation can be seen 
in both the Comstock and Linda Valleys and other parts of the upper King River catchment. 
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Table 3.2 Geologic history of the King River catchment 

Geological 
time scale 

Late Cambrian to 
Early Ordovician 

Early Ordovician 

Middle to Upper 
Ordovician 

Lower Silurian to 
Early Devonian 

Tertiary 

Pleistocene 

Approx time period 
(x million years) 

530-500 

500-480 

480-435 

435-380 

65-7 

2-.01 

Geological activity 

Siliceous detritus known as Owen Conglomerate deposited mainly on 
eastern edge of important depositional basin known as the Dundas Trough 

Period of rapid uplift; Great Lyell Fault a dominant feature 

Shallow sea over western Tasmania; carbonate mud and Shelly detritus 
deposited to form Gordon Limestone 

Major folding and faulting (Tabberabberan Orogeny). Produced 
structures tending N-S including the West Coast Range, a broad N-S 
trending anticlinal structure in the Owen Conglomerate. Also produced 
WNW and NNW faults and folds. 

Block faulting produced 10-km wide Macquarie Harbour Graben, a 
trough containing at least 220m of non-marine sands, clays and lignites, 
much of it lying below present sea level. 

Three separate phases of glaciation. The Forth Glacial in the late 
Pleistocene (c.14,000 BP) may have influenced the King River. 

The King River itself flows in a south-westerly direction and cuts through the West Coast 
Range which runs parallel to the coast. Just below the confluence of the Queen and King 
Rivers, the King River has eroded a deep gorge through the resistant quartzite of the West 
Coast Range, with steep to precipitous side slopes averaging 45°. Below this gorge section, 
the topography is more subdued although still rugged. Here the King River dissects an old 
erosion surface (the Henty surface) of weaker and more erodible sandstone, siltstone and 
limestone, and is fed by a number of minor creeks forming a trellis pattern. Valley sides have 
mean slopes of 30-45°, with steeper slopes where spines of rock outcrop occur. According to 
an HEC ( 1989) report, there is no evidence that the King River valley is structurally controlled. 

3.4 Soils and vegetation 

Most of the region is covered by different types of yellow podzolic soils, which occur in areas 
with a predominance of siliceous rocks. These are soils with soil profile in which the organic 
surface horizon is underlain by a leached greyish A horizon and a yellowish, often mottled B 
horizon. 

Vegetation in the Macquarie Harbour catchment includes large regions of forests and button­
grass plains, and is described in detail by Kirkpatrick (1977). Vegetation in the King River 
catchment is predominantly dense temperate rainforest, with species such as Blackwood 
(Acacia melanoxylon), Myrtle (Nothogagus cunninghamii) and King Billy Pine (Athrotaxis 
selaginoides) dominating the upland regions, and Huon Pine (Lagastrobusfranklinii) prevalent 
along the watercourses. 

The early pyritic smelting operations at the Mount Lyell copper mine had a substantial and 
long-lasting affect on the vegetation in the Queenstown area. The smelting produced up to 
200,000 tonnes per annum of sulphur dioxide (S02) emissions, which killed the young 
vegetation growing back after regional timber cutting and frequent bushfires. The high annual 
rainfall washed the unprotected topsoil off the hills around Queenstown. Although less 
damaging smelting methods were introduced in 1904, smelting did not entirely cease until 
1969. An estimated 1500 ha of land around Queenstown was almost completely devoid of 
vegetation, and a further 2500 ha substantially denuded (Wood 1991). 
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The bare hills around Queenstown result in rapid runoff of rainfall which translates into rapid 
increases in the discharge of the local rivers following precipitation events. Also associated 
with this region is acid rock drainage, resulting from a series of chemical reactions due to the 
exposure of sulphidic rocks to oxygen and water. The products of acid rock drainage include 
increased acidity of surface waters and frequently result in the mobilisation of metals and 
other elements into the aquatic environment. 

3.5 Hydrology 

3.5.1 Catchment areas and receiving body 

The King River catchment has an area of 809 km2, and at the Sailor Jack Creek monitoring 
site has a mean annual yield of 1.76 x 109 m3. Figure 3.1 is a flood frequency analysis curve 
for the King River, based on records from the King at Crotty gauging station. This curve 
shows that the I :5 year flood is between 500 and 600 m3/sec, and the I: I 00 year flood is 
between 800 and 1200 m3/sec. This data is from the Crotty station (now under Lake Burbury) 
over the period March 1924 to July 1991. 

The receiving body for the King River is Macquarie Harbour near Strahan. The harbour has 
been found to be a stratified estuary with fresh water at the surface and well-oxygenated 
ocean water at depth (Creswell et al 1989). The intermediate water mass within the harbour 
has more brackish salinities and lower oxygen than the underlying or overlying water. The 
other major tributary to Macquarie Harbour is the Gordon River catchment. It is the third 
largest in the State and the largest in western Tasmania, being approximately 5217 km2, with 
a mean annual yield of 7.4 x I 09 m3 (from the monitoring record at Butlers Island). 

The largest sub-catchment to the King is the Queen River, with a catchment of 79.3 km2 and 
a mean annual yield of 165 x 106 m3. A flood frequency analysis for the Queen River is 
shown in fig 3.2, based on records from the Queen River below Lynchford Camp. The 
records cover a period of only 6 years, hence the very wide confidence intervals. This figure 
shows that the 1 :5 year flood is between 90 and 125 m3/sec, and the I: 100 year flood is 
between I 00 and 330 m3/sec. 

There are a number of small sub-catchments contributing to the flow in the Queen and King 
Rivers, as shown in fig 3.3. Median flows have been estimated using a catchment area-flow 
relationship developed by the HEC for small streams in the King River catchment (HEC 
1988). Table 3.3 shows that total flows from the sub-catchments average less that 0.4 
cumecs. While a median flow rate is not a particularly useful figure, it does provide an 
indication that the subcatchments are not a significant contribution to the total flow. 

3.5.2 King River power scheme 

The King River hydro-electric power scheme came on line in February 1992. Flow in the 
King River is now controlled by the King River Power Station, which releases water at an 
optimum power-generating rate of between 70 and 80 m3/sec (depending on lake level) 
generally during daylight hours, and often releases no water at night. The mean annual run­
off at the Sailor Jack Creek monitoring site, over the period of 1924 to 1984, is 56.9 m3/sec. 
This site was not operative for several years during which the power station came on line, so 
post-power station flow records are based on monitoring from the nearby King below Queen 
River site. The mean annual run-off from the King below Queen site, based only on the 
1993-94 record, is 55.8 m3/sec. As shown in fig 3.4, average flows have not significantly 
altered, but maximum recorded flows have dropped from 830 to 240 m3/sec, and the shape of 
the cumulative frequency distribution curve has significantly altered. 
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Table 3.3 King and Queen River sub-catchments 

Catchment name Bank Area Median flow Catchment name Bank Area Median flow 
(km2) (Usec) (km2) (Usec) 

Ou•n River King River 

West Queen right 8 193.41 Newall left 9 220.08 

East Queen left 5.5 128.14 un-named right 2 41.85 

Conglomerate left 5 115.37 Garfield left 48 1362.18 

Roaring Meg left 3 65.63 Sailor Jack right 2 41.85 

un-named right 2 41.85 Open left 6.5 153.98 

Lynch left 5 115.37 Fleabite right 3 65.63 

Princess right 13 329.10 Starting right 12 301.53 

un-named left 2.5 53.62 un-named right 1.2 23.67 

Halls right 6.5 153.98 Swift left 25 671.22 

Lower Landing left 1.4 28.12 

Total so.so 1.20 Virginia right 7 167.04 

sqkm m3/sec Four-Mile right 2 41.85 

Cutten left 1.5 30.38 

Kingfisher right 2.2 46.53 

Lucky right 19.30 

F = (19.3 + 5.4 * log A) * A 

F = Flow in Usec; A = Area in krn2 Total 123.8 3.22 
sqkm m3/sec 

3.5.3 Hydrological monitoring 

Flow and tide gauging stations on the Queen and King Rivers and in Macquarie Harbour 
have been established and maintained by the Tasmanian Hydro-Electric Commission. Those 
sites from which data has been used for this study are shown on map 3.1. Table 3.4 
summarises the type of data and the time periods available from these stations. In addition, 
the HBC' s System Control keeps records of time periods and power generating levels of the 
John Butters Power Station; a rating curve is available to convert power generation to flow 
discharge. 
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Table 3.4 King River hydrological monitoring 

Station Type Period of record Missing data 

Queen b/1 Lynchford gauging 16/8/86-present 16/8/86-30/1 /87 peak flows only; 31 /1-8/3/87 
missing; 10/4-1117187 discontinuous 

King b/1 Queen gauging 3/10/91-present none missing 

King b/1 Sailor Jack gauging 23/1 /85-present 31/1-1/2/85, 26/2-1/3/85, 13-25/3/85,15/6-
13/8/87, 31/8-8/10/87, 19/2-29/3/88, 21/4-6/5/88, 
4/2-10/3/89, 12-17/4/89, 1-6/12/89, 18/6-317190, 

17/9-3/10/91, 8/12/91-11/6/93, 26/5-2617/94 

Environmental Station 13 level 29/6/94-present 10/2-24/3/95 

King b/1 Cutten Creek level 15/10/86-present 8/1-15/12/87, 19/1-10/3/89, 16/4-1/6/92 

Macquarie Harbour No 8 level 2017193-present none missing 
Beacon 

Table 3.5 provides annual summaries of hydrological data for the six monitoring stations 
used for this study. An 'x' denotes missing data, and where followed by a number it indicates 
the maximum or minimum recorded value (not accounting for the missing period) for that 
particular year. 

Table 3.5 Annual flow/level summaries from King River hydrological stations 

Station and parameter 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 

Queen below Lynchford 

Flow (m3/s) Max. X x123.9 69.7 77.8 136.8 102.9 77.4 107.6 100.1 

Min. X x0.94 0.82 0.67 0.71 1.01 0.83 1.08 0.80 

Ave. X X 4.95 3.99 5.39 5.11 5.04 5.29 6.98 

King below Queen 

Flow (m3/s) Max. X 218.0 212.9 316.0 

Min. X 2.23 2.30 2.09 

Ave. X 44.4 49.9 61.7 

King below Sailor Jack 
Flow (m3/s) Max. 171.6 699.7 x793.5 x744.1 x571.1 x841.2 x513.7 X 260.5 x193.1 

Min. 5.89 3.85 x7.51 x4.26 x5.63 X4.23 X5.81 X 1.20 x0.63 

Ave. 32.6 62.4 X X X X X X X X 

Environmental site no 13 

Level (m) Max. 4.40 

Min. -0.39 

Ave. 1.30 

King below Cutten Ck 

Level (m) Max. X X 4.83 x4.08 4.87 4.34 x5.53 3.35 3.13 

Min. X X -0.27 x-0.20 -0.20 -0.28 x-0.31 -0.26 -0.26 

Ave. X X 0.65 X 0.69 0.42 X 0.79 0.95 

Macquarie Harbour No 8 Beacon 

Level (m) Max. 0.75 1.43 

Min. -0.14 -0.18 

Ave. 0.22 0.24 
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3.6 River channel hydraulics 

3.6.1 General characteristics 

The channel hydraulics of the Queen-King River system are critically significant to the 
transport patterns of the mining-derived sediments. For the purposes of this study, numbered 
stations have been identified as shown on map 3.2. Not shown on this map are Station 1 
which equates to the Mount Lyell tailings outfall, Station 2 which is at the hydrological 
monitoring station Queen River below Lynchford Camp, and Station 3 which is at 
hydrological monitoring station King River below Queen River (see map 3.1). 

The King River channel is generally 1-2 m deep, and varies from 50-100 m wide. At scour 
points (eg rock promontories), the channel is up to 10 or more metres deep. Figure 3.5 shows 
typical channel cross-section shapes at progressively downstream stations. Of interest are the 
terraced banks on the Queen River, the distinctly U-shaped channel of the King between 
Stations 3 and 15, and the double channel configuration between Station 15 and the river 
mouth, with the more elevated bar in the center. Also noteworthy is the fact that the river 
bottom at Station 13 is below sea level. 

Map 3.3 depicts the river bottom surface characteristics which influence the channel 
roughness in the lower reaches of the King River. These are the reaches which appear to be 
most affected by the mine wastes. The King River above Station 9 has a rock base with 
occasional coarse gravel/cobble bars, and both the Queen River and the King River above the 
Queen River confluence are coarse gravel bed rivers. Between Stations 11 and 15 the bottom 
consists of a series of coarse gravel bars alternating with deeper pools, and sections of a 
hardpan which is believed to be mining-derived. Downstream of Station 15 the bottom 
consists of tailings and fine gravels. 

3.6.2 Water surface elevation profile 

The water surface elevation profile is one of the most important of the hydraulic parameters 
with regard to sediment transport, and for this study the major changes are summarised in 
table 3.6. 

Table 3.6 King River catchment gradient changes 

Reach Boundaries Elevation Distance Gradient 
(m AHO) (km) 

Queen below mine site Mount Lyell tailings outfall 200 13.2 1:82 0.0122 

Confluence with King 40 

King River Gorge Confluence with Queen 40 5.1 1:170 0.0059 

Sailor Jack Creek 10 

Lower King Sailor Jack Creek 10 18.2 1 :1916 0.00052 

Macquarie Harbour 0.5 

As can be seen, the Queen River between the mine site and the confluence has a steep 
gradient of 0.012. In the King River gorge between the confluence of the King and Queen 
Rivers and Sailor Jack Creek, the gradient is still considered steep at 0.006. At Sailor Jack 
Creek the river flattens considerably, with a gradient of 0.0005 out to the river mouth. Figure 
3.6 shows a more detailed survey of the water surface elevation profile for the King River 
between Station 4 (at 16 km) and Station 20 (at O km). 
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The water surface elevation profile is greatly influenced by the power station activities. 
Figure 3.7 shows typical water level changes due to power station operations, and table 3.7 
shows typical time lags for changes in water level to propagate downstream. The water level 
rise due to the power station turning on propagates much more slowly than the fall in water 
level due to the power station turning off, presumably due to the much greater energy 
required. However, once the water level change begins to occur at a station, the flow level 
becomes steady much more quickly for a water level rise than for a water level fall. 

Table 3. 7 Propagation times for water level changes in King River 

Location 01st. downstream Power station turns OFF Power station turns ON 

Power Station 0.00km 0000 hours 0000 hours 

Station 13 13.10 km 0045 to 0430 hours (steady drop) 0215 to 0315 hours 

0430 to 0730 hours (shallow drop) (steady rise) 

Cutten Creek 17.15 km 0130 to 0530 hours (steady drop) 0300 to 0450 hours 

0530 to 0930 hours (shallow drop) (steady rise) 

The other significant influence on the water surface elevation profile in the King River is the 
tidal influence from Macquarie Harbour. Figure 3.8 illustrates the changes in water level over 
a period of several days. Station 3 (the King below Queen River hydrological monitoring 
station) clearly shows the changes in flow with the power station off for 24 hours on 12 July 
1994, and on for 24 hours on 13 July 1994. At low flow (power station OFF), the influence of 
the Macquarie Harbour tidal changes can be seen at the Cutten Creek monitoring station, but 
not as far upstream as Station 13. At high flow (power station ON), the tidal variations in 
Macquarie Harbour do not influence water levels at any of the King River monitoring 
stations. The same trend shown in fig 3.8 for the Cutten Creek monitoring station is seen at 
all points between Teepookana railway bridge and the river mouth. 

The tidal zone was shown in this monitoring exercise to extend up to Teepookana Bridge and 
possibly somewhat higher, but does not extend as far upstream as Station 13. Furthermore, 
the tidal influence was limited to backwater affects; under the flow and harbour conditions 
during this tidal monitoring exercise, there was no evidence of a saline wedge intruding up 
the King River at any flow level. Whether or not there is intrusion of a saline wedge if the 
power station is off for several consecutive days is unknown. 

3.6.3 Gauging summaries 
Appendix 1 includes summaries of all HEC gaugings for the Queen River below Lynchford 
Camp, the King below Queen River, and the King River at Sailor Jack. Mean current 
velocities in the Queen River have varied between 0.175 and 2.378 m/s over a flow range of 
0.515 to 73.19 m3/sec. Mean current velocities in the King River below Sailor Jack Creek 
have ranged from 0.222 and 3.653 m/s over a flow range of 3.082 to 475.8 m3/sec. 

Additional gaugings have been conducted as part of this study at Stations 2, 4, 13 and 18 in 
conjunction with collection of suspended and bed load sediment samples. These results are 
presented in sections 6 and 7. 
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3.7 Summary 

This section has described the receiving environment for the tailings. The catchment area has 
a history of mining and forestry activities, and is largely undisturbed except for the mining 
operations in Queenstown and changes to the river system due to the mining practices. A 
power station established on the King River in 1992 has significantly altered the flow 
patterns and reduced the peak annual flow from 830 to 240 m3/ sec. Channel gradients are 
very steep on the Queen River (into which tailings were discharged) and on the King River 
just below the confluence with the Queen, and then noticeably flatten the last 18 km to the 
river mouth. The tidal zone from the receiving body of Macquarie Harbour extends about 5 
km up the King River mouth to just above an old railway bridge known as Teepookana 
Bridge, but the tidal influence is only evident when the power station is not discharging. 

The characteristics of the receiving environment influence how the mine wastes are 
transported and stored in the river system. The next section examines where and how mine­
derived sediments have been stored in the river system, and focuses particularly on the 
quantities and characteristics of the sediments in storage. 

4 Sediment storages 

4.1 Queen River 
The Queen River is essentially a conduit for mine wastes from Queenstown to the King River. 
Its gradient is sufficiently steep that there is little to no long term storage of tailings. There are 
extensive coarse gravel and cobble bars and banks in the Queen River, but no tailings banks. 
When the mine was discharging tailings, the Queen River was a rich grey colour likened to 
'liquid cement' (plate 4.1); this was said to clear very quickly whenever the mill was shut down 
for maintenance. Now that tailings are no longer being discharged, the river has an unnatural 
red staining due to the high iron concentrations in the run-off from the lease site (plate 4.2). 

In Queenstown, every two to three years the local council 'cleans out' the bottom of the 
Queen River with an excavator. The need for this is totally unrelated to the tailings, but is in 
response to the regular transport of cobbles down from Conglomerate Creek which over time 
can 'dam' the Queen River and pose flooding problems for neighbouring areas. The Council 
cleaned out the bottom of the Queen River in December 1994. 

The only known tailings storage in the Queen River is just above the confluence with the King 
River (plate 4.3). Here sediment banks have built up, presumably from when there was a high 
flow in the King River effectively 'damming' the tailings being carried down the Queen. The 
older age of the deposits is evident by the reddish-brown colouration of oxidised tailings and 
their relatively coarse sand size. While the mine was still discharging, fresh tailings deposits 
at the base of the older deposits were grey, unoxidised, and classified as a fine silt. 

While tailings were being discharged, the confluence of the King and Queen Rivers was a 
dramatic sight (as shown in plate 4.3) due to the coming together of the characteristically 
black organic-rich natural waters of the King with the chalky white tailings-laden waters of 
the Queen. There was a sharp dividing line for perhaps 100 m in which swirls of tailings­
laden water sank and re-emerged amidst the black waters, until the confluence narrows and 
the mixture proceeded as a mottled dilute grey-brown solution. The dynamics of this mixing 
zone changed significantly depending upon the relative flows in the King and Queen Rivers. 
When the power station was off, the flow was insufficient to move the tailings coming down 
the King River, and so they would temporarily settle out at the confluence (see plate 4.4) 
until the power station came on line again and re-mobilised them on down the King River. 
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Plate 4.1 Queen River pre-mine closure 

Plate 4.2 Queen River post-mine closure 
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Plate 4.3 Confluence of the Queen and King Rivers 

Plate 4.4 Tailings at the confluence with the power station off 
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4.2 King River banks 

4.2.1 Locations 

The most visible storages of sediment in the King River are in the sediment banks, 
remarkable for their artificial orange/red colour (from the oxidised pyrites) and dead tree 
stumps due to either metal toxicity or the acid generating nature of the tailings in storage. 
Map 4.1 shows the locations and labelling of the tailings banks in the King River. From the 
contours, the river appears to be a confined alluvial channel, and the mining sediments have 
deposited wherever the local topography has permitted sediment storage. 

An initial visual survey of surface area of sediment banks was conducted at an early stage of 
this study, with the results shown in table 4.1. Volumes have been estimated by making 
assumptions about the depth of mining sediments in the banks. More detailed information 
collected from a trench and a comprehensive augering survey indicate that this initial 
estimate is reasonably accurate. Total sediment volume in the river banks is estimated to be 
2.15 million m3, or 3.44 million tonnes. 

Table 4.1 Initial estimates of King River sediment bank storage 

Reach above Av.bank Av. tailings Av.bank Total bank Seel.bank 
stn no height (m) depth (m) width (m) length (m) volume(m3) 

4 

5 

6 5 1.25 25 450 14063 

7 5 1.25 12 500 7500 

8 6 1.50 12 600 10800 

9 5 1.25 10 250 3125 

10 5 1.25 15 2820 52875 

11 5 1.25 18 1100 24750 

12 6 4.50 90 1070 433350 

13 5 3.75 140 850 446250 

14 5 3.75 100 850 318750 

15 4.5 3.38 100 1300 438750 

16 3.75 2.81 25 680 47813 

17 3.25 2.44 40 1500 146250 

18 2 1.00 15 100 1500 

19 1.8 0.90 55 2850 141075 

20 0.8 0.40 75 2200 66000 

river mouth 0.5 0.25 100 1000 25000 

Total= 17120km 2152850m3 

x1.60 

= 3.44 million tonnes 

The tonnage assumes a specific weight of deposit of 1.60. This figure is based on an average 
of two samples, one from Bank F and one from Bank M, for which an undisturbed sample of 
a known volume was collected, dried and weighed. 3.44 million tonnes is a surprisingly small 
figure given that total mine discharge is estimated to be 97 million tonnes (excluding slag and 
topsoil contributions). 
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Between Stations 12 and 15 are the most sizeable deposits of sediments, between two railway 
bridges known as Quarter Mile Bridge (upstream end of this stretch) and Teepookana Bridge 
(downstream). The sediment banks are on both sides of the river on the inside bends, rising in 
height to 5-6 m above low water level and extending back from the river bank up to 100m 
(plate 4.5). The height of these deposits is consistent with the height to which the King River 
historically rose during peak flows. Flow records from the Sailor Jack Creek gauging station 
show peak flows in the order of 840 m3/sec since recording began in 1985, corresponding to 
a river level rise of just over 5m. 

Below Teepookana Railway Bridge, near Station 15, the river gradually widens and frequent 
long, broad, relatively flat (1-2 m above low water level) beaches are prominent inside the 
river bends (plate 4.6). These beaches would get entirely inundated at high flows, unlike the 
higher banks above Teepookana Bridge. 

4.2.2 Trench 
A trench was cut into one of the large sediment banks on Bank M during February 1994. This 
trench was dug on an opportunity basis when the local Forestry Commission had an 
excavator working nearby, so it was not properly shored up and only a few samples were able 
to be taken. The trench was approximately 40m long by 5m deep, and gave some indication 
as to how the banks have developed (plates 4.7 and 4.8). It appears from the stratigraphy that 
the original banks were in a levee configuration, and the present day banks have grown away 
from the river during successive periods of high flow when the tailings are able to be 
deposited behind the crest of the bank. Levee banks are found in the lower Gordon River as 
shown in plate 4.9. This interpretation is consistent with the present day shape of the large 
sediment banks with a crest similar to a dune crest on the 'back' side away from the river. 
Wind processes also appear to have a significant role in the shape of the banks. 

Due to safety concerns the trenc;h was not left open for long, and was unable to be 
comprehensively sampled. Seven samples were collected at a height of about lm above the 
mean water level and at approximately 5m intervals back from the waters edge. These were 
sent to ANSTO for analysis of Caesium-137. Caesium-137 is a radioactive isotope produced 
from nuclear explosions, which adsorbs onto fine sediments and has proven to be an effective 
tracer. In Australia it has been present between 1954 and 1979, with the peak year being 
1964. The half life of this isotope is 30 years, so the detectable levels in the earlier years are 
diminishing (Longmore 1982; Campbell et al 1982). 

Caesium was found to be present in five of the trench samples, proving that the sediments at 
the depths sampled were exposed to the atmosphere since 1954. The Caesium values do not 
contradict the hypothesis of bank growth by overtopping of levee banks, as lower values were 
found where the levee was likely to have been. Figure 4.1 is a rough diagram showing the 
trench profile, the general stratigraphy, the Caesium-137 results in mBq-cm2, and in 
parentheses the median particle size in mm. 

In these samples, there is no correlation between Caesium-137 levels and particle size, but 
there are many other factors which may influence the Caesium levels. The amount of time the 
sediments were exposed to the atmosphere and the year(s) of exposure would also influence 
the concentrations of Caesium which are present. Considerable information could be gained 
from Caesium analyses in these banks with a rigorous sample collection and analysis 
program. 
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Plate 4.5 Large sediment banks above Teepookana Bridge 

Plate 4.6 Large sediment banks below Teepookana Bridge 
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Plate 4. 7 Trench 

Plate 4.8 Trench stratigraphy 
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Plate 4.9 Levee banks in Gordon River 

4.2.3 Augering survey 

A more comprehensive augering survey of the sediment banks was conducted during the 
week of 11-15 July 1994. The purpose of this survey was to help define the extent of storage 
of mine-derived sediment, to get some idea of depositional patterns, and to identify the nature 
of the material in the banks so as to assess its erosion potential and what type of material the 
river may have to transport if the banks do erode significantly. 

Augering was done on six banks, three of the large sediment banks above Teepookana 
Bridge, and three of the flat sediment banks between Teepookana Bridge and the river mouth. 
The locations and labelling of auger holes are shown on map 4.2. 

During the same week a botanical survey was conducted of the vegetation on the selected 
sediment banks (Barker 1994). The vegetation survey clearly identified the mature stands of 
vegetation and where there was likely to be original sediment banks close to the bank surface. 

Figures 4.2 and 4.3 show the results of the augering survey for two of the sediment banks, 
Bank L which is a point bar above Teepookana Bridge, and Bank H which is inside a gentle 
bend below Teepookana Bridge. 

As shown in the plan view of Bank Lin fig 4.2, auger hole LLl was very near the nose of the 
point bar behind some mature trees, LL2 was in a mature stand of vegetation identified in 
Barker ( 1994) as community 1, and LL3 was on the downstream side of the point bar 
amongst some seedlings. Shown for each auger hole are the depths of stratigraphic changes in 
metres AHO, field texture, field colour, and copper levels. Copper was analysed in selected 
auger samples to see if it would be a reliable and less expensive indicator of mine-derived 
versus natural sediments in the banks. 

The copper results shown in fig 4.2 verify that copper is an excellent indicator of mine-derived 
sediments and enable a line to be drawn with a fair degree of confidence between the tailings 
and the natural bank. 
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As anticipated from the surrounding vegetation, the natural bank was very close to the bank 
surface at auger holes LLl and LL2, and somewhat deeper (at least 3m) at auger hole LL3. 
The sands and clayey sands with orange and grey colouration can generally be attributed to 
mine-derived sediments, although colour alone can be an unreliable basis for identification 
and the brown sediments were not always natural. The natural bank appears to be 
predominantly characterised by a tan to yellow-brown sandy clay loam. 

Figure 4.3 shows the results for Bank H. Again, the grey and orange colouration was 
associated with mine-derived sediments, and the tan sandy clay loam appears to be the 
natural bank. The depths of the stratigraphic changes within the bank support the idea of a 
levee bank formation as seen in the trench stratigraphy. Samples from the other four banks 
which were augered have not all been analysed as of yet. Appendix 2 provides the results to 
date, and indicates with an (*) which analyses are still being conducted. 

Figure 4.4 shows a sketch of how the banks are believed to have developed. In the plan view, 
the banks are believed to have extended in a downstream direction due to deposition of the 
tailings in the eddy zone below the nose of the bank. In the profile view, tailings deposition 
has occurred due to successive over-topping of the original levee bank by peak flood events. 
The surface deposits of mine-derived sediments are generally sands and clayey sands, and many 
of the fines may have been winnowed out by the action of wind. At depth the stored tailings 
are often finer, having been carried in suspension by the river and then trapped as the flow 
receded, and these sediments have presumably been protected by the overtopping sediments. 

Streamflow 

PLAN VIEW 

PROFILE VIEW 

Figure 4.4 Hypothesis of bank formation 
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Only limited other information is available on the sediment banks. Specific gravity has been 
analysed for several bank samples with the results listed in table 4.2. The oxidised tailings 
have a specific gravity of approximately 2. 7, whereas the freshly deposited grey tailings have 
a specific gravity closer to 3.0. 

Table 4.2 Specific gravity of King River sediment banks 

Sample 1 Sample2 Sample3 Average 

Bank F oxidised tailings 2.747 2.762 2.739 2.750 

Bank M oxidised tailings 2.694 2.701 2.701 2.699 

Bank Q oxidised tailings 2.709 2.696 2.716 2.707 

Bank Q fresh tailings 3.047 2.995 2.927 2.990 

Some sections of the sediment banks show a hard red/brown crusting, a product of sulphide 
oxidation from the pyrites contained in the tailings. Hince's (1993) thesis shows some 
interesting microscopic views of oxidised tailings as compared to fresh tailings. In the 
unoxidised fresh grey tailings (plate 4.10), gold coloured grains were clearly visible at 70x 
magnification, and were almost certainly pyrite. The oxidised sediment sample (plate 4.11) 
was coarser, pyritic material was absent, and an orange precipitate could be observed on the 
grain surfaces. 

4.3 King River bed 

4.3.1 Pre-mining baseline 

There is considerable anecdotal evidence about the water depth and character of the King 
River channel prior to the commencement of mining. 

Local history reports that ocean-going vessels used to come up the King River as far as the 
port of Teepookana (near Station 15), once the fourth largest port in Tasmania, to collect 
mine ore delivered by railway from Mount Lyell. The Strahan historian, Harry McDermott, 
believes that these ships were limited to those with less than a 10' draft. Teepookana was the 
port site because it was the highest navigable site on the King River (Rae 1993), suggesting 
that it is the location of a fault or some geological feature which produced a change in river 
slope and channel character. Other anecdotal evidence concerns the construction of the 
Quarter Mile Bridge, for which the workers had to sink the pilings down through 18m of 
unconsolidated sediments (Rae 1988), suggesting that the channel is an old valley infill. 

The best documented evidence of the King River channel pre-mining is from the Mount Lyell 
Mining and Railway Company's 1898 railway survey for the line between Queenstown and 
Strahan. There were three bridge crossings included in this survey, as shown on map 4.3. The 
Quarter Mile Bridge and Teepookana Bridges were built, but the Pine Cove crossing was 
never constructed, an advantage for this study as local scour effects associated with bridges 
do not need to be taken into account at the Pine Cove crossing. Comparisons with 1994 
surveys showed 0.5m of infilling at the Quarter Mile Bridge, and almost 4m of infilling at 
Teepookana Bridge. The most dramatic infilling can be seen at the Pine Cove crossing (fig 
4.5), which has filled in 9m at its deepest point. 

The HEC's Survey section is presently digitising the old railway map, both the plan view and 
the three bridge cross-sections. Overlay of the plan view with the present day 1 :25,000 
topographic map may give an indication of any growth or migration of sediment banks over 
the past 100 years. This is thought to be unlikely given the confined nature of the alluvial 
channel, but such an overlay may verify that the bulk of the river storage has been in the river 
bed and has had the most influence on channel slope. 
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Plate 4.10 Microscopic view of unoxidised tailings 

Plate 4.11 Microscopic view of oxidised tailings 
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4.3.2 HEC drill cores 

More recent data on the nature of the King River bottom sediments can be found in the 
HEC' s geological and geophysical investigations in the late 1980s for the King River Power 
Scheme development. Potential damsites were investigated at Sailor Jack Creek, Four Mile 
Creek and Cutten Creek, and a number of seismic lines and drill cores were collected. Map 
4.4 shows the locations and numbers of those drill cores which were collected within the 
King River channel and tailings banks. Table 4.3 summarises the results of these drill cores, 
and typical core material is shown in plates 4.12 and 4.13. Unfortunately little to no tailings 
were able to be recovered in these cores. 

The HEC's drill core data from their dam investigations showed that the King River valley 
was originally much deeper and has been infilled with gravels. Note that the results shown in 
table 4.3 are depths below the water surface, so for Drill Hole No 7751 there was 2m of 
water underlain by 1.5m of tailings underlain by 5.7m of mine slag underlain by 19.7m of 
gravels, giving a total depth below water level of 28.9m. 

Tailings depths were up to 13.15m at Drill Hole No (OH) 7752 and 13.65m at DH 7754 
(500m downstream of Cutten Creek). Slag depths were 5. 7m at DH 7751 and 6m at DH 7867. 
Valley infill was found to be more than 45 m near Cutten Creek, thinning to 23 mat Four 
Mile Creek which is less than 2 km upstream. This sudden change could possibly represent 
an old waterfall or fault line. The valley infill was found to consist of gravel, sand and silt, 
with mine waste admixed in the top layers to a depth of about 9 m. 

4.3.3 Surveyed cross-sections 

The HEC Survey section surveyed channel cross-sections on the King River in 1988 and 
1993, and several of these cross-sections have been re-surveyed during 1994 as part of this 
study. Map 4.5 shows the locations of channel cross-sections which have been surveyed 
during 1994 and are being re-surveyed during 1995; these should form a good baseline for 
future re-surveying to assess changes in channel shape and depth. 

Figure 4.6 shows the survey results for those 1994 cross-sections which were able to be 
compared with the 1988 and 1993 surveys. These show progressive infilling of the river 
channel, most particularly the central bar, within a few kilometres of the river mouth. 
Although the centre of the river is filling in, the double channel is still . maintained. 
Unfortunately no cross-sections were taken in 1992 which would enable a comparison of pre­
versus post- power station depositional rates. It is interesting to note the infilling of almost 1 
metre at Slat 5 (at the river mouth) in the space of a year suggests that the depositional rate 
behind the delta has increased since the power station has been on line, since lm/yr could not 
have been sustained over the 78 years that tailings were deposited. 

Stations 18, 19 and Slat 3 suggest a tendency for narrowing of the cross-section, which was 
also seen with the Pine Cove crossing (fig 4.5). This needs to be evaluated with regard to 
anticipated changes in channel geometry summarised in the literature. The cross-sections in 
fig 4.5 are at a point in the river where the width changes rapidly with distance along the 
river, and there is no guarantee that the more recent cross-sections were at the exact same 
location as the 1898 survey cross-section. 
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Table 4.3 HEC geology/geophysics drill core results 

Depth below Water Surface (m) 
DrUI Hole 

Date Grid Rei. Bank 
Level (m Sm.Gravels & 

Underlytng Rock Gravel Oescriplio n 
No. AHO) Water Tamngs Slag Sand Gravels 

Sailor Jack Area (370m upstream of Sailor Jack Creek) 

6186 4/87 758 292 left 17.17 

Cutten Creek Damsite (500m downstream of Cutten Creek) 

well-rounded to sub·rounded pebbles of quartzilic sandstone end 
7751 2/86 689 269 - 0.20 2 3.5 9.2 28.9 millOf poryphory, 25 mm ave, 50 mm max 

watt rounded grey quartzite and sandstone, 2 0· 30 mm ave, 100 mm 
7752 3/86 690 269 - 0.70 3.45 16.55 28.85 max 

tulf over sandstone 
rounded to well rounded grey to pink quartzite clasts, ave 50 mm, 

7753 3/86 689 269 - 0.53 1.8 6.65 13.75 max 100mm 

sands1one· 
well rounded lo angular ctasts mainly grey sandstone and luff, max 

7754 4/86 690 269 - 0.34 2 15.65 32.7 45.3 150 mm, ave 50 mm; boulders of quartzile & tuft to 700mm 

7755 5/86 690 269 left 0.86 2.15 tuft 

7756 5/86 690 269 left 3.69 1.5 luff 

Cutten Crk Sites 3 & 4 (150m upstream of Cutten Creek) 

7853 2/88 695 272 - 0.39 1.4 ? 24.7 SiS flattish rounded pebbles of quartzite to 80 mm 

7854 2/88 695272 - 0.79 1.3 ? 23.22 SiS &silty SS 

7855 2/88 695 272 - 0.79 1.63 ? 13.25 silty SS 

feldspathic quartzite 
mainly rounded sandstone 7856 2/88 694 270 - 0.54 1.8 ? 29.7 or silicified Ml 

SS 
subrounded to well rounded pebbles of mainly quartzite to 50 mm 

7857 2/88 695 270 - 0.54 3 ? 22.77 (Camb&Ord) 

feldspathic SS 
rounded pebbles or fresh to slightly weathered sandstone & siltstone 

7858 2188 695 270 - 0.69 1.95 ? 15.55 (Camb &Ord) 

7859 2/88 695 270 - 0.49 0.85 ? 23.4 SiS 

quartzite and 
mainly rounded sandstone & quartzite (Camb & Ord) to 200 mm 7860 2/88 695 270 - 1.09 0.85 ? 15.85 quartzitic SS 

7861 2/88 694 270 right 0.56 27.84 quartzitic SS 

calcareous SiS 
subrounded to well rounded fresh sand stone (Camb & Ord) to 50 

7862 3/88 695 272 - 0.49 1.3 ? 20.96 mm 

7863 3/88 695 272 - 0.39 1.35 ? 9.3 feldspalhic SS 

7864 3/88 695 272 - 0.49 1.25 2.4? 19.75 SS 

7865 3/88 694 272 right 5.29 1.9 SiS 

Four Mile Crk Damsite (100m upstream of Four Mile Creek) 
silly sandstan e over pebbles to 30 mm rounded to angular quartzite and quartzilic 

7850 1/88 696 277 - 0.59 1.1 2.6 21.4 quartzite sandstone 

7851 1/88 696 277 - 0.74 1.23 2.35 19 19.23 sandy SiS over SS well rounded to subangular qua rtzi le and quartzitic sandstone 

7852 1/88 696 277 - 0.69 0.47 3.35 19 24 quartzitic SS 
we~ rounded to angular pebbles to 50 mm ac;oss of quartzite 
conflomerate (Cambrian) 

Four Mile Crk Damsite (180m upstream of Four Mile Creek) 

SS 
mainly rounded to subrounded quartzite and sandstone to 30 mm 

7867 4/88 696 277 - 0.30 2.1 3 9 22.85 aClOSS 

SS 
rounded to well rounded clas\s of quartzite and conglomerate 50 mm 

7869 5/88 697 278 right 0.73 1.35 3.35 4.05 14.4 max 



Plate 4.12 HEC drill core 7867 (2.48-7.19m) 

Plate 4.13 HEC drill core 7867 (7.19--12.12m) 
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4.3.4 Bottom sediment sampling 

Some description of the present day river bottom was provided in section 3 as it related to 
river bottom friction. Much of the upper sections of the King River (between Stations 4 and 
9) appear to be natural river gravels, cobbles, boulders and bed rock. The middle section 
(between Stations 10 and 16) appears to consist of alternating regions of hard pan, gravel 
bars and spots of soft tailings accumulation. From Station 17 down to the mouth, the bottom 
appears on the surface to consist almost entirely of mining wastes, with some local 
exceptions where fine gravel has been deposited. Fine gravels can be found on top of the fine 
tailings as shown in plate 4.14. 

Plate 4.14 Fine gravels on top of tailings 

An initial investigation of bottom sediment size found that median grain sizes varied from 
fine to very coarse sand, approximately 0.16 mm near the mouth of the King River to 1.2 mm 
in the upstream sections (Station 6). In general, particle size appeared to decrease as one 
moved downstream, presumably due to a decreasing of the channel gradient, but there was 
some significant variability to this trend as shown in fig 4.7. These samples were obtained by 
dragging a heavy cylinder along the bottom, so could have been cutting through dune 
structures, gravel bars or other local features. Dragging a heavy cylinder would also have 
created a local turbulence which would have affected the sediment sizes which were retained 
in the cylinder. 

The 'hard pan' in the middle reaches of the river has been analysed and found to be geothite, 
or iron hydroxides, perhaps precipitating from the underlying mine wastes. The Strahan 
Forestry Commission, working near Teepookana Bridge during late January 1994, punched 
through the hard pan near Station 15 with an excavator and was able to reach down 6m and 
continuously bring up a coarse gravel/mine slag mixture. 

During February 1994, there was a period of one week in which the power station was off, 
causing settling/deposition of tailings upstream at Sailor Jack, and enabling the King River 
bottom between Sailor Jack and the river mouth to be observed. An investigation of the King 
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River bottom sediments was conducted during this time. Dune structures were evident at 
Station 14 and between Teepookana Bridge and the river mouth, approximately 2-2.5m long 
and 0.20-0.25m high. Samples of bottom sediments were collected from the stations shown 
on map 4.6 using a wedge-shaped sampler to 40 cm and an auger below that. 

Results are shown in table 4.4, and help explain the local variabilities which would have 
influenced the particle sizes shown in fig 4. 7. There were no significant trends in particle size 
coarsening or fining with distance downstream. There was finer material deposited on the 
inside bends, for example at sampling sites 14a, 16, 18b and 19a. In the straighter reaches of 
the river there was a tendency for the sediments to coarsen with depth, such as at sites 17, 18 
and 20. The sections with a double channel had finer material on the edges (in the channels) 
and coarser material in the centre. Armouring was observed in some of the gravel bars, but 
the particle size distributions from the bottom sediment samples do not show this effect 
occurring in the sandy bottom sediments. 

4.3.5 Storage estimate 
From the piecemeal data available on river infill, one can project that the mine wastes 
(tailings and slag) have filled in the equivalent of 5m of river bottom for much of the river's 
length. This 5m figure is based on the measured rise in river level (roughly an average of 5m 
across the 'Pine Cove' Mount Lyell Railway Crossing), the fact that mine wastes have 
intermixed with natural river gravels up to 9m depth (as found in the HEC's drill cores), and 
the more than 6m of mine slag found by the Forestry Commission above Teepookana. 

Using this 5m figure uniformly up to Station 9, one can project as has been done in table 4.5 
that approximately 4.5 million m3 or 7.3 million tonnes of mining wastes are stored in the 
King River bottom. 

It may be more realistic for the depths of mining wastes to gradually increase towards the 
river mouth, as is also projected on table 4.5. This version gives a total tonnage of 10 million. 
These figures assume a specific weight of deposit of the bottom sediments of 1.60, which 
will be tested using the same technique as for the bank sediments during June 1995. The 
figure will be an approximation only, as the specific weight of deposit is likely to change 
with depth, with changing percentages of different sized materials, and with percentage of 
water trapped with the sediments. 

Given the uncertainties in the composition and depths of the river bottom sediments, a coring 
program is proposed with cores to be collected at the sites shown on map 4.7. These are to be 
collected using a sonic drill which has a bottom trap to enable recovery of unconsolidated 
materials. 

4.4 King River delta 

According to the Strahan historian Harry McDermott, the King River had a natural delta 
before any mining activities began, probably due to glacial activity in the upper King River 
catchment. A delta at the King River mouth is very evident on a 1930 British Admiralty chart 
of Macquarie Harbour. This natural delta has been described as a sequence of small islands 
like the fingers of a hand, with deep channels in between (McDermott, pers comm). The 
Gordon River, the other major freshwater input to Macquarie Harbour, has a natural sand bar 
at its mouth. 
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Map 4.6 Locations of bottom sediment samples 
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Table 4.4 King River bottom sediments 

Stn. Grid Sediment Distance Water Tailings Median Particle Size (mm) at Depth 

No. Ref. Bank to Bank Depth Depth 0.0-0.1m 0.15-0.25m 0.4-0.45m Material Description 

14 710278 N-u/s side Hardpan right across, light gravel coating lo O .1 Orn 
Sandy dunes 2m long x 0.25m high; particle size 0.44mm on 

14a 706279 M-u/s side back, 1.04mm on crest 

14b 704276 L-nose 4m off RB 0.50 1.60 0.220 0.198 0.193 Sill on top of gritty material 
8m off RB 1.00 1.80 Silt on top of gritty material 

15 702278 K-centre Hardpan right across, light gravel coaling to 0.1 Orn 

16 695277 J-u/s side 5m off LB 1.50 1.00 0.220 0.205 0.190 Tailings only in main channel, hardpan rest of x-section. 
17 688268 H-u/s slde 10m off RB 0.50 0.40 0.270 0.230 0.540 Sill on top of mine slag 

20m off RB 0.90 0.30 0.340 0.360 0.500 Sill on top of mine slag 

17a 684268 H-centre 10m off RB ? 0.50 0.140 Silt on top of hardpan 
25m off RB ? 0.60 0.260 Silt on top of hardpan 

18 682270 G-u/s side 30m off RB 0.80 0.50 Sill over coarser more compacted sediments 
Centre 0.240 0.510 1.100 Essentially a gravel bar 

Sm off LB 1.20 0.10 Sill over predominantly slag 
18a 674271 F-centre 5m off RB 0.15 0.80 Silt over coarser more compacted sediments 

12m off RB 0.60 0.85 0.400 0.920 0.980 Silt over coarser more compacted sediments; 
dunes 2m long x 0.20m high; fine grey dusting over darker fine 
river gravels on back, coarser river gravels on face 

25moffRB 1.20 1.10 Sill over coarser more compacted sediments 

18b 671273 E-u/s side Centre 0.55 >1.8 Sill increasingly compacted 
dunes 3-4m. long x 0.30m high 

E-centre Sm off LB 0.70 >4.0 Very soft sill to unknown depth; ran out of auger length! 
10m off LB 1.60 >1.3 0.166 0.245 0.219 Sill to unknown depth; water too deep to auger 

E-d/s side 15m off LB 1.30 0.30 Sm overlying gritty sediments 

18c 666268 D-u/s side Centre X-section gravelly in centre, channel either side; 
dunes in centre 2.5m long x 0.25m high 

D-centre 30m off RB 1.20 >1.3 0.240 0.660 0.300 Silt becoming increasingly compacted 
19 659268 C-u/s side 10m off LB 0.60 0.60 1.020 0.860 1.000 Silt over coarser more compacted sediments 

Centre 0.50 >1.3 0.310 0.330 0.300 Sill over coarser more compacted sediments 
15m off RB 0.90 0.60 0.180 0.210 0.198 Sill over >O.Sm fine gravels & slag 

19a 656270 C-d/s side Orn off RB 0.00 0.60 Silt over fine gravels & slag 
10m off RB 0.70 >1.8 0.193 Sill becoming increasingly compacted 
15m off RB 1.50 >0.8 Sill becoming increasingly compacted 

20 648273 A-u/s side 20m off RB 0.75 0.65 0.170 0.160 0.170 Silt over >0.25m fine gravels & slag 
Centre 0.60 0.40 0.200 0.410 0.800 Sill over >0.25m fine gravels & slag 

30m o'ff LB 0.60 0.40 0.190 0.190 0.320 Silt over >0.20m fine gravels & slag 
3m off both banks Narrow deeper channel with extremely fine soft silt 



Table 4.5 Initial estimate of mining wastes in King River bed 

Reach above Horiz'I Av. channel Est depth of Total vol Est. depth of Total vol 
stn no dist (m) width (m) mine waste (m) (m3) mine waste (m) (m3) 

Version 1 Version 2 

4 0 

5 800 

6 1200 40 0.5 24000 

7 500 40 0.5 10000 

8 400 40 0.5 8000 

9 400 40 16000 

10 2400 40 5 480000 2.5 240000 

11 550 40 5 110000 2.5 55000 

12 1100 50 5 275000 5 275000 

13 500 50 5 125000 5 125000 

14 600 50 5 150000 5 150000 

15 1000 50 5 250000 5 250000 

16 900 50 5 225000 5 225000 

17 1400 50 5 350000 5 350000 

18 800 60 5 240000 7.5 360000 

19 2600 80 5 1040000 7.5 1560000 

20 1100 100 5 550000 10 1100000 

mouth 500 300 5 750000 10 1500000 

4545000m3 6248000 m3 

X 1.60 X 1.60 

= 7.3 million tonnes = 10 million tonnes 

Figure 4.8 shows the growth of the delta from aerial plates from 1953, 1974 and 1984 (EGI 
1991). The EGI report on the geochemistry of the delta estimated the surface area to have 
grown from 110 hectares to 170 hectares within that timeframe. The most recent estimate of 
the surface area is 250 hectares (Mt Lyell 1990). 

Since the operation of the King River power station, observational evidence suggests that 
significant volumes of sediment are being deposited behind the delta in the river, and 
sediment may be eroding off the front of the delta. The increased depositional rate suggested 
by the Slat 5 cross-section supports this. There are several sand bars and a large sand island 
not far upstream from the mouth of the King River which during this study appear to have 
become more enlarged. 

Volumes of sediments in the delta and Macquarie Harbour have been estimated by 
comparison of the 1930 British Admiralty Chart with a 1993 HBC bathymetric survey, some 
profiles for which are shown in fig 4.9 (courtesy of Macquarie Harbour Environmental 
Study). Based on these bathymetric surveys, an estimated 100 million cubic metres of 
sediments have been deposited on the delta since 1930. Samples to estimate the specific 
weight of deposit will be collected during June 1995, and the results will be compared with 
the literature on deltaic sediment deposits. 
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4.5 Sediment budget 

It is interesting to note from the discussion above how small a percentage of the total mine 
wastes are actually deposited in the river system. Of the 97 million tonnes of tailings and 1.4 
million tonnes of slag discharged into the river system over the life of the mine, an estimated 
3.4 million tonnes are in the sediment banks and no more than 10 million tonnes are in the 
river bed, 13.6% of the total. A large percentage of the tailings discharged reside in the delta 
and the harbour floor. The Macquarie Harbour Environmental Study has good evidence of at 
least 20 cm of sediments accumulated over a large area of the harbour as far south as Coal 
Head (Koehnken, pers comm). 

Harbour 
~ 197 4 

1984 

Figure 4.8 Delta outline as seen from aerial photographs 

The sedimentation patterns within the Queen and King Rivers show different characteristics 
in distinct reaches as shown on map 4.8. Within the river system, little to no sediments are in 
storage in the Queen and Kingl Reaches, and only minor bank sediment deposits are in 
Reach King2. More than 80% of the estimated total bank sediments are stored upstream of 
Teepookana Bridge in Reach King3, while more than 80% of the estimated total bottom 
sediments are in storage below Teepookana Bridge in Reach King4. 

It is interesting to look at the availability of mine tailings over particular size fractions and 
compare the total discharged with the estimated total river storage of 13.5 million tonnes. 
This has been done in fig 4.10. 
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If the fraction of mine tailings greater than 100 µm (0.1 mm) remains in the river system, 

there should be almost 30 million tonnes in storage. The fraction greater than 200 µm (0.2 
mm) gives a total tonnage of 16.84 million tonnes. This is not to say that only coarser than 
0.2 mm will be found stored in the King River. In the sediment banks in particular, the 
sediments have been stranded due to events overtopping the banks, so they do not reflect the 
sediment carrying capacity of the river. It is highly likely, and consistent with present day 
observations, that many of the fines deposited in the sediment banks have been winnowed out 
by wind action. The bank sediments in Reach King4 were inundated more regularly than those 
in Reach King3, particularly before the power station came on line, so the deposited sediments 
were not protected from fluvial action and were subsequently resuspended and moved along. 

The size of the material in the river bed should be a more accurate reflection of the river's 
capacity to transport it. Most of the mine tailings pass right through the river system as 
washload, with only the coarsest fraction being deposited and travelling as bed load. There 
would have been less and less deposition as bed load as the milling process improved and 
tailings became generally finer, as suggested by fig 4.10. 

The tendency for some sampling stations in the King River bed to have a coarser particle size 
with depth may reflect the higher sediment carrying capacity of the river prior to the power 
station coming on line. Since the power station came on line, the flows have not been large 
enough to flush through the coarser tailings which were likely to have been transported under 
previous large floods. However, the power station will have increased the frequency of flows 
which are capable of carrying sediments of a relatively finer grain size, and as these are no 
longer being replenished by the mine they should clear through the system reasonably 
quickly. Fining up sequences could also be associated with sediment deposition due to events; 
without knowing more about the sediment characteristics at depths greater than have been 
sampled to date, it is difficult to interpret more fully. 

4.6 Summary 

This section described the storages of mine wastes in the river system. Little to no sediments are 
stored in the Queen River or in the steep section of the King River just below the confluence 
with the Queen. An estimated 3.44 million tonnes are stored in the sediment banks in the last 8 
km of the King River above its mouth, and 80% of these are within a 3 km reach between 
Teepookana and Quarter Mile Bridges (5-8 km above the river mouth). Copper levels have 
proven to be an effective tracer to differentiate mine-derived sediments from the original 
sediment banks. A levee configuration of the original banks is hypothesised, with growth of 
the banks occurring due to successively overtopping flow levels from the peak flow events 
(prior to the power station's operations). 
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A maximum of 10 million tonnes of mine wastes are estimated to be stored in the river 
bottom, 80% of which are between Teepookana Bridge and the river mouth, causing a rise in 
bed elevation of as much as 9m at the Pine Cove railway crossing (about 2 km above the river 
mouth). The river bed itself is an old valley infill with gravels as deep as 45m below sea 
level, and the mine wastes in the top 9-lOm are a mixture of tailings, slag and fine river 
gravels. The vast majority of sediments, about 100 million m3, are stored in the delta and 
harbour. 

A major aim of this study is to predict future transport of sediments within the King River. 
Now that the mine has closed and there is no longer the steady external supply of sediments 
to the river system, the river will have an excess sediment carrying capacity and may start 
scouring out the sediments stored in the river banks and bed. Results from this section have 
shown the types of material in storage in the river system which will be available to be 
transported if those deposits erode or scour now that the mine has closed. The next section 
looks at the stability of the sediment banks in the river system and their potential to supply 
sediments to the river system. 

5 Bank stability 

5.1 Erosion processes 

5.1.1 Pre-mine closure 
Erosion processes have always been very evident on the King River sediment banks, even 
while the mine was discharging its tailings. Plates 5.1 to 5.4 show some of the erosion 
processes evident on the King River sediment banks prior to the mine closing. Typical 
erosion processes include rilling, tunnelling, undercutting, bank slump and collapse, rainfall 
and wind erosion. Rilling was most often seen in the most recently deposited fresh grey 
tailings. Tunnelling was often seen mid-way up the banks, and appeared to be due to water 
infiltrating down to a resistant layer and then running off out of the bank face. Undercutting 
appeared to be a later stage of the tunnelling phenomenon, and was most often seen under 
more resistant crusty layers on the bank face. Bank slump and collapse were seen in many 
forms, and could results from severe undercutting, collapsed tree stumps pulling out sections 
of the bank, the weight of fresh grey tailings on the bank face after a major storm event, or 
tension cracks developing in the thick wedges of fresh tailings behind local promontories. 
Most of these processes were seen on the larger sediment banks in reach K.ing3, although the 
bank slump and collapse were also seen in reach King4. 

Rainfall and wind erosion were evident on the bank surfaces rather than the bank faces. The 
bank surfaces are generally extremely exposed due to the lack of vegetative cover. Wind 
erosion was evident from the occurrence of surface ripples on some of the bank surfaces, and 
the relatively coarser nature of the surface sands suggesting a winnowing out of the fines by 
wind action. One or two of the large sediment banks showed evidence of formation of dunes 
and migration back away from the river towards the adjacent forest. 

Liquefaction of the fresh grey tailings and sediment-rich run-off were evident due to draw­
down effects as the water level rapidly dropped with the turning off of the power station, as 
shown in plate 5.5. Because the banks were constantly replenished with fresh grey tailings, 
erosion was generally restricted to the recently deposited material, and the old oxidised 
tailings were protected by the cover of fine, wet, relatively cohesive material. 

A survey of bank erosion features was conducted during July 1994, and the results are being 
drawn up on a map to provide a baseline for changes post-mine closure. 
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Plate 5.1 Rilling 

Plate 5.2 Tunnel erosion 
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Plate 5.3 Rainsplash erosion 

Plate 5.4 Bank collapse 
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Plate 5.5 Power station draw•down effects 

Table 5.1 provides a brief summary of surface and erosional characteristics associated with 
individual banks. Refer to map 4.1 for the locations of these banks. Note that not all of the 
banks have been listed, but only those most prominent. As can be seen, some banks were 
more exposed to wind processes than others, and the relative locations of the banks within 
the river system had a strong influence on what types of erosion were evident. 

5.1.2 Post-mine closure 

Erosion features evident in the sediment bank post-mine closure are similar to those pre-mine 
closure, but somewhat exacerbated due to the lack of protective cover from the fresh grey 
tailings. The river seems to have quickly cleared much of the fresh grey tailings, exposing 
more of the orange/red, sandy oxidised tailings to the forces of erosion. Relative to pre-mine 
closure, erosion is more visible on the river banks because it is not regularly covered up as it 
was before. There is also considerable 're-adjustment' going on in the banks, because as the 
more cohesive fresh tailings dry and fall down off the banks, they pull old bank material 
down with them exposing fresh surfaces. 

A survey of bank erosion features post-mine closure was conducted during July 1995, to enable 
comparison with the pre-mine closure survey and to provide a baseline for future surveys. 

5.2 Monitoring of sediment banks 

Erosion pins and scour chains have been used to monitor changes in bank form, as well as visual 
and photographic surveys. Erosion pins have been established on varying scales to measure 
erosional processes. Star pickets along the bank profile have been hammered into the banks to 
measure changes in large scale bank form (plate 5.6). On a smaller scale, grids of 6" nails have 
been monitored to assess rainsplash and wind erosion effects, and the degree of expansion/ 
contraction in the banks (plate 5.7). Scour chains have been placed next to the erosion pins 
show how dynamic scour and deposition processes on the river banks have been (plate 5.8). 
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Table 5.1 Summary of major sediment bank features 

Sed. Bank Erosional 
Bank Description Features 

A Flat, narrow Featureless 
C Flat, wide Featureless 
D Flat, wide Minor undercutting & collapse 
F Flat, wide Some minor collapse 
H Slightly higher, very wide Regular bank collapse on faces 
L Prominent point bar, high Major collapse d/s of nose 
M Prominent point bar, high, narrow Stable undercutting u/s, depos'n dis 
N Long straight, high, wide Rilfing 
0 Narrow, high Minor collapse 
Q Very large, wide, long Occasional very minor collapse 
R Very large, wide, long Tension cracks in fresh tailings 

Surface Overtopping 
Features Flow (m31s) 

Fine grained 200 
Medium grained 264 
Fine grained, "soft'' 217 
Extremely crusty, some pebbles 350 
Fine to medium grained 545 
Some mature veg'n, coarse sand d'stream 561 
Dis end very exposed to wind, coarse grained 606 
Very exposed to wind, no veg'n, coarse grained 580 
Very sheltered, fine grained, surrounding veg'n 503 
U/s vegetated, d/s end exposed to wind, some dunes 593 
Exposed to wind, coarse grained 585 



The erosion pins will only show the net change over the period of time between measurements, 
and so the processes of scour and deposition may have been far more extreme in the 
intervening period than is reflected in the erosion pin measurements. The scour chains were 
inserted to provide some indication of this. The scour chain shown in plate 5.8 is inserted 
inside the metal tube with the cone end of the chain at the bottom, and the two pins stop the 
chain from sliding out when the tube is stood erect. The tube and chain are hammered 
vertically into the bank, and about half a metre of chain left exposed lying horizontally on the 
bank surface. The depth of burial of the horizontal section of chain after a certain time 
interval indicates the maximum depth of scour that had occurred during that time interval. 

Locations of erosion pins, 6" nails and scour chains are shown on map 5.1. The majority of 
them are in reach King3, where the majority of the bank sediment storages are located. 
Locations in King3 were selected to try to represent a range of bank positions relative to the 
flow, eg straight bank sections (Bank N), the upstream and downstream side of a tight point 
bar (Bank Ma and Mb), etc. 

Table 5.2 shows the results from measurements of the erosion pins since they were 
established in February 1994. All pins were numbered so that '1' was in the water, and '5' 
the highest up on the bank. An 'X' on table 5.2 indicates the pin was lost or fallen over so no 
reading was possible; a'+' sign indicates deposition and a'-' indicates scour. 

Banks N, Mb and H showed very little change. The pins on these banks are located on 
relatively straight sections of river. The largest changes were at banks R and Q, where all but 
the highest erosion pins showed active scour and deposition. Bank R was the most dramatic, 
where thick wedges of fresh tailings would deposit in the eddy zone downstream of Quarter 
Mile Bridge. Erosion pin R3, which originally had lm exposed, got totally buried after five 
months, but was re-exposed again as thick slices of fresh tailings broke off and gradually 
worked their way back to R3. Bank Mb, located downstream of a point bar, also showed 
fairly large scour and deposition at the middle and lower pins. Banks F, D and C showed 
active scour and deposition at the lowest erosion pins only. 

The results showed that the processes of scour and deposition were at times quite dynamic. 
At location Q2 there was a maximum scour of 32 cm between July and November 1994, even 
though the adjacent erosion pin showed a net change over that time of only 3 cm scour. 

Figure 5.1 graphically illustrates the processes of scour and deposition measured in the 
banks. AHD heights of the erosion pins have not yet been obtained. Once these are available, 
the changing profiles of the sediment banks over time will be plotted. 

The measurements for the 6" nails still need to be collated and interpreted. Briefly, the grid 
patterns did not greatly change at any of the banks, and the greatest changes seemed to be on 
those banks most susceptible to wind activity. Ripples due to wind action were very evident 
on exposed banks (eg Banks R, Q and N), and the surface bank material was noticeably 
coarser presumably due to the wind winnowing out most of the fines. The 6" nails were 
always very clean on these banks with the coarser wind-blown surface sediments (see plate 
5.7). Banks on which the erosion pins were more protected (eg Banks 0, H) showed no such 
surface ripples, and the 6" nails were often dirty with finer material clinging to the sides, 
presumably from rainsplash effects. 

The banks in reach King4 are somewhat of a curiosity, because of inconsistencies in their 
surface features. No 6" nails were able to be established on Bank F because of the extensive 
hard crusting on this bank. However, Banks H, D and C upstream and downstream of Bank F 
posed no such problem. The Bank D 6" nails were regularly coated with soft fine material 

67 



which looked very much like the pins were inundated (plate 5.9). The Bank C 6" nails were 
cleaner and the surface material sandier. Banks D and C showed occasional sections of crusting, 
but nothing so complete as Bank F. Also curious was the occurrence of pebbles in the Bank F 
crust, almost as if they had been transported as bed load when the bank was inundated. 

Plate 5.6 Erosion pins 

Plate 5.7 6" nails 
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Plate 5.8 Scour chains 

Plate 5.9 Bank D 6" nails 
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Table 5.2 Erosion pin and scour chain results 

DATE 

LABEL LOCATION 

R1 
R2 Reach 3 
R3 below RR 
R4 bridge 
RS 
Q1 
Q2 Reach 3 
Q3 d/strm of 
Q4 bend 
QS 
N1 
N2 Reach 3 
N3 d/strm of 
N4 gentle 
NS bend 
01 
02 Reach 3 
03 middle of 
04 straight 
05 channel 

Ma1 
Ma2 Reach 3 
Ma3 u/strm of 
Ma4 point bar 
Mas 
Mb1 
Mb2 Reach 3 
Mb3 d/strm of 
Mb4 point bar 
Mb5 
H1 
H2 Reach 4 
H3 straight 
H4 channel 
F1 
F2 Reach 4 
F3 nose of 
F4 gentle bend 
FS 
D1 
D2 Reach 4 
D3 nose of 
D4 gentle bend 
D5 
C1 
C2 Reach 4 
C3 nose of 
C4 gentle bend 

X' = missing data 
'+' = net deposition 
'-' = net scour 

3/06/94 12/07/94 
112 days 39 days 

erosion pin erosion pin 
+0.50 -0.23 
+0.39 -0.14 
+0.40 +0.87 
-0.02 -0.18 
-0.02 +0.01 
+0.12 -0.12 

X +0.05 
+0.03 +0.10 
+0.04 +0.10 
-0.01 +0.02 
+0.01 -0.02 
-0.04 +0.05 
0.00 -0.02 
0.00 -0.04 

+0.14 -0.01 
+0.02 -0.09 
+0.05 -0.15 
-0.04 -0.22 
-0.01 +0.02 
+0.01 0.00 
-0.03 +0.02 
+0.03 -0.04 
0.00 0.00 

+0.01 -0.02 
-0.01 +0.01 
+0.53 -0.46 
+0.45 -0.50 
+0.71 -0.59 
0.00 +0.01 
-0.01 -0.01 
+0.01 -0.04 
-0.03 +0.05 
-0.03 -0.03 
+0.01 +0.03 
-0.21 +0.30 
+0.03 0.00 
-0.01 +0.02 
0.00 +0.03 
-0.01 0.00 
-0.36 X 
+0.09 -0.12 
+0.25 -0.21 
-0.04 +0.01 
-0.01 +0.04 
-0.13 +0.01 
+0.34 -0.31 
-0.03 +0.03 
0.00 +0.01 

21/11/94 8/02/95 12/04/95 
132 days 79 days 63 days 

erosion scour erosion scour erosion scour 
pin chain pin chain pin chain 

-0.29 -0.05 X 
+0.05 -0.44 +0.14 
-0.29 -0.92 +0.27 
+0.08 +0.07 -0.01 
-0.05 -0.03 0.00 
-0.17 -0.12 +0.19 
-0.03 -0.32 +0.25 +0.00 -0.50 X 
-0.06 -0.18 -0.04 -0.06 -0.01 0.00 
-0.11 -0.02 +0.06 
-0.03 -0.01 +0.01 
+0.02 0.00 -0.04 
+0.04 -0.02 -0.02 
-0.02 0.00 +0.01 
+0.03 0.00 -0.01 
0.00 0.00 +0.01 
-0.02 +0.09 -0.01 
+0.28 -0.03 -0.20 -0.11 +0.10 -0.11 
+0.30 +0.04 +0.01 -0.01 +0.04 +0.02 
+0.01 +0.01 -0.01 
0.00 0.00 0.00 
-0.05 +0.05 -0.04 
-0.01 +0.17 -0.22 
+0.01 0.00 -0.02 
+0.02 0.00 0.00 
-0.01 0.00 0.00 
+0.04 +0.06 0.00 
-0.11 -0.13 -0.10 -0.11 +0.12 +0.01 
-0.23 -0.30 -0.10 -0.18 +0.18 0.00 
0.00 0.00 -0.01 
-0.01 -0.01 0.00 
+0.09 -0.02 -0.05 
-0.10 -0.01 +0.03 
+0.06 -0.02 +0.03 
-0.03 -0.01 +0.01 
-0.33 +0.11 -0.15 
-0.20 0.00 -0.04 
-0.02 0.00 0.00 
-0.02 -0.09 +0.02 
-0.01 -0.02 +0.01 

X -0.03 -0.08 
+0.40 -0.26 -0.31 +0.09 -0.03 
+0.15 +0.13 -0.05 -0.12 
+0.04 -0.02 +0.02 
0.00 0.01 -0.01 

+0.05 +0.17 -0.21 
+0.15 -0.31 +0.22 
-0.18 X +0.03 
0.00 0.00 0.00 
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5.3 Future bank stability 

It is difficult to say at this stage how extensive the bank erosion will be. Numerous factors 
can contribute to bank stability, such as sediment characteristics, flow and hydrograph 
characteristics, storm characteristics, time intervals between events, antecedent soil moisture 
conditions, and the incidence of frost (Hooke 1979). Of the observed erosion processes in the 
sediment banks, slumping appears to be the most significant in terms of potential bank 
retreat. In general, banks with a higher clay content are more resistant to slumping than 
coarser, sandier material. The rate of rise of discharge and the antecedent precipitation were 
found to be extremely important variables in Hooke's (1979) study. Twidale (1964) found 
that wet bank slumping was an important process causing banks to retreat, and that the 
soaking of a bank due to a high flood leaves the banks highly unstable. 

The surface material in the banks is highly erodible, being predominantly sands, but 
underlying material has varying amounts of silts and clays. The results from the angering 
survey support the hypothesis that the mine tailings in the King River are draped over natural 
banks formed under conditions prior to discharge of tailings. The results in Appendix 2 show 
that the original banks are largely sandy clay loams with 30-40% silts and clays. One 
hypothesis is that bank erosion will not extend into the natural sediment banks because of 
their more cohesive character. This is debatable considering the lack of vegetative cover 
compared to original conditions, and considering the rapid and frequent fluctuations in river 
level due to power station operations. 

The driving forces that cause bank failure are directly proportional to specific weight, bank 
height and slope angle, whereas bank stability increases with increasing cohesion and angle 
of friction (Osman & Thome 1988). It has been seen on the King River banks that the fresh 
tailings provided a cohesive cover which is no longer available. Also the removal of the fresh 
tailings wedges on the lower slopes of the banks by the frequent rise and fall of the river level 
will cause a steepening of the banks which will reduce their stability. 

Bank failure is closely linked to the processes of bed degradation and lateral erosion. Lateral 
erosion and bed degradation increase the bank height and causes it to steepen which reduces 
the stability of the bank (Borah & Bordoloi 1989). Banks collapse when the critical bank 
height for mass failure is obtained; this leads to rapid widening and input of disturbed bank 
material into the channel, but then is followed by bank stability in its new configuration 
(Thome et al 1983). So the main question with the King River is, given the present 
susceptibility to bank retreat (non-cohesive surface material, loss of cohesive protective 
layer, likely steepening of bank angle), how far back from the present waters edge will 
erosion proceed? It may be that the hydraulic geometry provides the limiting factor to bank 
retreat; ie channel width proceeds to the point where stream energy is too low to cause 
subsequent erosion. 

A hypothesis to be explored is that that the river 'faces' of the banks will actively erode in 
the short term, but the banks will not erode extensively back the 50-lOOm away from the 
river. This is because of the relatively resistant character of the original levee bank deposits, 
and because flows are no longer as high as they were in the past. Sediments in the high banks 
in reach King3 will no longer be inundated and should be well protected from erosive forces. 

If this hypothesis is correct for most banks, it is assumed that the faces of the banks will 
erode back_ from the river much farther than the original levee bank. Based on this 
assumption, table 5.3 provides an estimate of bank erosion volumes. For this table it is 
conservatively assumed that no sediment bank will erode more than Sm back from the waters 
edge; banks above Quarter Mile Bridge (25m wide or less) will not erode further back than 
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2m. This is a modification to table 4.1 which was a preliminary estimate of total sediment 
storage in the river banks. Using this rather crude approach, a maximum of 218,000 tonnes of 
sediment is anticipated to be readily erodible from the sediment banks over the next few 
years. 

Table 5.3 Estimates of extent of erosion of sediment banks 

Reach above Av.bank Av. talllngs Bank width Total bank Sed.bank 
stn. no height (m) depth (m) eroding (m) length (m) vol (m3) 

4 

5 

6 5 1.25 2 450 1125 

7 5 1.25 500 625 

8 6 1.50 600 900 

9 5 1.25 250 313 

10 5 1.25 2 2820 7050 

11 5 1.25 2 1100 2750 

12 6 4.50 5 1070 24075 

13 5 3.75 5 850 15938 

14 5 3.75 5 850 15938 

15 4.5 3.38 5 1300 21938 

16 3.75 2.81 5 680 9563 

17 3.25 2.44 5 1500 18281 

18 2 1.00 5 100 500 

19 1.8 0.90 5 2850 12825 

20 0.8 0.40 5 2200 4400 

river mouth 0.5 0.25 5 1000 1250 

Total= 17120 km 136219 m3 

X 1.60 

=217950 Tonnes 

The overlay of the 1898 Mount Lyell railway survey with the present day 1:25,000 map may 
indicate if and where the banks have extended. If any extension is evident, it is expected to be 
on the downstream sides of the existing banks. The overlay may show which sections of 
banks do not have the protective levee banks and so are most susceptible to bank retreat. 

5.4 Summary 

This section has presented some monitoring data on bank stability and discussed some of the 
processes most dominant on the King River banks. Erosion pins and scour chains have 
illustrated how dynamic the processes of scour and deposition were on the sediment banks 
within the range of water level changes due to power station activities. Erosion processes of 
rilling, tunnelling, slumping and bank collapse are increasingly evident as the fresh grey 
tailings out of the mill are no longer constantly replenishing the bank surfaces. The likely 
extent of erosion of the sediment banks now that the mine is closed is unknown, but if the 
hypothesised levee configuration of the original banks is correct and most of the bank 
sediments are stored behind the original levees and out of reach of the now reduced peak 
flows, then ·a probably maximum bank erosion is in the order of 218,000 tonnes of sediment, 
over an unknown period of years. 
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Because of the interrelated nature of bank stability, lateral erosion and bed degradation, it is 
necessary to consider future bank stability in conjunction with sediment transport occurring 
within the river channel. The following sections, sections 6 and 7, review the results of 
suspended and bed load transport monitoring conducted pre- and post-mine closure. 

6 Suspended sediment transport 

6.1 Sampling methods 

Map 6.1 shows the locations of suspended sediment monitoring equipment used on the King 
River and just outside the river in Macquarie Harbour. 

Automatic water samplers have been installed at stations 2, 4, 13 and 18 (see plate 6.1). 
These locations were chosen to represent the Queen River (below the tailings source), and 
the upper, middle and lower reaches of the King River below its confluence with the Queen. 

Turbidity meters have been established alongside the automatic water samplers at Stations 13 
and 18 (plate 6.2), and also outside the river at three locations (there is a third turbidity meter 
in Macquarie Harbour at Sophia Point, not shown on this map). The turbidity meters in the 
King River also record temperature and conductivity, and the Harbour turbidity meters also 
record temperature. The meters have been continuously recording since December 1993. 
Turbidity levels have been correlated to suspended sediment concentrations through the 
development of suspended sediment-turbidity rating curves, as shown later in this section. 

Plate 6.3 shows a depth-integrated water sampler which has been used to test the 
representability of the automatic water samplers and other point samples as compared to the 
sediment load passing through a river cross-section at any given time. 

Table 6.1 provides a summary of the suspended sediment sampling exercises which have 
been and are planned to be conducted for this King River sediment study. In addition to 
representability tests of the auto samplers, other exercises which have been conducted have 
looked at variability in sediment concentrations using different sampling techniques, 
variability across a channel cross-section, variability along length of river, and time series 
looking at changes in concentrations at different locations over time under various conditions 
of flow. Results are summarised in the following sections, which have been split to discuss 
pre- and post-mine closure separately. 

6.2 Results pre-mine closure 

6.2.1 Representability 

Table 6.2 gives an idea of the variability in suspended sediment concentrations with different 
measuring techniques and locations from some exercises conducted pre-mine closure. 

In the comparison of sampling techniques, concentrations in the Queen River varied+/- 3.6% 
around the mean concentration for five consecutive depth-integrated samples, and varied 
between 3.6--4.9% above and below the mean for grab samples taken with different size 
sample bottles. 
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Plate 6.1 Automatic water sampler station housing 

Plate 6.2 Turbidity meter alongside auto sampler intake 
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Plate 6.3 Floe as seen under the scanning electron microscope 
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Table 6.1 Summary of suspended sediment sampling exercises 

Purpose of Exercise Stn.No. o ... Details 
Flow 

CondlUons Mill 
lm3/s) Down 

Comparison of 2 06108/93 5x310ml, Sx 70 ml, 5x DI 
sampling 5 06/10/93 S x 310ml, 5 )I'; 70 ml 80 rising 

tecnn,ique ... s 06/11/93 5x310ml. Sx 70 ml 85 maybe dn,pping X 
15 06/11/93 5 X 310ml. 5 X 70 ml, 5 X 01 85 maybe dropping X 

13 24/6193 10 x 250ml, 10 x DI 25.1 maybe dropping X 
18 2316193 10 X 250ml. 10 X 01 35.5 maybe droi:,N ..... 

O.oantlng of 01 samples 2 Ofl/06/93 2 x 0I lntc 310ml. 2 x 01 into 70ml 
into smaller bottles 15 06/11/93 2 x 01 into 310ml, 2 x 01 into 70ml 85 ma""" dn,CDing X 

Variability 2 OS/08J93 R, Land C 01 .. mPI••· 
across ,;• •ction R(M). UM). C(8) & C(T) 

15 06/11193 R, L and 4xC DI samples 85 maybe dropping 
13 24/6193 2 x 01 for eact, R,CR.C,CL,L ooi,,,mn 25.1 maybe dn,pplng X 
18 2318193 2 x DI for oacn R.CR.C.CL.L oolumn 38.5 mavba dtol'Nftn 

var.ability 20.8 06/07/93 310ml samP'es. mcving upstream • mav1>ensin9 
•long lonva, 4-20 06/10/93 310ml samples. moving downstnlam 80 nsing 

Of river 2().4 06/10/93 310ml samples. moving upstream 80 rising 
20.i 06/11/93 310ml samples, mO"ling upstrvam 85 maybe dn,pplng X 
4-20 06/11/93 310ml samples, rnov.ng downstream 85 maybe dn,pping X 
6-20 2216193 250ml samples, mov,ng d"""'slrOam 12 maybe dropping 
4-20 28/9/93 330ml $;imp1es:. moving ctown~am 98 steady 

J 02/09/94 330ml sample (700m be.low confluence) 5 s...oy 
15-5 10/2J94 330ml samples. m0V1nt;:1 downstream 7 $ ... dY 

Varlability 13 2416193 C column. every 20 cm 25.1 mayl>o dn,pp,ng X 
with depth 18 1114/95 POint samples at 2 COiumns, every 0.2m 78 dropping X 

2,4,13,18 2915-218195 Point samples at 2 (;(llutnrt$. evel'y 0.2m X 
Tributary Virginia Crk. 06/11/93 310ml sample 

contnblltions SwiftCrk. 310ml samnle 

Purpo .. of Exorcise Stn. No. Date Oetalls 
Flow 

MIii Sllwlown Penoos 
1m3/oJ 

Tirne s•ties 2 111-29/6/93 1/day at 1400 19/8, 20M, 2416 
3015-23/7193 1/day at 1400 sn. 20/1 
23/7-1/6/93 1/davat 1400 30/7 
3013-514195 4-hourtv samples X 

• 12-29/6193 1/day at 0900 3-148 1918, 20M. 2416 
30/8-17/7/93 1/day al 0900 3-86 5rT 
2'ln-1718/93 1/day ot 000() 4-80 son,M 

3-1219/93 1/day at 0900 3-103 419, 519, 10/9 
211-29/9/93 auto samples. variable interval 3-98 

13 24/6193 Grab .sample every 15 minutes 20 X 
2118194 l""loui"ly auto sample-5 80 

20.21111/94 Hcur1y ai.lta samples 3-80 
21-23/11/94 3-hour1y auto samptes 3-8 
23-24111/94 Half-howty auto samples 3-90 2419 

11-1211/95 S-no,,.1y auto samples 2-70 X 
23-2411/95 Houny auto sampJes 2-70 X 
26-2714/95 Variable lf'lten,al 1 X 

18 21/6194 Houny auto ,amp1es 80 
20.21111/94 Hour1y autc samples 3-80 
21-23/11/94 3-hourly •uto samples 3-8 
23-24/11/94 H•lf-hourtv auto samplas 3-90 24/11 
!,-1211/95 4-11ouny auto oample• 2-70 X 
18-1711/95 Houny auto S8ffl!)IOS 2-70 X 
Zl-2411/95 Hour1v ""'° $0MPIOS 2•70 X 

"72-hour"' 4,13,18 15-1812/94 Hourty auto samples 5-78 14-15/:2, 1712 (2 """r>) 

e•rei•es Z,4,13,18 27111-1(1/94 11ourlv auto samples 4-100 
2,4, 13,18 19-2316/95 Hourtv auto samples X 

Evant 18 ? 
sampling 2 1•/5/94 15 mmute intervals. 5 auto samplf.ts 

13 18105194 15 mioute intervals. 24 auto samples 13• 
4 18/05/94 10 minute intervals. 24 auto samples 13• 
13 ? Ho1,111y auto $Smples 

Purposa of Ex•rcis• $In. No. o .... O~il:s 
Flow 

Gauged? 
MIii 

(m3/sl Down 
Reprwsentabllity 2 23/71113 01 and Point s.am~e.s at 51.V: ~umns; 8.7 Yes 
of auto sampler concutT&nt auto samptes every 15 min:!i 

Woek of 29/5-216/95 ? Pl"°"ed X 
4 21/7193 DI and point (T.M.B) at five cOlumns; 76.18 Yes 

cona.aneent auto samples every 1 S mins 
29/9/93 2 x DI tor eact, R,CR,C,CL,L column 98 No 

concun'B'nt auto samples everv 1 o mins 
Week of 29/5-216195 ADout 8 Planned X 

13 2611194 Cl and point (T.M.8J at five OOlumns: 71.17 Yes 
(:(JnCUJTent auto .samples every 15 mins 

06/01194 6 x DI samples aeross x-sedion 9.n Yes 
cancurrant auto samples every 10 rnins 

02107/95 Point .samples (T.M.B) at 7 columns; 70.08 Ye• X 
concuftent .-Ao sarn~es every 15 mins 

10,4/115 Point samples (T.M,B) at 8 columns: 83.e Yes X 
concun-enu,uto samples every 10 mins 

Wttk of 29/5-216195 ADout8 Planned X 
Week of 19-23/8195 About6 Planned X 

18 2511/94 01 and l)Qint (T,M.8) at five columns: 54.86 Yos 
concu~ a1,.1to Hmples every 15 mins 

1612194 2 x 01 for each R.CR,C,CL,L column 76 No 
concurrent auto samptes evety hour 

06/02/94 9 x Cl samples across ~-s8(",tlon 8.14 Yo• 
eoncuttent auto samptes everv 10 mins 

02/09/95 Point sampfe$ (T.M.B) at 7 columns: 59.4 Yes X 
concurrent auto samples ,evety 15 mins 

1114195 Point 58mP'e.s (T.M.Bl at 8 eoI1.1mns: 78.5 Ye• X 
conC1.1rrent auto $am pies every 1 O mins 
6 x 01 samples i!IQ'0$S x-seccron 

1214195 Poil"l't s.i,rnptes (T.M,9) at 7 columns; 8.74 Yes X 
eoneurrent a1.1to samples every 1 O mins 

Week of 29/5-216195 ADout 8 Planned X 
Week of 19-23/6195 Aboul6 ?tanned X 

refer$ to post-m1ne closure 
x t@f&I'$ to periods when the mm was "ot discharging taitings 
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Table 6.2 Variability in suspended sediment concentrations 

COMPARISON OF SAMPLING TECHNIQUES 

STN. Depth-integrated bottles 310-ml bottles 70-ml bottles 
NO. DATE No. Min Max Mean SD % No. Min Max Mean SD % No. Min Max Mean 

2 6/6/93 5 15895 17207 16564 597 3.6 5 16242 17637 17129 621 3.6 5 13439 15144 14277 
5 10/6/93 5 1138 1544 1362 199 14.6 5 703 1484 1166 
5 11/6/93 5 256 312 290 21 7.2 5 134 256 211 
15 11/6/93 5 306 337 315 13 4.1 5 129 318 218 76 34.7 5 55 192 151 

STN. Depth-integrated bottles 250-ml bottles 
NO. DATE No. Min Max Mean SD % No. Min Max Mean SD % 

13 24/6/93 10 580 628 604 16 2.7 10 579 642 611 20 3.3 
18 23/6/93 10 661 813 733 42 5.8 10 693 782 738 32 4.3 

DECANTING OF DEPTH-INTEGRATED INTO SMALLER BOTTLES 

STN. 310-ml bottles 70-ml bottles 
NO. DATE No. Min Max Mean SD % No. Min Max Mean SD % 

2 I 6/6/93 2 17378 17545 17461 118 0.7 2 14301 15638 14969 945 6.3 
15 11/6/93 2 316 368 342 37 10.9 2 207 300 253 66 26.0 * no tailings 

VARIABILITY ACROSS CROSS-SECTION VARIABILITY WITH DEPTH 

STN. Depth-integrated bottles STN. Depth-integrated bottles 
NO. DATE No. Min Max Mean SD % NO. DATE No. Min Max Mean SD % 

2 6/6/93 7 11320 14174 12548 1050 8.4 13 I 2416/93 7 560 627 598 20 3.4 
15 11/6/93 6 194 3336 271 53 19.5 * no tailings 

13 24/6/93 10 541 590 565 15 2.6 
18 23/6/93 10 511 789 674 76 11.2 

SO - Standard Deviation 
% - Percentage difference between standard deviation and the mean 

SD % 
694 4.9 
298 25.5 
46 21.9 * no tailings 
57 37.8 * no tailings 



Samples taken with 310mL bottles (wide mouth) had a slightly higher mean concentration 
than the depth-integrated bottles, whereas the 70mL (narrow mouth) bottle gave a lower 
concentration. In general the 70mL bottles were consistently under-representative compared 
to the 31 0mL bottles, and had a much higher standard deviation. The percentage difference 
between the mean 3 lOmL results and depth-integrated results was 3.4% which is consistent 
with the variability amongst the individual type of sample. 

The depth-integrated suspended sediment concentrations for King River samples as 
compared to 250-mL narrow-mouthed bottles were incredibly similar in their mean 
concentrations and narrow range of results. 

When depth-integrated samples were decanted into smaller sample bottles, the 3 lOmL bottles 
tended to have slightly higher sample concentrations than the original depth-integrated sample, 
and the 70mL bottles slightly lower. This trend was similar under conditions of no tailings 
being discharged, although there was a higher range of concentrations amongst the sub-samples. 

The standard deviations amongst samples were considerably higher when no tailings were 
being discharged in the river, and the grab samples were very under-representative of the 
depth-integrated samples. The variability in concentrations across the cross-section was 
noticeably higher than when tailings were being discharged. 

Variability amongst depth-integrated samples across the cross-section and with depth showed 
a range of sample concentrations 2.6-11.2% above and below the mean when tailings were 
being discharged, and 19.5% above and below the mean without tailings being discharged. 

These results give some feel for the range in suspended sediment concentrations occurring 
with samples successively collected in the same spot and fashion, as well as the variability 
between sampling techniques. In conclusion, grab samples could be considered reasonably 
representative of results which would have been obtained using depth-integrated samples 
while the mine was discharging its tailings, but not when tailings are no longer discharged. 
Use of the depth-integrated sampler is always preferred over other sampling techniques, but 
even more particularly during periods without tailings being discharged. 

Tests have been conducted at each of the four stations to test how the automatically collected 
water samples relate to the total suspended sediment in the river cross-section at which they 
are located. Results are shown in table 6.3. 

Table 6.3 Representability of auto samplers pre-mine closure 

Stn. No 2 4 13 18 

Date 23n/93 21nt93 26/1/94 1/6/94 25/1/94 2/6/94 

No samples 4 4 5 6 5 9 

Total gauged discharge 8.7 76.2 71.2 9.7 54.9 8.1 

Depth-integrated samples 

Min. sediment concentration (mg/L) 2952 419 180 353 184 69 

Max. sediment concentration (mg/L) 3578 503 212 389 278 158 

Total cross-section sediment load (kg/sec) 30.00 33.56 13.95 3.69 13.12 1.06 

Auto samples 

In. auto sampler concentration (mg/L) 3382 402 185 328 189 50 

Max. auto sampler concentration (mg/L) 3TT5 444 206 343 273 62 

Mean auto sampler concentration (mg/L) 3579 417 195 335 225 56 

Total auto sampler sediment load (kg/sec) 31.14 31.78 13.86 3.26 12.33 0.45 
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For these representability tests of the auto samplers, depth-integrated samples were taken at a 
number of verticals across each cross-section while the auto sampler was regularly sampling. 
Widths, depths and current velocities were also measured at regularly spaced intervals across 
the cross-section. Suspended sediment concentrations were extrapolated for each column by 
assuming a linear variation between the measured depth-integrated samples. The sediment 
load was calculated by multiplying the suspended sediment concentration for each vertical by 
its respective area discharge. The mean suspended sediment concentration for the 
automatically collected samples was multiplied by the total discharge. 

Overall the auto samplers are shown to be remarkably representable of their cross-sections, 
except at low flow at Station 18. At low flow the sampler intake at Station 18 is out of the 
main current, but a correction factor of 2.35 can be applied to the sediment loads measured 
from the auto sampler. Application of a correction factor to point sample concentrations to 
make them representative of the concentrations in the cross-section as a whole was 
recommended by Leeks (1984). 

These representability tests were all conducted under conditions of steady flow, and nothing 
is known about representability of the samplers during unsteady flow conditions. During 
conditions of rising or falling flow levels there would be a marked gradation of 
concentrations with depth, as material is lifted into suspension or settles back onto the bed. 
Because the water level rises very quickly with the turning on of the power station, the 
material is probably lifted into suspension very quickly. With the fall in water level with the 
power station turning off, it is probably necessary to linearly extrapolate the correction factor 
between the different flow levels. 

6.2.2 Particle characteristics 

Particle size has been measured using the Malvern Laser Scatterer, typical results for which 
are shown in fig 6.1. 
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Figure 6.1 King River suspended sediment particle size distribution 

Suspended sediments in the King River almost invariably had a median grain size of 7-8 µm 
using the laser scatterer, somewhat finer than the 11 µm measured at the tailings outfall 
which suggests that some material may have settled out. Table 6.4 shows the particle size 
results for numerous suspended sediment samples analysed, and they were remarkably 
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consistent. Some of the samples at Station 2 had a particle size more consistent with the 
outfall samples, in the range of 11-12 µm. The Station 4 samples were slightly coarser (8-9 
µm), and interestingly enough several Station 5 samples were in the range of 30 µm. 

All of these laser scatterer results were after using ultrasonics on the samples. When the 
samples were first put into the sampling chamber the readings were regularly considerably 
higher, and steadily reduced with stirring time. Examination of a water sample using a 
Scanning Electron Microscope (SEM) found that floes in the order of 30 µm in diameter 
form under certain conditions of water and particle surface chemistry. 

Discussions with Dr. Ron Beckett at the CRC for Freshwater Ecology at Monash's Caulfield 
campus led to the investigation of particle surface charges using electrophoretic mobility 
measurements as an indication of the conditions under which floes will form. Preliminary 
results are presented in table 6.5. 

The results show that the particles coming down the Queen River are positively charged, and 
those in the King River negatively charged (presumably due to organic coating), and so floccu­
lation is most likely to occur at the confluence of the two rivers (depending on relative flows). 
Two students from the CRC for Freshwater Ecology pursued the issue of flocculation in the 
King River system for research work required for their degrees. The usefulness of their results 
is still being evaluated. One major problem with this work is the alteration of the samples with 
storage time, as can be seen in table 6.5 with the pH changes between the field and the lab. 

Some microprobe analyses were conducted on King River suspended sediment filter residues, 
with typical results shown in fig 6.2. The results confirmed that the particles were alumino­
silicates, with varying amounts of potassium, iron, and occasionally magnesium, aluminium and 
sulfur. 

6.2.3 Spatial variability 

Figure 6.3 illustrates the variations in point sediment concentration across the channel cross­
section at the four stations at which auto samplers are located, Stations 2, 4, 13 and 18, and 
provides a comparison with depth-integrated samples where taken. Velocities are shown as 
well, and the velocity-concentration correlation coefficient. The depths of samples are shown 
as top, middle and bottom, which are at 2/10, 5/10 and 8/10 of the total vertical depth for 
each respective vertical. 

The Station 2 cross-section shows some variation in suspended sediment concentrations, 
between 2952 and 3646 mg/L, but no consistent trends with depth or distance across the 
cross-section. The depth-integrated sample in the 1.8m vertical was within the range of the 
three point sample concentrations in that vertical, whereas the concentration of the depth­
integrated sample in the 3.3m vertical was higher than the corresponding point samples. 

Station 4 shows a range of concentrations between 367 and 581. As with Station 2, there are no 
consistent trends with depth or distance across the cross-section. The depth-integrated sample 
concentrations were generally lower than the c~rresponding point samples with the exception 
of the 2.06m vertical, for which the depth-integrated concentration was noticeably higher. 

The concentrations for Station 13 range from 179 to 33 I mg/L. There is a tendency in each 
vertical for slightly higher concentrations with depth, with the greatest range in the 17m 
vertical. There is also a tendency for slightly higher concentrations in the deeper verticals 
compared with those closer to the banks. The depth-integrated sample concentrations tended to 
be lower or at the low end of the range of point sample concentrations in the corresponding 
verticals. 

83 



Table 6.4 Suspended sediment particle size measurements 

Stn. Sample Sample Date Date Median Particle Size (microns) 
No. Loc'n Type Collected Analysed Test1 Test2 Test3 Average 

13 R DI 24/6/93 2717/93 7.82 7.78 7.78 7.79 
CR DI 7.55 7.58 7.63 7.59 
C DI 8.02 8.21 8.47 8.23 
CL DI 7.57 7.60 7.60 7.59 
L DI 7.39 7.39 7.41 7.40 

13 C Grab-1 24/6/93 2717/93 7.63 7.64 7.64 7.64 
C Grab-2 7.77 7.78 7.73 7.76 
C Grab-5 7.63 7.67 7.69 7.66 
C Grab-10 7.62 7.65 7.69 7.65 
C Dl-1 24/6/93 2717/93 7.54 7.59 7.62 7.58 
C Dl-2 7.45 7.47 7.45 7.46 
C Dl-5 7.61 7.73 7.82 7.72 
C Dl-10 7.50 7.54 7.63 7.56 

18 R DI 23/6/93 2817/93 7.76 7.78 7.70 7.75 
CR DI 7.91 7.87 7.84 7.87 
C DI 7.76 7.75 7.68 7.73 

CL DI 8.09 8.01 7.99 8.03 
L DI 7.71 7.71 7.70 7.71 

18 C Grab-1 23/6/93 2817/93 7.81 7.78 7.73 7.77 
C Grab-10 8.04 8.02 7.92 7.99 
C Dl-1 23/6/93 2817/93 7.87 7.81 7.80 7.83 
C Dl-10 7.82 7.79 7.74 7.78 

5 SSv1a decant 10/06/93 3/08/93 30.27 32.11 30.28 30.89 
SSv1 grab 10/06/93 6/08/93 37.04 32.13 30.94 33.37 
SSv2a decant 11/06/93 9.21 9.43 9.50 9.38 

TP SSva decant 11/06/93 3/08/93 9.62 9.70 9.38 9.57 
2 SSv-Dla 6/06/93 3/08/93 11.68 11.78 11.79 11.75 

SSva 11.21 11.15 11.19 11.18 
20 C grab 22/6/93 6/08/93 6.85 6.72 6.71 6.76 
19 C grab 7.02 6.96 6.91 6.96 
18 C grab 7.23 7.15 7.17 7.18 
17 C grab 7.19 7.15 7.13 7.16 
16 C grab 7.26 7.25 7.26 
15 C grab 7.49 7.44 7.47 
14 C grab 7.14 7.15 7.15 
13 C grab 7.48 7.48 7.48 
12 C grab 7.09 7.05 7.07 
11 C grab 7.38 7.27 7.19 7.28 
10 C grab 7.40 7.27 7.21 7.29 
9 C grab 7.48 7.33 7.24 7.35 
8 C grab 7.55 7.40 7.24 7.40 
7 C grab 7.51 7.14 7.05 7.23 
6 C grab 6.87 6.79 6.75 6.80 
4 L DI 2117/93 23/8/93 8.65 8.65 8.65 

LC DI 9.34 9.23 9.22 9.26 
C DI 8.70 8.67 8.69 
R DI 9.14 9.10 9.12 

4 C grab-hour1 2117/93 23/8/93 9.56 9.55 9.56 
C grab-hour2 8.50 8.57 8.59 8.55 
C grab-hour3 8.58 8.65 8.69 8.64 
C grab-hour4 8.40 8.36 8.38 
C grab-hours 8.42 8.34 8.28 8.35 

2 C DI 2317/93 23/8/93 8.27 8.20 8.24 
C grab-hour1 13.25 12.81 12.76 12.94 
C grab-hour2 8.20 8.16 8.18 
C grab-hour4 7.75 7.69 7.72 
L point (top) 8.18 8.08 8.13 
C point (top) 7.52 7.46 7.49 
C point (middle) 7.34 7.28 7.31 
C point (bottom) 8.04 7.98 7.96 7.99 
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Figure 6.2 Microprobe analysis of King River suspended sediments 

Table 6.5 Electrophoretic mobility measurements 

Field 2819/93 Lab. 11/11/93 

Station Cond. uS/cm Temp. •c pH pH Mean mobility 

20 102 10 6.48 ·2.1 

18 63 9.7 6.49 ·1.9 

15 97 9.5 4.8 6.39 ·1.2 

12 63 9.4 6.32 -1.5 

9 63 9.3 6.29 -1.6 

4 63 9.2 6.2 ·1.6 

3 70 8.9 5.51 5.86 -2.3 

2.91 -0.4 

4.65 -1.6 

7.84 -2.3 

9.35 -2.2 

2 970 12.7 4.25 4.99 0.3 

3.04 0.23 

4.92 0.37 

6.55 ·0.05 

9.21 -1.4 

O>K 253 9.5 5.5 3.43 0.07 

2.91 0.1 

5.18 0.26 

7.13 -0.1 

9.12 -1.7 

K>O 47 9 5.75 6.22 -1.3 
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STATION 2 • 23/7/93 
Gauged Discharge" 8.7 cumecs 

LEFT BAN K RIGHT BANK 
Horiz'I Dist. Om o.sm 1.Bm 3.3m 4.3m 7,3m 9.8m 11.6m 

vel conc'n vel. conc'n vel. conc'n vel. conc'n vel. conc'n vel. conc'n 
Top (2/10) 0,71 4 2952 1.182 3318 3094 

Middle (5/10) 0.457 3280 1.296 3074 1.515 3568 1.596 3032 1.336 3646 
Bottom (8/10) 0.217 3446 2827 
Vert'I Depth Om 0 .84m 1.11m 0.91m 0.72m 0.53m 0.43m 

DI 3308 3143 3578 
Velocity - concentration correlation= 0.033 

STATION 4 • 21/7/93 
Gauged Discharge = 76.18 cumecs 

LEFT BANK RIGHT BANK 
Horiz'I Dist. Om 6,...,_7=s,....m---,-____,1.,,.2."'"75"'"m--.---,,,17,-_2""5,....m-..,....---,2..,,.o""'.7"'"5m_...,._2""s,..._2'"""s,..m-..,...,4,.,.0,...,.2..,,5m--, 

vel conc·n vet. conc'n vel. conc'n vel. conc'n vel. conc'n ---Top (2/10) 0.925 573 2.319 445 2.743 386 2.846 441 2.748 399 
Middle (5/10) 1.048 465 1.996 536 1.777 481 2.526 449 
Bottom (8/10) 0.496 581 1.163 533 0.048 367 0.846 469 1.932 498 
Vert'I Depth 0m 1.33m 1.50m 2.06m 1.75m 1.42m 

DI '-----4-- 425 448 503 426,413 
Velocity• concentration correlation = -0.347 

STATION 13 • 26/1/94 
Gauged Discharge = 71.17 cumecs 

Om 

LEFT BAN_K __________ .....,. ____ --.-___ R_IG..,....HT_B,,..AN_K.., 
44m 51.Sm Horiz'I Dist. Om Sm 17m 

vel conc'n vel. conc'n 
Top (2/10) 0.47 0 185 0.918 210 

Middle (5/10) 0.53 4 181 0.947 237 
Bottom (8/1 0) 0.47 3 193 0.801 331 
Vert'I Depth Om 1 .77m 2.77m 

DI 180 212 

26m 
vel. conc'n 

0.941 206 
1.026 219 
0.855 240 

2.50m 
192 

35m 
vel. conc'n 

0.963 193 
1.103 202 
0.823 221 

1.99m 
199 

vel. conc'n 
0.628 179 
0.695 187 
0.639 196 

1.10m Orn 
180 

Velocity• concentration correlation= 0.316 

Horiz'I Dist. 

Top (2/10) 
Middle (5/10) 
Bottom (8/10) 
Vert'I Depth 

DI 

STATION 18 • 25/1/94 
Gauged Discharge 11 54.86 cumecs 

RIGHT BA_N_K-------.------.-------.-----L ... EF_T_BA .. N_K.., 
47m 58.0m Om Sm 14m 

vel conc'n vel. conc'n 
0.57 0 132 0.761 276 
0.50 3 341 0.668 265 
0.40 6 243 0.592 342 

Om 2 .16m 1.53m 
245 265 

26m 
vel. conc'n 

0.819 245 
0.863 265 
0.749 283 

1.&0m 
231 

38m 
vel. conc'n 

0.853 251 
0.847 256 
0.678 415 

1.55m 
278 

vel. conc'n 
0.691 192 
0.794 212 
0.510 229 

1.62m 
188 

0m 

Velodty - Concentration C orrelation = -0.037 

Figure 6.3 Suspended sediment spatial variability pre-mine closure 

Om 

The concentrations for Station 18 range between 132 and 415 mg/L. Again, there is a 
tendency in each vertical for slightly higher concentrations with depth, with the exception of 
the Sm vertical. There is also a tendency for slightly higher concentrations in the more central 
verticals than closer to the banks. The depth-integrated sample concentrations were within 
the range of point sample concentrations for the corresponding verticals at 5m and 38m, but 
at the bottom or below the range of point samples for the 14m, 26m and 47m verticals. 

The pronounced unifonnity of the suspended sediment concentrations across the cross­
section at Stations 2 and 4 indicates that most of the suspended material is washload, in this 
case derived from the mine's continuous discharge of tailings, rather than resuspended bed 
material (Colby 1963). At Stations 13 and 18 the results suggest that there is still a large 
percentage of washload, but the slightly higher concentrations with depth indicate a 
component of resuspended bed material as well. Boliang and Zhan (1982) and Nordin and 
Dempster (1963) reported uniform concentrations of suspended sediments across channel 
cross-sections in the Yellow River and Rio Grande, but these were hyperconcentrated flows 
with concentrations in the range of 400 g/L not uncommon. 
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6.2.4 Temporal variability 

Two 72 hour intensive suspended sediment sampling exercises were conducted prior to the 
mine ceasing the discharge of tailings, one in February and one in June 1994. These exercises 
involved setting the automatic water samplers at Stations 2, 4, 13 and 18 to sample at regular 
intervals (usually hourly) while the power station came on during the day and off at night for 
three consecutive days. These exercises had three main purposes: 

1 to determine how suspended sediment concentrations at each station vary with the rise 
and fall of the hydrograph; 

2 to assess how suspended sediment concentrations varied between stations; and 

3 to correlate turbidity measurements to suspended sediment concentration. 

Figures 6.4 and 6.5 show the results at stations 4, 13 and 18 for these two exercises. The 
power station release patterns are seen to have a significant influence on suspended sediment 
concentrations in the King River while the mine is still operating. Measured concentrations 
rose from several hundred to 10,000 mg/L with the initial discharge of water from the power 
station, flushing the sediment which had deposited with the power station off, and sending 
this sediment wave downstream. Sediment exhaustion effects are evident as the initial 
sediment flush subsides and a lower suspended sediment concentration is transported at the 
constant flow rate released from the power station. 

To date only sediment concentration data is available for field exercises such as those shown 
in figs 6.4 and 6.5. A difficulty with this study has been in obtaining flow data for the entire 
river, as Reach King4 is tidally influenced. Mike-I 1, an unsteady flow modelling package 
developed by the Danish Hydraulics Institute, is being utilised to model flows so that sediment 
loads can be determined, and therefore whether net scour or deposition is occurring within 
different river reaches. Hydraulic variables required for sediment transport equations will 
also be obtained from Mike-11 which will be utilised in predictive sediment transport work 
for this river system. Flow and sediment transport modelling is further discussed in section 8. 

6.2.5 Turbidity data 

Turbidity meters have been continuously recording every ten minutes at Stations 13 and 18 in 
the King River, as well as at stations in the harbour outside the river mouth, since December 
1993. The intention for the turbidity meters in the King River is to correlate them with 
suspended sediment concentrations, whereas those in the harbour are to monitor the timing 
and movement of suspended sediment plumes coming out of the river mouth. 

Turbidity data from Stations 13 and 18 while the mine was still releasing its tailings has been 
collated into month-by-month plots of turbidity against time. 

The turbidity instruments have required more attention than initially realised, as the lenses 
tended to foul from the silt being transported down the river, and the electronic components of 
the instruments were very vulnerable to corrosion. The turbidity monthly results will be plotted 
against flow, and evaluated to correct or cull data from periods where turbidity readings were 
clearly drifting or unusable. Figure 6.6 illustrates how the turbidity instrument readings (as well 
as the concurrently recorded conductivity) vary with river level and with suspended sediment 
concentrations, an understanding of which will help in evaluating when turbidity data is 
straying or unusable. Of note is the limited range of the turbidity meter readings compared with 
the range of suspended sediment concentrations in the river. Also, the river level rise precedes 
the rise in suspended sediment concentrations, unlike a normal flood hydrograph where the 
suspended sediment peak precedes the flood peak. This difference is due to the absence of a 
natural run-off component to the hydrograph found in unregulated rivers. 
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Table 6.6 shows the dates of rating curve exercises and changes to the instruments during 1994. 

Table 6.6 Turbidity meter exercises and adjustments 1994 

Date 

17-18 February 1994 

14-15June 1994 

Exercise 

Rating curves 

Formazin calibration 

Rating curves 27 June- 1 July 1994 

4 August 1994 Reduced gain/ TAIN workshop 

Rating curve exercises were conducted as part of the 72 hour exercises described above, with 
the resultant curves shown in figs 6.7 and 6.8. The peak suspended sediment concentrations 
were culled from these data sets in the formulation of these curves, because they all 
corresponded to the highest turbidity instrument reading of 510. 

Rating curves of turbidity instrument readings against formazin (the turbidity standard) was 
also developed for both the Station 13 and 18 turbidity meters, with the intention of being 
able to compare the King River rating curves with other published curves. The results are 
shown in fig 6.9a. Between 1500 and 2000 Ftu (formazin turbidity units) these curves start 
doubling back at a maximum turbidity instrument reading of between 400 and 450; why they 
did not go to the full 510 range of the instrument is unknown. Figure 6.9b shows these same 
curves with a y-axis maximum of 1500 Ftu for Station 13 and 2000 Ftu for Station 18. 

These results emphasise the problem of insufficient range of the turbidity meter instrument 
readings to cover the range of suspended sediment concentrations (100-10,000 mg/L) in the 
King River under normal operations of the power station. 

The instruments were taken back to the manufacturer's workshops (TAIN, Box Hill, 
Melbourne, Victoria) in August 1994, where the gain controls were reduced to make the 
instruments less sensitive and so able to give readings at the higher suspended sediment 
concentrations. The instruments were then calibrated in the workshop against samples of 
dried mine tailings (from the Mount Lyell mill) which were mixed with distilled water to the 
desired concentrations. The subsequent rating curves, shown in fig 6.10, are not considered 
as good as a rating curve developed in the field because of the other influences of colour, 
variations in particle size and shape, occurrence of floes, etc. However, it is the only rating 
curve available to this study (pre-mine closure) since the gain control was changed, as 
another field calibration was not able to be obtained prior to the mine' s closure. Lines of best 
fit will be calculated for all the rating curves as was done in fig 6. 7. 

6.3 Results post-mine closure 

6.3.1 Representability 

Since the mine closed in December 1994, the suspended sediment concentrations have lowered 
significantly in the Queen and King Rivers, and the water colour has become extremely variable 
depending on rainfall, flow conditions, pH and run-off from the Mount Lyell lease site. 

Two exercises comparing the auto samplers to the suspended sediment concentrations across 
the cross-section at Stations 13 and 18 have been conducted, one in February and one in April 
1995. January and February 1995 were extremely dry months on Tasmania's west coast, and 
with the first rains in March large plumes of suspended sediment were visible in Macquarie 
Harbour, so the river had not adjusted significantly to the cessation of tailings discharge at 
the time of the February 1995 exercise. Table 6. 7 shows the results of representability tests of 
the auto samplers from these stations. 
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These results show none of the consistency of the comparable results pre-mine closure, 
shown in table 6.3. The Station 18 sampler at the higher flow levels shows consistent under­
representation of the autosampler by 2.6-2.8 times. At low flow the auto sampler is more 
representative, but the concentrations are so low as to raise questions about the significance 
of any differences, especially in consideration of the propagation of errors arising from 
sample collection, filtering and weighing of the filter residues. The February results for 
Station 13 unfortunately need to be discounted because the flow level was rising during the 
exercise. The April results show a good consistency between the auto sampler and the 
sediment passing through the cross-section, but again some questions can be raised about 
how meaningful variations are given such low sediment concentrations. 

One problem with these particular sample sets is that only point samples and not depth­
integrated were collected. The integration across the cross-section to obtain a cross-sectional 
sediment load was done by averaging the point-sample results in a particular vertical. A 
comparison of depth-integrated suspended sediment concentrations with point sample 
concentrations within the same vertical was not always consistent, as discussed in section 
6.2.3. 
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Table6.7 Representability of the auto samplers post-mine closure 

Stn. No 13 

Date 7/2/95 10/4/95 
No samples 7 6 
Total gauged discharge 70.08 83.6 
Point-integrated samples 
Min. sediment concentration (mg/L) 160 15.7 
Max. sediment concentration (mg/L) 1354 18.4 
Total cross-section sediment load (kg/sec) 49.96 1.42 
Auto samples 
Min. auto sampler concentration (mg/L) 184 14.6 
Max. auto sampler concentration (mg/L) 1006 20.1 
Mean auto sampler concentration (mg/L) 413 18.1 
Total auto sampler sediment load (kg/sec) 28.94 1.51 
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Figure 6.11 Suspended sediment spatial variability post-mine closure 

95 



6.3.2 Particle characteristics 

No analyses of suspended sediment particle characteristics have been conducted since the 
mine has ceased to discharge its tailings. Samples will be collected from the June sampling 
exercises for particle size distribution and SEM analyses. 

The April 1995 filter samples showed a rich reddish staining presumably from iron hydroxide 
floes coming out with storage time. The influence of these floes on suspended sediment 
concentrations is not yet known. The occurrence of floes with sample storage time and their 
influence on suspended sediment concentrations was tested during the week of 19 June 1995. 

6.3.3 Spatial variability 

Figure 6.11 shows the variability of suspended sediment concentrations across the cross-section 
at Stations 13 and 18 during the February and April 1995 sampling exercises. For both 
stations, there is a notable drop in concentrations between the February and April exercises, 
as much of the finer stored tailings have been cleared out the river system during the periods 
of high rainfall in March 1995. The February results for Station 18 show a distinct increase in 
suspended sediment concentrations within the vertical, implying a significant component of 
resuspended bed load material. This trend can be seen in some of the verticals in the February 
Station 13 and April Station 18 results, but other verticals show highest concentrations in the 
middle sample or even at the top of the vertical. The flow level was actually rising during the 
sampling period at Station 13 on 7 February 1995, so the variations in concentration across 
the cross-section shown reflect the change in flow. 

6.3.4 Temporal variability 

Another 72 hour exercise similar to that conducted during February and June 1994 will be 
conducted during the week 19 June 1995. 

6.3.5 Turbidity data 

Turbidity data for the King River since the mine closed has been separated into monthly plots 
of turbidity against time. As for the pre-mine closure data, turbidity will be plotted against 
flow, bad data culled or corrected, and the appropriate rating curves applied to obtain 
continuous suspended sediment concentrations. Table 6.8 shows the dates of rating curve 
exercises and changes to the instruments during 1995. 

Table 6.8 Turbidity meter rating curve exercises and adjustments 1995 

Date 

23-24 January 1995 

26-27 April 1995 

14 May 1995 

19-23 June 1995 

Exercise 

Rating curves 

Rating curves 

Increase of gain (in field) 

Planned rating curves/Formazin calibration 

Rating curves for turbidity-suspended sediment concentration are shown in figs 6.12 and 
6.13. The spread of data seen in the January 1995 exercise probably reflects the instability of 
the system given the recent mine closure, as discussed in Section 6.3.1 with the February 
versus April representability exercises. The data from the April rating curve exercise looks 
much more 'settled', but the narrow range of suspended sediment concentrations and 
turbidity instrument readings shows a need to increase the gain control to increase the 
sensitivity of the instruments. This was done on 14 May 1995, and the next rating curve 
exercise will be developed from the data set of the June 1995 72 hour exercise. 
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Figure 6.12 Suspended sediment/turbidity rating curves 23-24/1/95 Figure 6.13 Suspended sediment/turbidity rating curves 26-27 /4/95 



6.4 Summary 

This section has reviewed results obtained by this study on suspended sediment transport in 
the Queen and King Rivers. While the mine was discharging its tailings, suspended sediment 
concentrations were relatively uniform across the channel cross-section and with depth, so 
that samples collected from automatic water samplers on the side of the river were generally 
representative of the sediment loads going past that point in the river. Particle sizes were also 
very uniform, approximately 7-8 µm in the King River, although floes of up to 60 µm have 

been seen under the SEM and are believed to occur under certain mixing conditions at the 
confluence of the Queen and King Rivers. The power station's operations have been shown 
to have a significant influence on suspended sediment transport in the King River, with 
concentrations rising from 100 to 10,000 mg/L due to the initial flush of water with the 
power station coming on line, and this sediment wave clearly traceable as it propagates 
downstream. Turbidity meters at two stations have been continuously monitoring suspended 
sediment concentrations in the lower King River since December 1993. Suspended sediment 
data will be combined with flow data to determine sediment loads, and hence net deposition 
or scour in defined reaches of the river. 

Since the mine has closed, suspended sediment concentrations have dramatically lowered to 
10-20 mg/L, and the auto samplers are far less representative of the cross-sections. 

Since the mine has closed, the predominant mode of sediment transport has shifted from 
suspended load to bed load. Bed load transport is reviewed in section 7. 

7 Bed load transport 

7.1 Sampling method 

Sediment being transported in the river as bed load has been measured using a Helley-Smith 
bed load sampler. The sampler is set on the river bottom with the aperture facing upstream 
for a set period of time. The sample collected in the attached mesh bag is then dried and 
weighed, to give a trap weight in grams per second. The bed load transport rate at a given 
cross-section is computed by measuring separate trap rates at given distances across the 
cross-section and then integrating the results over the channel width. 

Bed load samples have been collected from the stations shown on map 7 .1. Table 7 .1 
summarises the stations, dates and flow levels at which bed load samples have been and are 
intended to be collected. 

7.2 Results pre-mine closure 

7.2.1 Measured bed loads 

Bed load measurements made prior to the cessation of mining discharges are summarised in 
fig 7 .1. Collection of these samples is quite time-consuming and expensive, as to obtain a 
total bed load transport rate from any one cross-section at one flow level takes several hours 
of time. The results shown in fig 7 .1 show no consistent correlation with discharge, but there 
are not enough measurements at any one station to really see any trends. As well, there is 
only a limited range of flow rates in the King River due to the power station operations. The 
station for which the most measurements exist, Station 13, shows no trend at all against flow. 
The only trend evident is the obvious grouping of data for the stations in reach King3 as 
compared to those in reach King4; the stations farther downstream tend to have the higher 
measured bed load transport rates. This data will be evaluated against flow characteristics 
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such as bed velocity, shear stress and stream power, although it is understood that there may 
be no unique functional relationship with any of these variables (Yang 1973). 

Table 7.1 Summary of bed load samples collected 

Pre-mine closure Post-mine closure 

Stn. Date Flow rate (m3/s) Stn. Date Flow rate (m3/s) 

2 7/12/94 1.9 2 May 1995 -5 

9 4/10/94 114 9 May 1995 -80 

11 4/10/94 114 -100 

14/10/94 80 11 May 1995 -80 

8/12/94 86 -100 

13 28/4/94 n 13 7/02/95 70.1 

29/6/94 98 10/04/95 83.6 

5/10/94 107 May 1995 -80 

14/10/94 80 -100 

8/12/94 86 16 May 1995 -so 
16 12/10/94 88 -100 

13/12/94 71 18 9/02/95 69.4 

18 29/4/94 89 11/04/95 78.5 

12/10/94 88 12/04/95 8.74 

15/10/94 6.4 May 1995 -so 
22/11/94 6 -100 

13/12/94 71 19 May 1995 -6 

19 10/10/94 110 -so 
15/10/94 6.4 -100 

22/11/94 6 20 May 1995 -6 

20 10/10/94 110 -80 

15/10/94 6.4 -100 

22/11/94 6 

24/11/94 93 
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The data from Stations 13 and 18, which have the most measured bed load transport rates, is 
more closely examined in fig 7 .2. In this figure, each data point is labelled with the total 
volume of water discharged in the 72 hour period prior to the bed load measurement. The 
results show that at Station 13, the higher bed load transport rates are associated with the 
lower prior discharge volumes, suggesting that bed load transport is supply limited and the 
higher prior discharge volumes have flushed through much of the sediment supply. At Station 
18, on the other hand, the higher bed load transport rates are associated with the higher prior 
discharge, suggesting that there is no shortage of sediment supply and the higher prior 
discharges bring downstream a higher supply level. This is consistent with the relative 
storages of river bottom sediments between reach K.ing3 and K.ing4 as was presented in 
section 4. 
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Figure 7.2 Bed load as related to prior discharge volumes 

• 28,842 
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Some bed load measurements were also taken on one occasion in the Queen River below the 
Lyell Highway bridge in Queenstown, in December 1994 prior to the mine's closure and 
when the flow rate was 1.9 m3/sec. The measured bed load transport rate was 2.185 kg/sec, or 
188.81 tonnes/day. This represents 4.6% of the 4,109.6 tonnes/day of tailings which the mine 
was discharging prior to closure. 

7 .2.2 Particle characteristics 

Particle size and characteristics in the King River were surprisingly variable across the cross­
section, and between stations and flow levels, as illustrated in plates 7.1 to 7.3. Plate 7.2 of 
the Station 18 samples across the cross-section are particularly dramatic, as the particle size 
varied between small pebbles to silt-sized These samples are presently being sieved for 
particle size distributions. 

7.3 Results post-mine closure 

7 .3.1 Measured bed load 

A sample set comparable to that shown in fig 7 .1 is presently being collected in the King 
River. Bed load samples collected post-mine closure will be plotted against flow and 
compared to the results pre-mine closure. 
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Plate 7.1 Bed load pre-mine closure: Station 16 
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Plate 7.2 Bed load pre-mine closure: Station 18 

7.3.2 Particle characteristics 

Some photos are available of bed load characteristics post-mine closure, as shown in plate 
7 .4. The only observable difference at this stage is that a small component of orange/red bank 
sediments are becoming apparent in the bed load samples as the old tailings banks are 
starting to erode. Again, these samples will be sieved for determination of particle size 
distribution. 
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7.4 Summary 
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Plate 7.3 Bed load pre-mine closure: Station 20 

.tf/4195 
Plate 7.4 Bed load post-mine closure: Station 18 

This section has presented the results of bed load sampling using a Helley-Smith bed load 
sampler. The results show no apparent trends with flow levels. There appears to be a 
measurable difference in bed load transport patterns between reaches King3 and King4. In 
reach King3 the bed load transport rate seems to be strongly influenced by prior discharge 
conditions, which affects the sediment supply available to transport. Transport in reach 
King4, on the other hand, is transport-limited rather than supply-limited. Particle 
characteristics are surprisingly variable, ranging from fine silt to coarse gravel across a single 
cross-section. More bed load samples are being collected during May and June 1995 to 
compare post-mine closure with pre-mine closure transport rates. 
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Because of the time, expense and difficulties in obtaining a comprehensive bed load data set 
from the field, it is necessary to extend the measured data set with bed load transport 
equations. The measured bed load will provide the calibration data to ensure that the most 
appropriate and realistic sediment transport equation is utilised. Sediment transport 
modelling is discussed in the following section. 

8 Modelling 

8.1 Sediment transport equations 

Numerous sediment transport equations have been developed dating back as far as 1879. 
Table 8.1 provides a summary of sediment transport equations found in a review of the 
literature. These equations are listed in order of year of development, and identify whether 
they calculate bed load only, suspended and bed load separately, or determine a total 
sediment load. Unfortunately many of these equations are based on flume studies in 
laboratories with very uniform sediments and flow conditions, and are often found to be far 
from satisfactory when applied to real river situations. The 'challenge' is to carefully 
evaluate the conditions of derivation, variables used and major assumptions of the different 
equations and to choose that most appropriate to the river needing to be modelled. 

At present there is no evidence that equations which deal with bed load and suspended load 
separately are of any more value than those which lump the two transport modes together 
(DHI 1993). One difficulty is defining the lower limit at which suspended sediment ceases 
and bed load transport starts. Suspended transport is defined as when the entire motion of the 
solid particles is surrounded by fluid, but particles can also move by saltation (jumping or 
skipping along the bottom) so the transition is not always clear. A number of suspended 
sediment transport relationships have been developed, and fall into either 'diffusion­
dispersion' or 'energy' theories. One of the most widely used is Einstein's diffusion­
dispersion theory, and is recommended over the energy theories of Rubey, Knapp, Bagnold 
and Velikanov because experimental evidence suggests it better fits observed data (Keller 
1994). 

The bed load equations all predict the sediment carrying capacity of a river, which is defined 
as the maximum bed load that a stream in equilibrium can possibly carry at the given 
hydraulic and sediment conditions. They traditionally fall into three groups, reflecting 
slightly different approaches used: Duboys-type, Schoklitsch-type and Einstein-type 
equations. Duboys is considered the classical form of bed load equation, and relates bed load 
discharge to the difference between the actual and critical shear stress on the bed. Schoklitsch 
follows a similar form of equation, but uses the difference between the water discharge rate 
and the critical water discharge at which the bed material starts to move. These equations are 
based on experimental results only, whereas Einstein's equations have a semi-theoretical 
background. The Einstein-type equations assume that fluid forces acting on bed sediments 
fluctuate randomly due to turbulence, and so use probability concepts which relate 
instantaneous hydrodynamic life forces to the particle's weight. Later sediment transport 
relationships have used other principles such as mean velocity and unit stream power, and 
these need to be investigated more thoroughly. Another option is to use the 'modified 
Einstein method' which extrapolates measured suspended load data down through an 
unsampled zone near the bed, and adds this to an incremental bed load determined from a 
shear stress relationship. 
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Table 8.1 Sediment transport formulas 

SEDIMENT TRANSPORT 
FORMULAS YEAR I USE TYPE 

Ouboys 1879 Qb critical shear stress 
Meyer-Peter 1934 Qb semi-critical shear stress 
Schoklitsch 1935 Qb critical discharge 
Shields 1936 Qb critical shear stress 
Kalinske 1947 critical shear stress 
1-----------------+---
M eyer-Peter & Muller 1948 Qb semi-critical shear stress 
Einstein-Brown 1950 Qb turbulent forces 
Einstein Bedload Function 1950 Qb turbulent forces 
Laursen 1958 Qb critical shear stress 
Rottner 1959 Qb 
Valin 1963 
Blench Regime Formula 1964 Qb 
Colby 1964 Qb mean velocity 
Bishop et al 1965 Qt turbulent forces 
Bagnold 1966 Qt gravity forces 
Engelund-Hansen 1967 Qt 
Inglis-Lacey 1968 I Qt mean velocity 
Toffaleti 1969 I Qb & Qs 
Ackers-White 1972 I Qt dimensional analysis 
Yang 1973 Qt 
Engelund-Fredsoe 1976 • Qb & Qs 
Yang 1976 Qt 
MacDougall 
Zanke 1979 Qb&Qs 
Yang 1979 Qt unit stream power 
Karim 1981 Qt 
Ranga Raju, Garde & Bhardwaj 1981 effective shear stress 
Parker, Klingeman & McLean 1982 i effective shear stress 
van Rijn 1984 ! Qb & Qs gravity forces 
Schoklitsch-Milhous 1987 I I critical discharge 

The next stage of this study is to complete a more comprehensive review of the sediment 
transport equations presented above. This will be done by completing table 8.1 in terms of 
the underlying principles used in the equations. Other review tables which will need to be 
completed are table 8.2 on the conditions of development and any restrictions on intended 
usage of the equations, table 8.3 on the parameters used in the different equations, and table 
8.4 which summarises the findings of various reviews of sediment transport equations. The 
equations will also be reviewed on how well results have compared to field data as collected 
for this study. The choice of equation will also be influenced by whether it uses imperial or 
metric units, how easily it lends itself to a spreadsheet or computer program, and if it is 
already available in a commercial software package. 

A preliminary attempt was made to test the results of various transport equations against a 
realistic set of hydraulic conditions at the two stations on the King River for which the most 
sediment transport measurements have been made. The equations tested were those which 
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looked the most appropriate from the information presently available in tables 8.1 to 8.4. The 
results, shown in table 8.5, were found to be wildly varying which reflects the different 
approaches used by the different equations. Additionally, some of the equations are based on 
the median particle size only and others calculate transport rates for the different size 
fractions. Note that the Engelund-Fredsoe and Van Rijn calculations are for bed load only, 
whereas the others are for total load. The value for measured sediment load was collected at a 
time when the mine was still discharging its tailings and so a large percentage is wash load 
(passing through the cross-section from upstream sources, in this case the mine) rather than 
suspended bed material. Engelund-Fredsoe and Van Rijn both have suspended sediment 
equations available, which will give an indication of what percentage of the measured 
suspended load is derived from the bed rather than the wash load. 

Although the numbers in table 8.5 are very preliminary, they do give an indication of how 
much higher the predicted sediment transport is compared to any measured transport rates in 
the river. One hypothesis is that the high suspended load may somehow suppress the bed load 
transport rate, as it has been associated with dampening flow velocities (Coleman 1986); the 
post-mine closure bed load sample results will test this hypothesis. The cohesive nature of the 
tailings may also have affected the measured results by providing a greater resistance to the 
initial motion of the sediments. 

One of the equations which has performed well in the reviews of sediment transport 
equations in the literature is the Ackers-White equation, which calculates a total sediment 
load. It is one of the equations incorporated into the sediment transport module of Mike-11, a 
commercial river modelling package available to this study. It also lends itself readily to 
incorporation into a spreadsheet as shown in table 8.6. This spreadsheet has been modified 
from one obtained from John Tilleard of Ian Drummond and Associates in Sale, Victoria, 
after consultation with one of the equation's developers Peter Ackers who did some work 
with John Tilleard. The spreadsheet calculates a theoretical sediment transport capacity (T) 
for each individual size fraction for a given reach of the river, and then tests this against the 
sediment available to determine the actual sediment transport. 

One difficulty with the spreadsheet in table 8.6 is in the determination of the sediment supply 
available. To compare the sediment available with the theoretical transport capacity (bottom of 
table 8.6), a time rate must be given to the sediment supply to obtain a rate in kg/sec. This is 
useful for modelling a situation in which the sediment has not yet been discharged into the 
river system, and will be discharged at a known rate. It is not intended to be used in cases where 
significant deposits already exist spread throughout the river system. It may be interesting to 
use this approach with the scenario of no tailings in the river system, and 'supplying' them at 
the known rate of 1.5 million tonnes/year and at the known particle size distribution over 
time. The channel geometry in the lower King River would have to be hypothesised. 
However, this exercise could be time consuming and not provide any meaningful results. 

A concern with sediment transport equations in general is the use of one particle size 
distribution, a mean velocity and channel gradient for a reach when field data shows how 
highly variable the parameters can be at a given cross-section, not to mention a reach as a 
whole. Plates 7 .1 to 7.3 clearly illustrated that there is not a single particle size distribution 
which represents the load being transported past a river cross-section. A better understanding 
of the uses and limitations of sediment transport models will be gained following attendance 
at a conference in London in mid-September on hydraulics research and its applications. The 
organiser of the conference is Dr. Rodney White from the Wallingford Hydraulics Institute, 
who is the one of the developers of the Ackers-White equation, and it is likely that other 
researchers in the sediment transport field will also be in attendance. 
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Table 8.2 Conditions of development of equations 
I I I 

SEDIMENT CONDITIONS OF DEVELOPMENT 
----- - ---- - ----· ---- .----------- ----- ---------------

TRANSPORT River Sediment Specific NOTES 
- - ------ ----- ---~--- --- --- ------- -- ------- --- -------

FORMULAS Flumes Data Size (mm} Gravity 
--·-. - ----- --

Duboys * 0.3-5.0 well-sorted 
--- --------- ------- ----- --·-• - - ------ --- --- -- ------- ------·- --- -------- - --

Meyer-Peter _____________ * 3.1-28.6 well-sorted !!1_valid for fin9: sed., or where sign. flow resistance _due to bed forms 
---- ----- -- ---------- -- -------

Schoklitsch * 0.3-5.0 well-sorted Invalid for 5.treams with considerable be~ material in suspension 
------- ----- -----· ---- ---- -- ------- ------· ---------- ---- -------

Shields * 1.7-2.5 well-sorted 1.06-4.2 
------- ------- ----- -- ---------- ---------- ---- ·----

Kalinske Only for uniform grain shape;_ not accurate with !ow Tc/To 
---- --I----- ---

Meyer-Peter & Muller * 0.4-30.0 graded various Invalid for flo_~s with large suspended load 
----- --- ----·--·· 

Einstein-Brown * 0.3-7.0 well-sorted various 
------------------ ------- --- - -
Einstein Bedload * fine sands graded Experiments conducted under plane bed conditions 

--------- ~- --
Laursen * 0.088-4.08 sorted & graded 2.65 Intended only for natural sediments with specific gravities of 2.65 

--- --- --
Rottner 
--------------- ---------- --- -------- ---

Valin 
----- -- ----------~------ -- ------- ---- ------ ---- -- .. ------

Blench Regime * 0.3-7.0 well-sorted Intended only for sand streams in regime 
- ---- -- .. ---- ---- ------- - ----

Colby ______ _ * * Series of curves, best suited to sands 0.2-0.3 mm 
------- ----~------ --·-----·--- --

Bishop et al 
----------- ------~~-- --- ------ ----

Bagnold _________ 
---· ----- -- ------· 

Engelund-Hansen * 0.19-0.93 Not for rippled beds or seds < 0 .15mm; only for dune covered beds 
~- --

_!_nglis-Lacey 
Toffaleti 

-
Ackers-White Does not account for unsteady flow conditions or graded sediments 
Yang ('73) 
Engel u nd-Fredsoe 
Yang ('76) 
MacDougall 

-----~-

Zanke 
--- -------

Yang ('79) Can be applied to flows with different types of bed forms 
------- - ·--- -~t---------·--

Karim 
--

Ranga Raju et al * * wide range 
Parker et al Appropriate for gravel bed streams only 
van Rijn * * various Restricted to flow conditions with no bed forms 

-- -
Schokl itsch-Milhous 
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Table 8.3 Parameters required for equations 
I ' I ' I I 

SEDIMENT Sediment Data Fluid Data Flow Data 
TRANSPORT Sediment Spee. Wgl. Spee. Wgt. Water Mean Flow Mean Flow Shear Bed Shear 

--· ---- -- --- --- ·--- ---

FORMULAS Diameters Sediment Water Viscosity Temp. Velocity Depth Velocity Velocity 

y y V T V d u* u*b 
------- ----~ -- ---- -- --- f--

--~-
--- --------:-----==-:._ ----·---- ·---- ------ - ---

Duboys ____ 
---- ·--- -- ---- ------ -------- - ------- ·----- ----- - e-------------- - ---------------

Meyer-Peter 
- ----- ---- --- ------ ---- --- - -------

Schoklitsch Dsi 
- ----- --- - --- ----·--- -- - --- --- --------
Shields ____ _, 

--- ------- ---- ---·----- ------ f------------ ----- -- -------

Kalinske 
----- ------- -------- -- ------ ---·- ---- --·- ------

Meyer-Peter & Mul~er D90, Dsi * * * • (or Rb & S) 
---- ---- ----- ----- -- ----

Einstein-Brown 050 * * * • (or Rb & S) 
----- ----- --'--- f-...-..----.----- ·-----

Einstein Bedload 
-- -------- __ ., 

I---------- --

Laursen 
·---- -- ·------- ----

Rottner 
---· -- ---- -----·-- -- ----- ------ --- ------
Valin 

---- --·- --- ------- --- ---- ---
Blench Regime 

--- ----- ----·-· - ----- -· 

Colby 050 
------ -- --- ----- -- ---·- --- --~,_ 

Bishop et~_ 
----- - ---- ------ ---- - -- -----r--·---- -----·----- - ------ ----

Bagn_<>l_d _______ --·- -------- --·--- - ---- ------- ----- --- ----- _, ____ ---- ---~ ~----
Engelund-Hansen D50 * * * • (or R & S) 

-- --· --~- ----- --
Inglis-Lacey 050 * * * * * _,_ ---
Toffaleti 065, Osi * * * * * * --
Ackers-White D35 * * * * * • (or S) 

Yang ('73) 050 
--

Engelund-Fredsoe 050 * * * * * Yang ('76) 050 * * * * * ---
MacDougall 

---- --- ---- ---

Zanke 
---·--~ 

Yang ('79) 
·---- _._ ____ 

Karim 050 * * * * ,_ --
Ranga Raju et al 

--------

Parker et al 
-----~ ---

van Rijn __ 016,50,84,90 * * * * * -----

Schoklitsch-Milhous 

Energy Discharge 
------· 

Slope per unit width 

s q 

--- , _ _, __ 

-----· 

* * --·-f--------- -

---

--

-- -

·---

--·--

-- ----- ---

i----- -·---- -

---- -------

1-----~ -------

* 

* * 

* * 

* 



Table 8.4 Reviews of sediment transport equations 

SEDIMENT REVIEWS 
TRANSPORT Nakato White et al Yang & Wan (1991) Herbertson De Vries ASCE (19~~!_ --- -~~~ -- ~-----··~ ·~ 

flum~;riv~;;-;ivers, high Qs rivers, low S 
·-·-----·--· --- --· 

FORMULAS (1990) (1975) (1969) (1989) Niob. R. Col. R. 
_,. ... , .. --.--

Duboys - . 
Nieyer~Peier '-~-- •---M-~••• ---- ----- ------- --- ------

- -
Schoklitsch . • • 
Shields - - ---~~~--, ---~---· ---
Kalinske -

-- ---. . . Meyer-Peter & Muller - -
----------- .. --·-----·- -·---

Einstein-Brown • * - -
--- -------- - -------. . . Einstein Bedload . - * * Laursen • - • - . 

* ---- H•~- . ~~-&~ 

Rottner * ---·--· 
Valin 
Blench Regime • • ----- .. ,~~->----
Colby . . 

* 
. 

* * Bishop-et al . ---·-··- ,-,~, .. __ >------

·r--
Bagnold - -----
Engelund-Hansen • * * - * - * * ... 
Inglis-Lacey . 

* • 
Toffaleti * 

. 
* 

. . ~- -*-~~ -
Ackers-White * * * • • • 
Yang ('73) * * * * Engelund-Fredsoe -
Yang ('76) • 
MacDougall 
Zanke 
YangJ'79) 

------ -
Karim • 
Ranga Raju et al 

------ -~-~--- ,,. __ , __ 
Parker et al 

M •• •--~-- ~~---- ---~-
van Rijn -
Schoklitsch-Milhous 

·------~~ ~---~-
Nakato (1990) Compared with measured suspended sediment loads on Sacramento River, California 
White et al (1975), Compared with a wide and extensive range of flume and river data -

Yang & Wan (1991) --Herbertson (1969) No data, just comparison of underfying principles and assumptions 
ASCE (1971) Niobrara R. total load measured directly, S=.0013, dS0=0.283; Colorado River susp. sed. load measured 

and total load calculated using modified Einstein procedure; S=0.0002, dS0=0.320 mm 

Table 8.5 Calculated versus measured sediment transport rates 

LOCATION STATION 13 STATION 18 
HYDRAULIC 0=71.17 m3/sec S=0.00025 w=51.5m a=54.86 m3/sec S=0.00015 w=SB.0m 
VARIABLES v=0.76 m/sec Rh=1.8m d50=0.186mm v=0.63 m/sec Rh"1.49m d50=0.141mm 

CALCULATED MEASURED CALCULATED CALCULATED MEASURED CALCULATED 
BED LOAD SUSP. LOAD TOTAL LOAD BED LOAD SUSP. LOAD TOTAL LOAD 

EQUATION (tonnes/dayl (tonnes/day) (tonnes/day) (tonnes/day) (tonnes/dayl (tonnes/day) 

Laursen 660.29 429.38 
Colby 22.44 11.258 

Inglis-Lacey 4179.2 3024.87 
Engelund-Hansen 2129.05 614.9 

Ackers-White 1479.51 518.23 
Engelund-Fredsoe 275.19 1205.28 1480.47 100.91 1133.55 1234.46 

Van Rljn 135.38 1205.28 1340.66 53.26 1133.55 1186.81 
Yang 781.35 208.36 

MEASURED 9.85 1205.28 1215.13 25.92 1133.55 1159.47 
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Table 8.6 Ackers-white spreadsheet 

INPUT DATA• KING RIVER STATION 13 

HYDRAULIC PROPERTIES 2.36 0.36 594 1.07E+06 
Hycl""'IIG~•I 0.00025 1.18 0.47 775.5 1.40E+06 
Hv,n,,llor.11-•R 1.8 o.soo 1.56 2574 4.63E+06 

. v.iocny.,; 0.76 0,500 1.45 2392.5 4.31E+06 .,..,.,....Q 71.17 0.425 2.65 4372.5 7.B7E+06 
II 9.81 0.355 8.38 13827 2.49E..07 .. 2.8 0.300 10.6 17490 3.15E-Kl7 

1111 0.000001307 0.250 22.56 37224 6.70E-Kl7 

~~ 21783.62 0.212 18.61 30706.S 5.53E-Kl7 
0.0664 0.180 11.49 18958.5 3.41E-Kl7 

0,150 10,87 17935.5 3.23E+07 
0.075 9.!19 16483,5 2.97E-Kl7 
0.000 0.!19 1633.5 2.94E+06 

!19.98 184H7 2.97E+oa 

CALCULATIONS • ACKERS-WHITE PARAMETERS 

,. 
,(kgll,.) 1 

-8 256 5576,61 0 1.7 1.5 0.025 0.0342 O.OOE+OO O,OOE-KlO O.OOE+OO 
.7 128 2768,30 0 1.7 1,5 0.025 0.041(1 O.OOE+OO O.OOE-KlO O.OOE..00 
.s 64 1394.15 0 1.7 1,5 0.025 0.0516 O.OOE..00 O.OOE+OO o.OOE+OO 
.5 32 697.08 0 1,7 1.5 0.025 0.0650 O.OOE+OO O.OOE+OO O.OOE+OO 
-4 16 348.54 0 1.7 1.5 0.025 0.0628 O.OOE+OO O.OOE+OO O.OOE+OO 
-3 8 174,27 0 1.7 1,5 0.025 0.1066 O.OOE+OO O.OOE+OO O,OOE+OO 
-2 4 87.13 0 1.7 1,5 0.025 0.1384 O.OOE+OO O.OOE+OO O.OOE+OO 

3.36 73.19 0 1.7 1.5 0.025 0.1479 O.OOE+OO O.OOE+OO O.OOE+OO 
2.83 61.65 0 1.7 1.5 0.025 0.1580 O.OOE+OO O.OOE+OO O.OOE+OO 
2.38 51,85 0.0398 0.1719 1.526 0.0272 0.1734 1.88E-OS 7.SOE-08 S.41E-03 

·1 2 43.57 0.0821 0.1748 1.5e2 0.0296 0.1910 7.19E-04 2.73E-06 1.95E-01 
1.68 38.60 0.1245 0.1780 1.604 0.0314 0.2109 2.09E-03 7.41E-06 5.27E-01 
1.41 30.71 0.1671 0.1815 1.555 0.0325 0.2334 4.10E-03 1.35E-05 9.61E-01 
1.19 25.92 0.2083 0.1852 1.713 0.0327 0.2560 6.61E-03 2.03E-05 1.45E+OO 

0 1 21.78 0.2506 0.1893 1.783 0.0321 0.2863 9.75E-03 V9E-05 1,99E+OO 
0.84 18.30 0.2931 0.1938 1,868 0.0307 0.3184 1.35E-02 3.59E-05 2.S6E+OO 
0.71 15.47 0.3339 0.1965 1.955 0.0286 0.3533 1.76E-02 4.38E-05 3.12E+OO 
0.59 12.85 0.3790 0.2042 2.092 0.0258 0.3969 2.29E-02 5.29E-05 3.77E+OO 
0.500 10.89 0.4192 0.2097 2.227 0.0229 0.4411 2.88E-02 6.17E-05 4.39E+OO 
0.420 9.15 0.4618 0.2160 2.396 0.0197 0,4938 3.SOE-02 7.25E-05 5.16E+OO 
0.350 7.62 0.5060 0.2233 2.607 0.0164 0.5565 4.66E-02 8.70E-OS 6.19E+OO 
0.300 6.54 0.5435 0.2300 2.818 0.0137 0.6165 5.92E-02 1.04E-04 7.39E+OO 

2 0.250 5.45 0.5878 0.2386 3.114 0.0108 0.6968 8.24E-02 1.34E-04 9.S6E+OO 
0.210 4.57 0.6302 0.2475 3.452 0.0084 0.7848 1.21E-01 1.84E-04 1.31E-Kl1 
0.177 3.86 0.6718 0.2571 3.845 0.0063 0.9825 1.94E-01 2.74E-04 1.95E-Kl1 

0.149 3.25 o.7137 0.2677 4.316 0.0047 0.9949 3.50E-01 4.62E-04 3.29E+o1 
3 0.125 2.72 0.7564 0.2794 4.898 0.0033 1.1257 7.54E-01 9.27E-04 6.59E-Kl1 

0.105 2.29 0.7988 0.2921 5.563 0.0023 1,2743 1.99E+OO 2.28E-03 1.62E-Kl2 
0.098 1.92 0.8417 0.3061 6.379 0.0016 1.4466 6.95E+OO 7.40E-03 5.27E+02 

0.074 1.61 0.8839 0.3212 7.333 0.0010 1.6404 3.31E-Kl1 3.28E-02 2.34E-Kl3 
>4 0.0625 1.36 0.9250 0.3371 8.435 0.0007 1,8S63 2.24E-Kl2 2.0BE-01 1.49E+04 

CALCULATIONS • ACTUAL SEDIMENT TRANSPORTED 

O.OOE+OO 0 0.00 0.00 7.12 O.OOE+OO 
O.OOE-KlO 0 0.00 0.00 7.12 O.OOE+OO 
O.OOE+OO 0 0.00 0.00 7.12 O.OOE+OO 
O.OOE+OO 0 0.00 0.00 7.12 O.OOE+OO 
O.OOE+OO 0 0.00 0.00 7.12 O,OOE+OO 
O.OOE+OO 0 0.00 0.00 7.12 O.OOE+OO 
O.OOE+-00 0 0.00 0.00 7.12 O.OOE+OO 
O.OOE+OO 0 0.00 0.00 7,12 0.00E+OO 
O.OOE+OO 0 0.00 0.00 7.12 O.OOE+OO 
5.41E-03 2.38 1069200 0.03 6.27 7.12 1.55E-Kl5 
1,95E-01 2 0.00 0.00 0.85 0.00E+OO 
5.27E-01 1.68 0.00 0.00 0.85 O.OOE+OO 
9.61E-01 1.41 0.00 0.00 0.85 O.OOE+OO 
1.45E+OO 1,19 1395900 0.04 0.03 0.65 1.40E+06 
1.99E+OO 1 0.00 0.00 0.82 O.OOE+OO 
2.S6E+OO 0.84 0.00 0.00 0.82 O.OOE+OO 
3.12E+OO 0.71 0.00 0.00 0.82 O.OOE+OO 
3.TTE+OO 0.59 4633200 0.15 0.04 0.82 4,63E+06 
4.39E+OO 0.500 4306500 0.14 0.03 0.79 4.31E+06 
S.16E+OO 0.420 7870500 0.25 0.05 0.75 7.87E+06 
6.191::+00 0.350 24898800 0.79 0.13 0.71 2.49E-Kl7 
7.39E+OO 0.300 31482000 1.00 0.14 0.58 3.15E-Kl7 
9.S6E+OO 0.250 67003200 2.12 0.22 0.44 6.70E-07 
1.31E-Kl1 0.210 55271700 1.75 0.13 0.22 S.53E-Kl7 
1.95e-Kl1 0.177 34125300 1.08 0.06 0.09 3.41E-Kl7 
3.29E-Kl1 0.149 32283900 1,02 0.03 0.03 3.23E-Kl7 
6.59E+o1 0.125 0.00 0.00 0.00 O.OOE+OO 
1.62E+02 0.105 0.00 0.00 0.00 O.OOE+OO 
5.27E+02 0.098 0.00 0.00 0.00 O.OOE+OO 
2.34E-Kl3 0.074 29670300 0.94 0.00 0.00 2.97E-Kl7 
1.48E+04 <0,0625 2940300 009 0.00 000 2.94E+06 
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Table 8. 7 Hydraulic variables from Mike-11 

STATION 9 
Date Tide Q y Rh A Q y b 

Level m3/s m m m2 m3/s m2 m 
1217/94 Low 3.121 2.50 0.35 11 3.11 0.28 31 

High 3 052 2.50 0.35 11 3.06 0.28 31 
1317/94 low 76.6 4.51 2.00 90 76.83 0.85 45 

High 77,47 4.51 2.00 90 77,33 0.86 45 
2916194 Low 98.63 4.86 2.30 110 99,05 0.90 48 

HiAh 98.44 4.86 2.30 110 98,87 0.90 48 

STATION 16 
Dale Tide Q y Rh A Q y b 

Level m3/s m m m2 m3/s m2 m 
1217/94 Low 3.121 0.43 1.10 53 3.6 0.07 50 

High 3.052 0.53 1.20 58 2.69 0,05 50 
1317/94 Low 76.6 1.45 2.00 110 77.13 0.70 57 

High 77.47 1.45 2.00 110 77 0.70 57 
29/6/94 Low 98.63 1.75 2,30 125 98.94 0.79 60 

HiAh 98.44 1.75 2.30 125 98.87 0.79 60 

STATION 11 
s y Rh A Q y b 

mlm m m m2 m31s m2 m 
0.0013 1.46 0.30 11 3.14 0.29 35 
0.0013 1.45 0.30 11 3.08 0.28 35 
0.0013 3.20 1.80 89 76.91 0.86 48 
0.0013 3.21 1.80 89 77.1 0.87 48 
0.0013 3.52 2.00 100 99,01 0.99 49 
0.0013 3.52 2.00 100 98.88 0.99 49 

STATION 18 
s y Rh A Q V b 

m/m m m m2 m3/s rn2 m 
0.00016 0.25 0.69 38 3,85 0.10 55 
0.00007 0.46 0.79 44 2,55 0.06 55 
0.00023 1.13 1.10 70 77.19 1.10 60 
0.00022 1.14 1.10 70 76.9 1.10 60 
0.00024 1.38 1.40 88 98.93 1.12 61 
0.00024 1.39 1.40 88 98.82 1.12 61 

STATION 13 
s 

lmy 
Rh A Q y b s 

mlm m m2 m3/s m2 rn m/m 
0.00035 0.92 0.91 37 3.21 0.09 39 0.0005 
0.00035 0.91 0.91 37 3.08 0.08 39 0.0005 
0.00048 2.17 1.70 83 77.01 0.93 51 0.00043 
0.00048 2.17 1, 70 83 77.1 0,93 51 0,00043 
0.00049 2.48 2.00 105 98.98 0,94 56 0.00041 

0.0005 2.48 2.00 105 98.89 0.94 56 0.00041 

STATION 19 STATION 20 
s y Rh A Q V b s y Rh A Q V b s 

m/m m m m2 m3/s m2 m m/m m m m2 m3/s m2 m m/m 
0.0002 0.22 0.75 62 3.91 0.06 85 0.000004 0.22 0.60 82 4.29 0.05 130 0 
5E-06 0.48 0.88 76 -1.78 -0.02 89 0 0.48 0.70 119 -1.18 -0.01 150 0 

0.00014 0,71 1.00 90 77.3 0.86 90 0.00017 0.51 0.74 120 77 .4 0.65 152 0.00015 
0,00014 0.75 1.10 94 76.6 0.81 90 0.00014 0.59 0.82 125 76 0,61 160 0.00012 
0.00018 0.84 1.20 110 98.93 0.90 91 0.00021 0.59 0.82 125 99.32 0,79 160 0.0002 
0,00018 0.86 1.20 110 98.65 0.90 91 0.00019 0.64 0.89 133 97.67 0.73 170 0.00017 



8.2 Flow modelling 

This study is using Mike-11, a one-dimensional unsteady flow modelling package developed 
by the Danish Hydraulics Institute, to develop a flow model for the King River. The need for 
a flow model is due to the tidal influence in reach King4. The determination of flows will 
enable calculation of sediment loads from all of the measured suspended sediment 
concentration data, and hence the determination of net scour and deposition in different river 
reaches. Additionally, Mike-11 will be used to obtain the hydraulic variables required by the 
sediment transport equations discussed above. 

Mike-11 requires considerable input data to run. The King River model is using flow at 
Station 3 (the confluence of the King and Queen Rivers) as the upstream boundary condition, 
and the No 8 Beacon tide gauge in Macquarie Harbour as the downstream boundary 
condition. 23 channel cross-sections have been put into the model, most of them based on 
survey data collected during 1994, but some of which are estimated (eg outside edge of the 
delta, Macquarie Harbour at the No 8 Beacon, King River in the gorge section). Calibration 
data is obtained from the water level recorders at Station 13 and Cutten Creek. 

The initial calibration effort used data from a 48 hour survey of the tidal zone as represented 
in fig 3.8. The model required such different friction coefficients for the low flow as 
compared to the high flow, however, that it was unable to be calibrated with the Station 13 
and Cutten Creek data at both flow levels (eg the model set-up which enabled calibration 
with the power station on would not calibrate when the power station was off). Plate 8.1 
shows the river bottom at Station 4 with the power station off, and clearly shows the very 
high bottom surface friction at low flow. Another source of difficulty may possibly have to 
do with the high suspended sediment load in the river altering the parameter relationships on 
which the Mike- I I flow model is based; it will be interesting to use a flow data set from the 
river since the mine has closed down to see if the calibration is more successful. 

The model was calibrated against steady flow at several flow levels (3, 77 and 99 m3/sec) and 
the friction coefficients which enabled calibration at low flow were very different from those 
used at high flow. Results for selected stations such as those shown in table 8.7 have been 
extracted from the calibrations at the three steady flow levels, and it is intended to run two 
more steady flow levels of 45 and 110 m3/sec to generate rating curves for each of the 
selected stations. These hydraulic variables can be used to calculate sediment transport such 
as with the Ackers-White spreadsheet shown in table 8.6. 

The sediment transport module of Mike-11 will be obtained soon and will be tested with the 
model set-up for the Mike-11 hydrodynamics module. It may prove quite important for the 
sediment transport module to be able to route a hydrograph through the hydrodynamics 
module, so that prior flow conditions are considered. This will be further investigated. 

8.3 Summary 

This section has introduced the work done on flow and sediment transport modelling. Flow 
modelling is required due to the tidal zone in the lower King River, and Mike-11 is being 
employed for this purpose. To date the calibration has not been satisfactory, which may have 
something to do with the influence of the high suspended sediment concentrations in the 
river, or the highly variable surface frictions at different flow levels, or the very sudden 
changes in flow levels with the power station operations. Sediment transport modelling is 
desirable to extend the very limited bed load transport data sets, but a lot of work is required 
to determine how best to utilise the sediment transport equations available in the literature. It 
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may tum out that they provide little use at all, as most are based on flume studies under very 
uniform and controlled conditions and can not cope with local variabilities as found in 
nature. The engineering equations also calculate the maximum sediment transporting capacity 
of the river under the given hydraulic conditions, and do not readily take into account 
situations where the transport is supply-limited. 

It is evident that considerably more work needs to be done in this study to complete the data 
collection and analysis and progress the modelling work. The next and final section 
summarises what has been learned about sediment transport, storage and deposition in the 
King River system, and the further work that is intended in this study. 

Plate 8.1 Station 4 with power station off 

9 Summary and further work 

9.1 Present state of knowledge 

This report has presented results of two years of work towards a PhD degree which has a 
further eighteen months until completion. This research investigating the river response to 78 
years of artificially high sediment loads from a copper mine, monitoring the river response to 
the sudden cessation of this sediment load, and identifying means of influencing the river 
response to minimise downstream environmental impacts. Prior to the commencement of this 
research work, very little information was available on sediment transport and deposition in 
the Queen and King Rivers. This working paper documents the considerable amount of 
information gained to date about sediment storage and transport in the King River. 

A scenario of river response to 78 years of artificially high sediment loads can be detailed 
from the data which has been presented in this report. The river system was naturally a gravel 
bed river with gravel carried as bed load and absolutely no sediment carried in suspension 
(similar to other west coast rivers in Tasmania). The King River channel itself is an old 
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infilled valley, with gravels found as deep as 45m below sea level several kilometres 
upstream of the river mouth. 

Due to the very fine nature of the tailings coming out of the mill, the vast majority of mine 
wastes have been carried in suspension through the river system and deposited in the delta at 
the mouth of the King River or out on the harbour floor. The smelter slag and the coarser 
fraction of the tailings have not made it out of the river system, and have infilled the last 7-8 
km of the King River to a level just below sea level. This sand and fine gravel material is 
transported as bed load. During peak storm events, material carried in suspension has 
overtopped the natural levee banks beside the river and trapped the sediments as the flood 
waters have subsided. Successive flood events over the last 75 years have built very large 
sediment banks above the tidal zone of the river, but banks remain relatively flat within the 
tidal zone as they are more regularly inundated. There has been little to no change in the 
planform of the river, due to its confined nature, so most of the change to the hydraulic 
geometry of the channel has been aggradation of the banks and bed. 

Since 1992 the flow patterns in the King River have dramatically altered, due to the 
commencement of regulated flows from the King River power scheme. The very high 
sediment banks in the last 5-8 km of the King River are no longer inundated as the peak 
flows are reduced to 30% of the pre-power station peak flows. The absence of major flow 
events has resulted in increased depositional rates in the river mouth just upstream of the 
delta. The commencement of braiding is evident in the last few kilometres of the King River, 
a response to excessive sediment loads which the river does not have the energy to transport. 
The processes of scour and deposition on the sediment banks have become very dynamic 
with the regular rise and fall of water levels due to the power station operations, but there has 
been little to no net growth of the sediment banks since 1992. 

The power station's operations were shown to have a significant influence on suspended 
sediment concentrations within the King River channel while the mine was still discharging 
tailings. Sediments settled out of suspension when the power station was turned off, and a 
back-up of tailings continuously supplied from the Queen River was created just below the 
confluence of the King and Queen Rivers. This back-up of tailings was all lifted into 
suspension with the first flush of water released from the power station, and created a wave 
of very high suspended sediment concentrations which could be traced as it propagated 
downstream. Major plumes of suspended sediment appeared in Macquarie Harbour after 
extended periods with the power station off line. 

Since the mine has ceased to discharge tailings into the river system, the river is in a state of 
readjustment which is presently being monitored. Suspended sediment concentrations have 
reduced to orders of magnitude less pre-mine closure concentrations, which makes bed load 
transport of the sands and fine gravels stored in the river bed the predominant sediment 
transport mode. The sediment banks are highly susceptible to erosion due primarily to the 
loss of the fresh cohesive tailings coating the bank surfaces. The limiting factor on bank 
retreat may be the original levee banks. Bank stability needs to be assessed in conjunction 
with the potential for lateral erosion and bed degradation in the river channel. 

9.2 Further work 

The immediate task at hand is to complete the field work identified within the body of this 
report which will allow comparison of the pre- and post-mine closure sediment transport and 
bank erosion processes. 
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Only limited further work is planned in this study on the sediment storages and bank stability. 
Particle size and copper analyses will be completed on the auger samples, and the auger holes 
and bank profiles surveyed to enable better mapping and characterisation of the mine-derived 
sediments. Drill cores will be collected from six locations along the King River bed to obtain 
a better picture of bed sediment characteristics and the potential for future scour. The overlay 
of the digitised 1898 railway map with the present day topographic map will be evaluated in 
terms of sediment storage patterns, to identify sections of the sediment banks most 
susceptible to erosion now that the mine has closed. The erosion pins and scour chains will 
continue to be monitored at least until July 1995, and probably on an occasional basis after 
that. A rough assessment of the bank stability will be made based on the particle size, angle 
of repose and flow characteristics, but no specific tests or additional measurements ( eg of 
shear strength) are planned. 

Most of the work which will be pursued in the completion of this PhD study relates to 
suspended and bed load transport and modelling. Calibration of the Mike-11 flow model will 
be further pursued, which will enable flows to be identified for the suspended sediment 
concentrations which have been collected in the field, and therefore sediment loads within 
different river reaches to be determined. Flow data will also be assigned to the turbidity data 
which will then be reviewed, rating curves will be applied as appropriate, and time series 
analyses conducted on the continuous data. 

Bed load will be evaluated in more detail within each cross-section, looking at flow 
velocities, depths and particle sizes within the relevant verticals within the cross-section. 
Because of the limited nature of these data sets, they will be need to be extended using a 
suitable sediment transport equation. ' 

A more thorough review of the sediment transport equations available in the literature will be 
conducted as a priority. The sediment transport modelling capabilities of Mike-11 will also 
be reviewed. It is believed that the data set collected in this study provides a good basis for 
sediment transport modelling. The best approach to modelling of sediment transport in the 
King River, and hence predicting future scour and deposition, needs to be determined based 
on discussions with those working in this field. 

The main emphasis of this PhD study is the assessment of river response, which was defined 
in section 1 to include changes to the hydraulic geometry of the river channel, changes to 
extent, physical characteristics and stability of the sediments in storage, and changes in the 
physical characteristics, concentrations and transport patterns of suspended and bed load 
sediments. There are several extremal hypotheses relating to river response and the tendency 
towards equilibrium conditions which can be tested with the data collected in this study. 
Examples of these extremal hypotheses are the principle of minimum stream power and the 
principle of maximum sediment efficiency, which define the state towards which the channel 
geometry tends to adjust. An understanding of the equilibrium state towards which the river 
system is tending will enable management decisions to be made with a much greater 
likelihood of success. 
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Appendix 1a Summary of gaugings: King River below Sailor Jack Creek 

Mean 
Mean 

Cross-
Wetted Discharge 

Date and nme Gauge Discharge Sectional 
Height 

Velocity 
Area 

Perimeter Deviation 

m m3/s m/s m2 m m3/s 
30/11/1993@ 14:05 0.427 3.082 0.222 13.865 15.486 -0.185 
30/03/1988 @ 11 :35 0.452 3.689 0.245 15.069 24.392 -0.039 
26/03/1985@ 12:20 0.516 4.669 0.308 15.176 24.126 -0.396 
26/03/1985 @09:51 0.517 5.367 0.357 15.015 24.422 0.278 
04/12/1985 @ 11 :40 0.573 6.921 0.413 16.771 31.033 0.390 
20/03/1986 @ 09:08 0.677 8.831 0.516 17.100 30.731 -0.871 
08/02/1990@ 12:16 0.705 8.947 0.477 18.747 31.527 -1.196 
21/01/1986@ 13:40 0.723 10.510 0.562 18.715 31.082 -0.820 
25/09/1985@ 13:35 0.855 11.090 0.604 18.365 31.795 -5.751 
25/09/1985 @ 11 :57 0.856 11.230 0.585 19.195 31.544 -5.652 
16/10/1985@ 10:15 1.228 11.440 0.511 22.410 32.955 -27.161 
20/11/1985@ 12:52 0.762 12.160 0.643 18.923 31.558 -0.670 
12/09/1985@ 14:14 0.919 12.310 0.624 19.720 31.450 -7.609 
07/05/1986@ 12:09 0.771 13.350 0.625 21.381 33.114 0.158 
12/09/1985@ 10:57 0.924 13.520 0.671 20.143 31.715 -6.653 
26/02/1986@ 08:47 0.810 13.700 0.621 22.070 32.525 -1.129 
11/09/1985@ 14:10 0.951 14.890 0.654 22.753 32.746 -6.676 
17/02/1987@ 12:00 0.798 15.440 0.648 23.826 32.541 1.122 
10/09/1985 @ 12:34 1.002 15.640 0.673 23.233 32.386 -8.661 
07/11/1985@ 12:05 1.129 16.090 0.620 25.972 33.629 -15.829 
10/09/1985@ 10:41 1.005 16.100 0.668 24.099 32.583 -8.371 
22/11/1990@ 15:13 0.901 18.640 0.711 26.220 33.124 0.507 
01/07/1986@ 12:25 0.926 20.250 0.826 24.528 33.081 -0.021 
01/07/1986@ 10:00 0.935 20.970 0.898 23.351 33.279 0.236 
01/09/1989@ 11:49 0.986 22.360 0.887 25.214 32.643 0.029 
21/03/1991 @ 09:35 0.980 23.510 0.867 27.113 32.704 1.492 
08/10/1985 @ 11 :29 1.209 27.680 1.011 27.370 34.005 -9.599 
08/10/1985@ 13:18 1.197 27.780 1.009 27.540 34.086 -8.672 
30/05/1985@ 10:53 1.172 31.560 1.032 30.568 35.767 -3.193 
17/12/1985@ 11:45 1.134 31.750 1.022 31.070 35.167 -0.492 
24/05/1990 @ 12:27 1.250 32.170 1.007 31.946 35.622 -5.736 
16/05/1985@ 10:45 1.166 32.940 0.959 34.359 35.059 -1.412 
25/08/1987@ 11:00 1.130 34.080 1.040 32.773 34.416 2.091 
17/12/1985 @09:10 1.206 36.700 1.119 32.790 35.141 -0.366 
16/08/1990 @ 10:25 1.259 37.940 1.018 37.276 37.067 -0.573 
09/04/1986 @ 11 :27 . 1.318 44.400 1.335 33.268 35.360 -0.724 
19/08/1986@ 12:20 1.292 45.880 1.313 34.935 37.188 2.676 
19/08/1986@ 11:10 1.310 46.560 1.327 35.075 37.050 2.030 
29/03/1990 @ 11 :20 1.417 51.580 1.315 39.225 36.375 1.762 
10/07/1989@ 13:05 1.466 54.610 1.257 43.450 38.518 1.069 
28/05/1986@ 12:33 1.472 59.580 1.355 43.960 37.862 2.564 
03/09/1985 @ 11 :43 1.542 60.340 1.411 42.773 40.342 -2.277 
11/05/1989@ 12:30 1.645 62.500 1.423 43.930 37.434 -5.228 
27/06/1985 @ 11 :02 1.557 72.810 1.427 51.035 40.852 8.982 
21/07/1993@ 12:25 1.743 76.180 1.598 47.667 40.681 0.131 
31/07/1985@ 13:13 1.802 88.430 1.697 52.120 42.782 3.612 
31/07/1985@10:30 1.846 94.220 1.772 53.160 43.338 5.311 
08/01/1987@ 15:40 2.240 122.60 2.194 55.890 42.804 -7.247 
08/05/1985@ 14:10 1.950 141.80 2.175 65.210 43.083 42.867 
29/05/1986@ 12:15 2.365 144.80 2.362 61.330 43.931 0.390 
08/05/1985@ 12:45 2.040 150.00 2.122 70.683 43.265 41.882 
29/05/1986@ 10:18 2.485 158.60 2.404 65.980 44.121 -0.474 
08/05/1985@ 10:35 2.155 177.30 2.399 73.905 43.304 56.900 
20/01/1987@ 15:20 2.808 205.40 2.868 71.620 43.742 -1.252 
20/01/1987@ 14:07 2.820 207.90 2.914 71.360 44.040 -0.775 
23/04/1986@ 12:11 2.965 226.00 2.775 81.625 44.352 -8.675 
20/01/1987@ 13:00 2.910 227.10 3.029 74.970 44.020 2.555 
14/01/1987@ 15:56 3.170 265.80 2.991 88.875 45.388 -9.294 
23/04/1986 @ 09:35 3.174 275.00 3.001 91.645 46.078 -0.902 
26/05/1987@ 13:31 3.505 355.40 3.375 105.30 47.643 6.138 
26/05/1987@ 12:31 3.601 378.90 3.633 104.30 48.125 6.444 
26/05/1987@ 11:10 3.743 396.90 3.389 117.13 47.975 -11.329 
26/05/1987@ 09:45 3.951 475.80 3.653 130.27 52.298 11.882 
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Appendix 1 b Summary of gaugings: King River below Queen River 

Date an dTime 

12/01/1995 
03/03/1995 
10/12/1991 
10/12/1991 
31/10/1991 
23/08/1993 
16/09/1992 
24/08/1993 
16/09/1992 
18/06/1994 

@ 15:51 
@08:38 
@ 14:50 
@ 14:50 
@08:45 
@ 15:00 
@ 13:44 
@ 12:10 
@ 10:44 
@ 12:30 

Mean 
Gauge 
Height 

m 
0.703 
0.678 
0.835 
0.882 
0.970 
2.642 
2.702 
3.296 
3.208 
5.430 

Discharge 

m3/s 
0.901 
0.979 
2.800 
2.865 
3.847 

71.310 
74.370 
102.100 
102.800 
277.000 

Mean 
Cross-

Sectional 
Velocity 

Area 
m/s m2 

0.199 1.882 
0.075 1.814 
0.305 3.019 
0.326 3.019 
0.286 3.031 
1.847 35.250 
1.954 36.628 
1.957 49.793 
1.974 50.628 
1.982 133.580 
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Wetted Discharge 
Perimeter Deviation 

m m3/s 
7.419 -1.217 
3.886 -1.013 
10.092 0.040 
10.092 -0.118 
9.496 0.184 

32.711 -0.107 
30.385 0.113 
33.483 -2.870 
32.672 2.793 
43.333 -0.017 



Appendix 1c Summary of gaugings: Queen below Lynchford Camp 

Mean 
Mean 

Cross-
Wetted Discharge 

Date and Time Gauge Discharge Sectional 
Height 

Velocity 
Area 

Perimeter Deviation 

m m3/s m/s m2 m m3/s 
03/03/1995 @ 09:20 0.436 0.515 0.307 1.679 6.080 -0.253 
12/01/1995@ 16:35 0.465 0.526 0.175 3.001 7.318 -0.455 
04/04/1989 @ 12:48 0.461 0.719 0.401 1.792 6.099 
14/12/1994@ 08:25 0.467 0.854 0.307 2.787 7.750 -0.142 
03/01/1995@ 14:19 0.502 0.915 0.255 3.591 7.949 -0.353 
02/03/1990 @ 07:54 0.472 0.931 0.470 1.983 7.520 
11/02/1988@ 19:17 0.462 0.987 0.505 1.953 5.698 
12/01/1988@ 17:30 0.476 1.002 0.447 2.243 10.145 
03/12/1986 @ 09:23 0.470 1.064 0.689 1.545 6.230 
17/11/1992@ 15:10 0.524 1.093 0.308 3.553 8.444 -0.348 
14/03/1990@ 15:36 0.513 1.173 0.194 6.062 10.985 
23/01/1990@ 16:45 0.497 1.256 0.461 2.715 7.344 
21/11/1986 @08:47 0.520 1.339 0.505 2.655 6.792 
14/12/1987@ 13:25 0.509 1.383 0.378 3.662 10.830 
10/12/1987@ 18:15 0.544 1.519 0.423 3.587 11.223 
15/08/1989 @ 09:05 0.547 1.556 0.525 2.965 10.349 
07/09/1989@ 17:10 0.563 1.606 0.431 3.725 11.198 
16/05/1989@ 13:50 0.552 1.755 0.581 3.018 8.521 
25/10/1990@ 16:28 0.558 1.822 0.460 3.959 8.630 0.060 · 
15/09/1992@ 15:21 0.605 2.051 0.403 5.096 9.994 -0.387 
18/07/1986 @08:23 0.596 2.151 0.595 3.615 9.543 
21/02/1989@ 13:15 0.570 2.266 0.637 3.556 9.140 
18/07/1986@ 09:18 0.594 2.272 0.612 3.714 9.626 
08/08/1986@ 08:15 0.580 2.293 0.603 3.803 9.659 
13/11/1987 @ 07:50 0.595 2.363 0.781 3.027 11.269 
19/03/1991 @ 17:36 0.614 2.423 0.565 4.285 9.078 -0.181 
16/09/1992 @08:24 0.657 2.815 0.492 5.720 10.212 -0.677 
31/10/1991 @ 10:45 0.650 2.942 0.630 4.670 9.768 -0.395 
03/06/1993 @ 11 :48 0.646 3.205 0.573 5.591 10.722 -0.045 
01/08/1990@ 16:55 0.639 3.277 0.812 4.035 10.502 0.176 
23/01/1987 @09:30 0.727 4.428 0.848 5.219 11.537 
22/07/1992@ 16:25 0.726 4.734 0.901 5.257 11.601 -0.484 
18/08/1988@ 09:15 0.741 5.360 0.793 6.762 12.636 
24/02/1993@ 14:12 0.774 6.460 1.053 6.138 11.993 -0.149 
10/02/1989@ 08:15 0.818 7.086 1.123 6.308 11.683 
15/01/1987 @ 08:24 0.852 8.295 1.185 6.998 11.950 
15/01/1987@ 09:03 0.842 8.312 1.242 6.693 11.999 
23/07/1993@ 00:00 0.833 8.740 1.233 7.088 12.262 0.244 
22/06/1993 @ 09:00 0.836 8.822 1.277 6.908 12.050 0.224 
13/05/1987 @ 08:44 0.874 9.859 1.331 7.407 11.980 
06/05/1987 @ 08:01 0.886 10.530 1.330 7.917 12.091 
18/06/1994 @ 15:00 0.959 12.260 1.473 8.322 12.355 -0.746 
11/06/1992 @ 09:45 0.963 13.360 1.519 8.795 12.593 0.208 
21/01/1987@ 09:14 1.074 16.470 1.766 9.326 12.340 
03/09/1990 @ 15:27 0.995 16.880 1.692 9.974 12.718 2.514 
21/01/1987@ 10:00 1.097 17.270 1.824 9.468 12.359 
18/08/1992@ 16:15 1.063 17.910 1.690 10.594 13.081 0.939 
01/05/1990@ 11:00 1.099 18.440 1.737 10.615 12.753 
01/05/1990@ 09:37 1.150 21.840 1.912 11.426 12.954 
07/08/1988@ 15:14 1.183 22.030 1.889 11.663 13.447 
24/11/1987 @ 17:53 1.195 22.330 1.876 11.901 13.529 
12/09/1990@ 08:20 1.194 23.420 1.921 12.190 13.584 1.422 
07/08/1988@ 14:29 1.225 24.000 1.924 12.480 13.386 
22/09/1992@ 13:14 1.330 26.660 1.920 13.887 14.053 -0.559 
26/05/1987 @ 11 :20 1.410 30.280 1.994 15.184 14.776 
26/05/1987 @ 09:40 1.810 39.280 2.124 18.490 15.698 
26/05/1987 @ 08:36 1.980 48.150 2.305 20.892 16.605 
11/01/1989@07:11 2.465 73.190 2.378 30.783 17.854 
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Appendix 2 Auger samples 

Auger AHO Sample Sample Sample Field Organics %Size Copper 
Hole Hgt. Ref. Depth Wgt. (wet) Texture <75um (mg/kg) 
AA1 ? M1-1 0-40 450 SL 45.42 • 

M1-2 40-45 80 SL * 
AA1-3 45-80 380 L F,S * 

AA2 ? M2-1 0-40 245 SL 48.88 * 
M2-2 40-80 255 CL F,S * 
AA2-3 80-100 ii@ CL F,S • 

DO1 ? DO1-1 0-20 240 CS 52.18 * 
001-1.5 20-40 350 CS 
OD1-2 20-40 215 CS 
DO1-3 40-80 395 CS * 
001-4 160-200 560 CS 19.50 * 
OD1-5 220-240 525 CS * 

002 ? OD2-1 0-10 305 s 13.94 
OD2-2 10-20 206 s 5.56 
OD2-3 20-30 760 s * 
OD2-4 30-40 655 s 
OD2-5 60-80 615 LS F • 
OD2-6 80-90 190 L F .. 
DO2-7 90-100 180 CL F 
OD2-8 100-140 555 CL F 42.01 * 
OD2-9 180-200 235 L s 

DO3 ? OD3-1 0-10 735 s 3.69 
OD3-2 25-35 670 s .. 
DO3-3 35-60 1115 s * 
OD3-4 60-80 350 s * 
OD3-5 80-130 615 CL F,S * 
OD3-6 130-170 475 CL F,S 

OD4 ? 004-1 0-5 950 CS 
004-2 5-10 850 CS 0.46 
DO4-3 10-15 690 CS 5.32 " 
OD4-4 45-60 455 SL F 19.87 • 
DO4-5 60-85 280 SCL F,S 45.92 .. 
DO4-6 85-100 215 SiCL F 78.48 * 
OD4-7 110-140 375 SiCL F,S 71.38 

005 ? OD5-1 0-40 230 CS 14.51 .. 
OD5-2 40-55 125 CS .,. 

OD5-3 55-65 105 CS • 
OD5-4 65-75 125 SCL F,S * 
OD5-5 75-100 230 SiC F,S 44-iA • 

HH1 3.271 HH1-1 0-25 360 s 11.40 1913.27 
HH1-2 25-50 250 CS 22.77 298.80 
HH1-3 75-100 200 L F,S 44.02 706.25 
HH1-4 100-200 315 SCL 49.21 119.18 
HH1-5 200-300 315 SCL 57.37 43.60 

HH2 3.937 HH2-1 0-150 315 s 5.58 223.88 
HH2-2 150-200 255 s 18.98 518.75 
HH2-3 200-275 180 SCL F 31.09 1897.06 

HH3 3.795 HH3-1 0-125 320 s 5.66 353.17 
HH3-2 125-200 415 CS 20.36 977.75 
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Appendix 2 Auger samples (cont'd) 

Auger AHO Sample Sample Sample Field Organics %Size Copper 
Hole Hgt. Ref. Depth Wgt. (wet) Texture >75 um (mg/kg) 

LL1 5.801 LL 1-1 0-25 345 s 6.39 712.04 
LL 1-2 70-80 175 CS 11.93 195.94 
LL 1-3 80-90 215 SCL s 27.29 95.80 
LL 1-4 180-200 460 CS F 28.58 35.60 
LL 1-5 300-320 365 CS 23.66 
LL 1-6 500-520 450 CS 25.93 29.71 
LL 1-7 540-560 495 CS * 
LL 1-8 580-600 315 SCL s 39.86 9.08 
LL 1-9 640-660 wood 

LL2 6.127 LL2-1 0-20 250 CS F 12.47 178.08 
LL2-2 60-80 260 SCL 23.91 13.65 
LL2-3 150-180 840 SCL 34.05 10.49 
LL2-4 280-300 505 CS 20.16 
LL2-5 390-400 470 SCL 52.23 8.24 
LL2-6 400-420 290 SCL 46.50 

LL3 4.661 LL3-1 0-20 310 CS 23.87 1075.49 
LL3-2 60-80 210 CS 39.01 1394.90 
LL3-3 80-100 215 s 9.23 3142.86 
LL3-4 100-120 135 s 10.31 
LL3-5 140-200 525 SCL 31.46 2521.57 
LL3-6 290-300 430 SCL .. .. 

NN1 6.228 NN1-1 20-40 360 CS 4.05 * 
NN1-2 120-140 340 CS 
NN1-3 200-220 485 SCL F .. 
NN1-4 220-240 550 SCL F 63.27 * 

NN1-5 600-630 270 SCL 56.95 * 
NN1-6 650-700 540 SCL F 41.54 
NN1-7 700-720 495 L F 43.95 

NN2 5.866 NN2-1 20-40 400 CS 14.27 * 
NN2-2 90-100 340 CS 
NN2-3 105-110 590 CS 12.52 .. 
NN2-4 155-160 400 CS .. 
NN2-5 180-220 455 SL 10.83 .. 
NN2-6 350-400 600 SCL 39.31 * 

NN2-7 450-460 350 SCL F,S .. 
NN2-8 460-470 wood 

NN3 6.224 NN3-1 20-40 300 CS 9.90 .. 
NN3-2 80-100 280 CS 32.42 .. 
NN3-3 190-200 260 LS F 28.24 * 
NN3-4 250-280 300 L F.S 58.87 * 

NN3-5 450-480 570 C .. 
NN4 ? NN4-1 0-20 420 CS F 

NN4-2 40-60 510 LS F 
NN5 ? NN5-1 0-20 410 Sil F 

NN5-2 40-60 295 L F 
NNa 5.824 NNa-1 40-60 460 CS 28.03 * 

NNa-2 160-200 915 CS 51.18 .. 
NNa-3 240-260 605 SCL F .. 
NNa-4 480-520 250 SiC 88.61 * 
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Appendix 2 Auger samples (cont'd) 

Auger AHD Sample 
Hole Hgt. Ref. 

QQ1 6.964 QQ1•1 
QQ1•2 
QQ1-3 
QQ1-4 
QQ1-5 
QQ1•6 
001-7 

QQ2 6.61 QQ2•1 
QQ2-2 
002·3 
QQ2-4 
002-5 

QO3 5.863 QQ3-1 
003-2 
003-3 
003-4 
003-5 
003-6 

QQ3-6a 
003-7 
003-8 

QQ4 4.871 004-1 
QQ4-2 
004-3 

OA1 6.85 QA1-1 
OA1-2 
OA1-3 
OA1-4 
OA1-5 
QA1-6 

OA1-7,8 
QA1-9 

QA1-10 
QA1-11 

QA2 7.161 QA2-1 
QA2-2 
0A2-3 

QA3 5.856 QA3-1 
QA3-2 
QA3-3 
QA3-4 

QB1 3.635 QB1-1 
081-2 
QB1-3 

QB2 5.959 Q82-1 
QB2-2 
QB2-3 
QB2-4 

Field Texture: 

Sample Sample 
Depth Wgt. (wet) 

0-30 355 
110·150 325 
160-190 295 
310-350 400 
440-470 440 
560-580 660 
580-590 285 

0-40 370 
80-120 395 
120-160 285 
200-240 525 
320-360 410 

0-40 200 
50-60 90 

60-120 340 
160-190 315 
190-200 150 
200-215 235 
215-260 380 
260-300 370 
310-340 515 

2-85 300 
85-120 180 
120-180 125 

0-40 335 
80-110 175 
110-120 120 
125-160 270 
160-200 205 
200-240 410 
240-280 250 
280-320 460 
320-360 530 
400-580 200 
140-180 370 
180-230 345 
280-300 135 
40-60 455 
60-90 345 
90-115 265 
140-160 300 
40-80 250 

120-160 195 
160-180 165 
40-80 285 

160-200 215 
220-240 440 
240-360 515 

L - Loam S - Sand 
C - Clay 
CS - Clayey sand 
CL - Clayey loam 

Field Organics ¾Size 
Texture >75um 

CS 3.51 
SCL 28.87 
SL 29.05 
SL 
SL 
SL 
SL 
CS 12.05 
CS 16.49 

SCL 26.73 
SCL 68.81 
CS 
CS 5.56 
CS 13.39 
CS 10.79 
CS 11.31 
SCL F,S 21.54 
SCL F,S 31.50 
SCL F 33.33 
SCL 
CL 55.52 
CS 7.79 
SL F 
SL F 13.00 
s 6.49 
s 10.05 

CS 12.90 
CS F 12.36 
CS F 14.92 
CS 12.76 
CS 17.31 
SCL 19.58 
SCL 17.00 
CL 25.50 

SCL 23.05 
SCL 20.60 
CL 35.98 
CS F * 
SL * 
L F, S .. 

CL * 
CS 12.69 
SL 

SCL s 
CS 16.62 
SL 18.40 
SiC 77.95 
CL 29.05 

SL - Sandy loam Organics: 
Sil - Silty loam 
SiC • Silty clay 
SCL - Sandy clay loam 
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Copper 
(mg/kg) 

* 
* 
* 
* 

522.69 
172.12 
185.96 
48.85 

* 
* 
* 
* 

* 
* 

* 
* 
* 

* 

* 

* 

* 
* 
* 
* 
* 
* 
.. 

* 
* .. 

840.10 
1028.00 
72.40 
138.16 




