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ABSTRACT 

Engineered waste rock cover systems are designed to prevent the generation 

of acid mine drainage in sulphide bearing waste rock dumps left from the metal 

mining process. Typically, the cover systems are designed to prevent the 

ingress of water and/or oxygen into the waste rock pile so that oxidization and 

hence acid generation is minimized. In arid environments the covers are 

generally designed as water infiltration barriers only. A saturated cover layer is 

required to prevent oxygen ingress and this is difficult to achieve in an arid 

climate. Ultimately, the success of a waste rock cover system is dependent on 

understanding the relationship between climate, cover and waste material 

properties, and surface vegetation. 

One method to determine how successful a cover system will be over the long 

term is to use predictive numerical modelling software, calibrated from an 

instrumented test cover site. This gives mine operators and regulatory 

agencies the ability to evaluate how a cover will perform under typical and 

extreme climatic conditions. 

The purpose of the research program described here was to design a zero net 

infiltrative flux cover system that would eliminate acid drainage at the Kidston 

Gold Mines in North Queensland, Australia. The mine has three main waste 

rock dumps, which extend over an area of about 337 ha. The climate is semi-
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arid with well-defined wet and dry seasons. Mean annual precipitation is 

approximately 712 mm with more than 80 °/o of the rainfall occurring between 

November and April. Total annual potential evaporation was estimated to be 

about 2300 mm. Historically acid mine drainage was collected in evaporation 

ponds. 

The first phase of the research involved characterizing the waste rock and 

potential cover materials, designing and building two field test covers, and 

installing instrumentation for monitoring of performance. The majority of this 

work was carried out by the Unsaturated Soils Group, at the University of 

Saskatchewan. 

The design of the cover system required the optimization· of water storage and 

evapotranspiration. Intense rainfall events and associated erosion which 

occurs in the wet season, required that runoff be eliminated. This requirement 

demanded that the cover have the ability to store all infiltrating rainfall such that 

it could subsequently be released to the atmosphere through 

evapotranspiration. 

Several cover systems using layers of loose and compacted native soils and 

waste rock were evaluated using the numerical model SoiiCover. Two cover 

profiles were selected for field-testing based on the net infiltrative flux 

approaching zero. The first was constructed on a mineralized waste rock dump 

using 50 em of compacted, oxidized waste rock overlain by 150 em of loose 
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oxidized waste rock. This cover was designated the optimum design. The 

second was constructed on a barren waste rock dump using a single 250 em 

layer of loose oxidized waste rock. This cover was designated the alternate 

design. Both covers had a hummocky surface to promote infiltration and 

prevent runoff. Construction was completed in December 1996. Seeding of the 

barren dump cover with pasture grasses took place shortly after construction 

while seeding of the mineralized dump cover was completed at the end of the 

wet season. Instrumentation was installed in both covers to measure infiltration 

and cover moisture conditions. A weather station was installed to monitor 

climatic conditions. 

This thesis presents the results for the second phase of the research program 

which was carried out by the author. It includes the evaluation of the 

performance of the two test covers and calibration of the numerical model 

SoiiCover, such that field response and predictive modelling could be carried 

out. A final cover design is then presented on the basis of these results. The 

research involved field sampling and laboratory testing, instrumentation, field 

data reduction and analysis, and field response and predictive numerical 

modelling. 

Field results over the period 1996 to 1999 indicated that both covers responded 

reasonably well. The average precipitation was about 541 mm or 76 % of 

normal. Instrumentation showed that the water content profile within the covers 

increased considerably under intense rainstorm events and then quickly 
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decreased during subsequent evapotranspiration. Infiltration from the base of 

the covers into the underlying waste rock was less than 1 o/o of average annual 

precipitation during the three wet seasons. Calibration and field response 

modelling with the numerical model SoiiCover confirmed infiltration values into 

the waste rock approaching zero. Predictive modelling was then carried out 

using extreme wet year climate data from 1990/1991. Based on 1349 mm of 

rainfall the calibrated SoiiCover model predicted over 50 °/o infiltration through 

both cover systems. Further predictive modelling was then carried out 

assuming improved saturated hydraulic conductivities could be achieved in the 

compacted layer of the optimum cover design. The results showed that 

infiltration rates through the cover coul? likely be reduced to between 5 o/o to 25 

% of precipitation during extreme wet year conditions. Final closure cover 

design is described on the basis of these results. 
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Chapter 1 

INTRODUCTION 

1.1 Background and Site Description 

Kidston Gold Mines Ltd. is located in North Queensland, Australia 

approximately 280 km southwest of Cairns (Figure 1.1). It is part of the Placer 

Pacific operation of Placer Dome Incorporated. The climate at the mine site is 

semi arid with well-defined wet and dry seasons. Mean annual precipitation is 

approximately 712 mm with more than 80 o/o of the rainfall occurring between 

November and April. Total annual potential evaporation is estimated to be 

about 2300 mm. 

The mine is situated in the Copperfield River catchment and is surrounded by 

gently undulating topography. The primary land use in the area is cattle grazing 

on the native pastures. The soils are typically red podsolics of low fertility and 

have a shallow to non-existent A horizon. Open savanna woodlands are the 

predominant vegetation associations in the area, with the tree component 

dominated by lronbarks (Eucalyptus crebra) (Mulligan, 1999).-
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Figure 1.1 Location of Kidston Gold Mines Ltd. (after Placer Dome, 
2000). 

The gold deposits at Kidston were hosted within a near vertical · breccia pipe 

located at the contact between Precambrian metamorphic and granitoid rocks. 

The gold mineralization occurred within a basin shaped zone bounded by the 

breccia pipe margin. The breccia pipe deposit was trapezoidal in outline with 

surface dimensions of 1 ,350 m by 900 m. The gold mineralization occurred as 

two ore bodies on opposite sides of the breccia pipe. These were the Wises 

Hill and Eldridge ore bodies (Placer Dome, 2000). 
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Mineralization at both Wises Hill and Eldridge was hosted within a sheet vein 

zone with the greatest concentrations of gold mineralization being located at 

both the upper margin of the zone and in close proximity to the breccia margin. 

The mineralization at Wises Hill was essentially one coherent zone, whereas 

Eldridge was comprised of five of discrete lodes (Placer Dome 2000). 

The mineralogy of the Eldridge ore body was similar to the Wises Hill ore body 

in that the gold and silver was disseminated within breccias and veins. Most of 

the gold was present as free gold; the balance was contained in sulphide 

minerals, predominantly pyrite and pyrrhoite, with minor sphalerite, galena, 

arsenopyrite and chalcopyrite (Placer Dome, 2000). 

Mine production began in 1985 with the extraction of ore from the Wises Hill pit. 

Mining of this pit was completed in April 1997 and operations then shifted to the 

Eldridge ore body. The mine produced more than 3.4 million ounces of gold 

over its 16 year life, making it Queensland's third largest gold producer (Kidston 

Gold Mines Ltd., 2000). The mining operation was based on the conventional 

hard rock open pit mining process utilizing blasting, shovels and haul trucks. 

Two 9.2 m3 capacity electric powered shovels, a 13.5 m3 capacity electric

hydraulic shovel, a 19m3 capacity electric shovel and a fleet of 100 t and 170 t 

haul trucks, were used. The remaining excavation and drilling equipment was 

largely diesel powered for greater flexibility. 
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Ore and waste rock was segregated according to gold content and acid rock 

drainage potential. The rock was classified as ore, low grade ore, mineralized 

waste rock and barren waste rock and was described by Currey et al., (1997). 

The barren waste rock has minimal acid rock drainage potential. Ore was 

processed directly in the mill. Low grade ore was stockpiled for later mill 

processing. Mineralized and barren waste rock overburden that was removed 

to get to the ore bodies was segregated and placed in surface engineered 

waste rock dumps. The dump design included encapsulation of the mineralized 

waste between a barren waste rock foundation and outer wrap layers. 

Waste rock from the Wises Hill pit was end dumped into large waste rock 

dumps around the open pit and mine process tailings were discharged into a 

tailings dam impoundment facility. Waste rock from the Eldridge pit and 

process tailings were discharged into the Wises Hill pit. 

Over the life of the mine, Kidston stored approximately 220 Mt of waste rock in 

engineered dumps which cover an area of 337 ha. The waste dumps rise up to 

36 m above the surrounding topography and are flat on top with steep sides left 

at the angle of repose. Due to mineralization which averages about 1 % total 

sulfide in much of the rock, the waste rock dumps are generating acidic 

drainage which is collected in temporary evaporation ponds. Following the 

1991 wet season when 1 ,349 mm of precipitation was recorded, the water 

quality emitted from the dumps declined with the pH dropping from 7 to 4.5. 

Following the decrease in pH, an increase in sulphate, zinc and copper was 
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recorded. The poor quality water was due to oxidation of the sulphides 

contained within the mineralized waste rock (Currey et al., 1999). To satisfy 

Australian mining regulators, specifically the Queensland Department of 

Minerals and Energy, a long term final closure plan was required. This led to a 

research program being initiated with the Unsaturated Soils Group at the 

University of Saskatchewan to develop an engineered cover system to reduce 

the acidic drainage. In parallel with this work, the Center for Mined Land 

Rehabilitation at the University of Queensland, in Brisbane Australia, conducted 

vegetation trials to determine which plant species would be best suited to 

rehabilitating the cover surfaces. 

1.2 Kidston Gold Mines Cover Research Program 

The purpose of the cover research program described here was to design a 

zero net infiltrative flux cover system that would attempt to eliminate acid 

drainage by preventing water ingress into the waste rock. Due to climatic 

considerations the design of the cover system required the optimization of water 

storage and evapotranspiration. Intense rainfall events and associated erosion 

which occurs in the wet season, required that runoff be eliminated. This 

requirement demanded that the cover have the ability to store all infiltrating 

water from rainstorms so that it could be subsequently released to the 

atmosphere through evapotranspiration. 
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The first phase of the research program as described by O'Kane et al. ( 1996) 

consisted of characterizing the waste rock and cover materials, designing cover 

alternatives using the numerical model SoiiCover Version 1.0 (Mend, 1993), 

and building and instrumenting two field test covers. The majority of this work 

was carried out by the Unsaturated Soils Group, at the University of 

Saskatchewan. Specific details of the material properties of the waste rock and 

soils that were available are described in chapter three. 

1.2.1 SoiiCover Modelling Program . 

Based on the characterization of potential cover materials available, several 

cover systems using layers of loose and compacted material were evaluated 

and are described by O'Kane et al. (1996). The numerical model SoiiCover 

Version 1.0 (MEND, 1993) was used to model the water, heat and oxygen flux 

through the various cover system alternatives. The model solves the equations 

for one-dimensional, transient, coupled heat and mass transfer through soil 

based on atmospheric forcing (i.e., precipitation and evapotranspiration), 

hydraulic head and temperature conditions at depth. Wilson et al. (1994) 

describes the equations for coupled heat and mass transfer and Joshi et al. 

(1993) provide the finite element solution for the coupled system of equations. 

Actual evaporation depends on both atmospheric forcing and the actual vapour 

pressure at the soil surface and ·is determined using the modified Penman 

formulation proposed by Wilson (1990). Machibroda (1994) incorporated the 
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Modified Penman Method into the finite element solution and verified it under 

field conditions. 

1.2.2 Construction and Instrumentation of Test Covers 

Two cover profiles were selected for field testing, based on the net infiltrative 

flux approaching zero. The first cover was designated the optimum design due 

to it's slightly better performance and was constructed using 50 em of 

compacted, oxidized waste rock overlain by 150 em of loose oxidized waste 

rock. The second cover was designated the alternate design and was 

constructed using a single 250 em layer of loose oxidized waste rock. Both 

covers had a hummocky surface to promote infiltration and prevent runoff. 

Construction was completed in December 1996. Seeding of both covers with 

pasture grasses and native trees and shrubs took place shortly after. 

Instrumentation was installed in both covers to measure infiltration and cover 

moisture conditions. In addition a weather station was installed to monitor 

climatic conditions and a Bowen ratio system was installed to monitor 

evapotranspiration rates on the optimum cover. 

1.3 Thesis Scope 

The second phase of the research described in this thesis includes evaluation 

of the field performance of the two covers, calibration of the numerical model 

SoiiCover 4.01 (Unsaturated Soils Group 1997), field response and predictive 

Page 7 



modelling, and design of a final closure cover system based on extreme climatic 

conditions. 

1.3.1 Research Objectives 

The primary objective of this thesis was to evaluate the performance of the test 

covers installed at Kidston Gold Mine to reduce infiltration of water into the 

waste rock dumps such that the generation of acid rock drainage is reduced to 

values approaching zero. This required the following specific objectives: 

1) To monitor and analyse the field performance of the two cover systems 
installed at Kidston Gold Mine, 

2) To calibrate the numerical model SoiiCover based on observed field 
performance and conduct field response modelling, 

3) To conduct predictive modelling of the cover systems based on the 
historic extreme wet year recorded at the mine site so as to get an 
estimate of infiltration rates, and 

4) To model modified cover designs so as to achieve an optimum design for 
the final closure of the waste rock dumps. 
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Chapter 2 

LITERATURE REVIEW AND THEORETICAL BACKGROUND 

2.1 Acid Rock Drainage 

In the metal mining industry acid rock drainage (ARD) is generally considered to 

be the single largest environm,ental challenge (Filion and Ferguson, 1989). 

ARD is the drainage that results from the chemical and biological oxidization of 

sulphide bearing waste rock and mine tailings. These reactions occur due to 

ingress of oxygen and water and result in the generation of sulphuric acid which 

then leaches heavy metals and other contaminants into the environment. Pyrite 

is usually the predominant sulphide bearing mineral to be oxidized and the 

following relationship is considered to be the standard pyrite oxidation equation 

(Morin 1990, and Morin and Hutt, 1994): 

[2.1] 

The acid producing reaction begins slowly and takes time to develop. Initially 

when the pH is above 5.5, chemical oxidation controls the process. As the pH 

drops biological oxidation increases and tends to control below pH 3.5. The 
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bacteria Thiobacillus ferrooxidans act as a catalyst for this reaction and 

metabolically oxidize ferrous iron (Fe2+) directly to ferric iron (Fe3+). This 

increases the rate of acid generation by several orders of magnitude. It should 

be noted that equation [2.1] makes the following assumptions: 

1) Pyrite is the only sulphide mineral being oxidized, 

2) All sulphur occurs in the solid phase only as 8 2
2

-, 

3) S2
2
- oxidizes completely to sulphate, 

4) Water and oxygen are the only oxidants, 

5) All iron oxidizes to the ferric (Fe3+) state, and 

6) All iron precipitates as Fe(OH)3. 

Deviation from the assumptions outlined above may invalidate equation 2.1 and 

other alternate equations describing the oxidation process should be used. 

2.2 ARD Solutions 

There are several methods to deal with ARD. Generally they involve one or 

more of the following principles: 

1) Preventing ARD at source, 

2) Controlling ARD by reducing the oxidation reaction, and 

3) Treating the ARD effluent itself. 
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Examples of methods used to treat potential ARD producing waste rock and 

tailings based on the above principles include: 

1) Encapsulating waste rock/tailings with acid consuming soil, 

2) Engineered soil covers which inhibit oxidation by preventing ingress of 
water and/or oxygen, 

3) Blending waste rock/tailings with lime to neutralize acid generation 
potential, 

4) Subaqueous disposal to inhibit oxidation by limiting oxygen diffusion into 
waste material, 

5) Organic covers to inhibit oxidation, 

6) Collection and treatment of acidic drainage, and 

7) Topsoil applications of bactericides or chemicals that inhibit oxidation 
reactions. 

However each method tends to be site specific based on local conditions. Also 

some methods such as treating ARD effluent are apt to be less economical or 

feasible in the long term and thus tend to not be suitable for decommissioning 

mine sites. 

2.2.1 Engineered Soil Covers 

Engineered soil covers are one of the most common and accepted long term 

closure methods now being used by the mining industry. The primary goal is to 

limit the infiltration of water and/or diffusion of oxygen into waste rock or tailings. 

As a result, oxidation of the sulphide bearing waste is inhibited and/or ARD 
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volumes reduced significantly. A secondary goal of engineered soil covers is to 

return the land surface to a condition similar to or better than before mining 

operations commenced. This allows flora and fauna to once again become 

established such that no visible scar is left on the landscape. The following two 

sections deal with both water and oxygen inhibiting cover design. 

2.2.1.1 Oxygen Inhibiting Covers 

An oxygen inhibiting cover typically is designed with a high water content layer 

that must remain close to saturation to reduce the diffusion of oxygen into the 

waste material. This dictates that the climate must be classified as humid with 

precipitation exceeding evapotranspiration. 

2.2.1.2 Water Inhibiting Covers 

The use of an oxygen limiting cover in arid and semi-arid regions of the world is 

in general not practical. In most cases strongly arid conditions will cause 

excessive dissication and cracking that will destroy the integrity of the water 

saturated oxygen barrier. The design criteria for an engineered cover in arid 

environments is therefore directed towards the control of water infiltration rates 

together with runoff management and maximization of evapotranspiration. 

The reduction of water into waste rock dumps by placing a water inhibiting 

cover prevents or controls ARDin two ways. First, if water infiltration is reduced 

to values approaching zero, oxidation of the sulphide bearing waste cannot 
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occur (assuming the waste rock was placed dry and that water does not seep 

into the material from other areas). Secondly, reducing water infiltration into the 

waste will reduce the transport of contaminants out of the waste rock via the 

leachate. This is the more reasonable case as waste rock that has been 

exposed to air and water can have a significant amount of stored acidity. 

Furthermore, tailings are normally deposited at high water contents. Preventing 

further oxidation of acidic waste dumps or tailings may not yield improvements 

in water quality for a long time whereas preventing the transport of 

contaminants into the environment via the leachate will occur as soon as the 

waste approaches residual water content. In addition preventing infiltration 

events from flushing large volumes of stored acidity and dissolved metals 

reduces leachate treatment costs significantly (Yanful et al., 1993). 

The most effective method of controlling ARD at Kidston was determined to be 

an engineered store and release soil cover system to inhibit the infiltration of 

water into the waste rock. The store and release cover system works on the 

principal of storing infiltrating moisture in the cover profile during the wet season 

and subsequently releasing it to the atmosphere through evapotranspiration. 

2.2.2 Monitoring of Cover Performance 

In order to determine the effectiveness and efficiency of a soil cover system, a 

monitoring program needs to be developed to observe the performance of the 

cover under actual field conditions. Methods available to determine the 
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effectiveness of soil covers can range from programs as simple as monitoring 

the quantity and quality of drainage and runoff, to complex full instrumentation 

programs that collect and measure detailed climatic data, and in-situ soir 

conditions (i.e. such as suction and water content) within the cover profile. 

In addition to measuring the effectiveness of cover performance a detailed 

instrumentation monitoring program can also provide the information necessary 

to develop a calibrated numerical model for the cover. This is particularly 

valuable in determining long-term cover performance under extreme climatic 

conditions. Extreme wet or dry years can be modelled and estimates of 

performance made using historic or synthetic weather data. Based on these 

results refinement of the cover design could be made. The following 

subsections describe the requirements of a detailed instrumented cover 

program. 

2.2.2.1 Climatic Measurements and the Soil-Atmosphere Interface 

Climatic measurements are key to determining the performance of a soil cover 

system as they determine the atmospheric forcing conditions that are occ~rring 

at the soil-atmosphere interface. The soil-atmosphere interface is the upper 

boundary of the unsaturated zone that controls the net flux of water and energy 

to the unsaturated and saturated zones below. Evapotranspiration and 

infiltration are the two main processes of atmospheric forcing and are described 

in detail by Wilson (1990). 
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A comprehensive climatic monitoring system should include a fully automated 

weather station with sensors to monitor all net long and short wave radiation, 

wind speed and direction, air temperature, and relative humidity. These 

parameters allow potential evaporation to be calculated using the method 

developed by Penman (1948). When combined with the relative humidity, 

hydraulic conductivity and storage characteristics of the soil surface, the 

climatic data can then be used to estimate actual evaporation using the 

modified Penman method developed by Wilson (1990). Actual transpiration can 

also be estimated as a function of potential evaporation, leaf area index (LAI) 

and moisture availability in the soil as described by Tratch (1995). Leaf area 

index is the ratio of green leaf surface area to the ground surface area and is a 

function of vegetation density, plant species and growth stage. 

A tipping bucket rain gauge should also be installed to measure rainfall and 

intensities. Infiltration of water into the soil can then be calculated when the 

hydraulic conductivity and soil moisture storage functions are known 

A Bowen ratio system can be installed to measure actual evapotranspiration 

rates to better quantify the fluxes across the soil-atmosphere interface. The 

system is based on the ratio of sensible heat flux to latent heat flux developed 

by Bowen (1926) and is described in detail by Ayres (1998). 
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2.2.2.2 In-Situ Monitoring of Cover Profiles 

Performance monitoring of the actual cover profiles is carried out by the 

measurement of in-situ matric suction, volumetric water content, and 

temperature. The method of obtaining these measurements for the research 

presented in the current study will be described in detail below. 

In-situ measurement of matric suction is made to describe the stress state and 

hydraulic gradients that exist within the soil cover profile. Comparison of 

measured suctions to computed suctions can then allow for the calibration of 

the hydraulic conductivity function in the cover numerical model (Swanson, 

1995). 

One of the problems associated with measuring matric suction is that typical 

direct measurement devices such as the tensiometer can not measure a 

suction greater than about 90 kPa because the water in the sensors begins to 

cavitate (Fredlund and Rahardjo, 1993). In order to get around this problem 

indirect measurements of matric suction can be made. Using thermal 

conductivity (TC) sensors is one well-established method which can give 

reasonably good response up until about 400 kPa and beyond. O'Kane (1995) 

used thermal conductivity sensors to successfully measure matric suction in an 

engineered soil cover system at Equity Silver Mine in British Columbia, Canada. 
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A thermal conductivity sensor consists of a porous ceramic block in which a 

temperature sensing element or thermocouple and small heater are installed. 

As the water content in the ceramic block changes so does the thermal 

conductivity characteristics. Since matric suction controls water content and 

therefore the thermal conductivity of the sensor, it can be calibrated to measure 

matric suction based on a change in the thermal conductivity. The thermal 

conductivity is determined by measuring the heat dissipation within the porous 

block after a small heat pulse is generated by the heater. Water has a higher 

thermal conductivity than air thus the heat pulse dissipates more rapidly with a 

saturated ceramic as opposed to an unsaturated ceramic and leads to a smaller 

temperature change in the temperature sensing element or voltage in the 

thermocouple. Soil temperature can also be measured by the thermocouple. 

This data is used to determine the thermal conditions in the cover to assist with 

calibration of the numerical model. 

Time-domain reflectometry (TOR) is one of the most appropriate methods for 

determining volumetric water content on an automated basis. Topp et al. 

(1980) and Zegelin et al. (1992) describe TOR in detail. O'Kane (1995) and 

Ayres (1998) provide a brief description of the method and successfully used 

TOR to monitor volumetric water content of soil cover systems. Other methods 

such as the gravimetric method specified in ASTM 02216-92 and the nuclear 

method using neutron moisture probes require user intervention and are not 

readily adaptable to automation. However, they are still useful methods for 
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verifying the results from TOR systems. The method used in this study was 

based on the time-domain measurement method however the requirement for 

an' expensive cable tester typically required with TOR was not required. The 

method determines water content readings based on changes in the dielectric 

constant of the soil matrix, which effects the propagation velocity of 

electromagnetic waves along a wave guide. Period or frequency output is then 

converted to volum~tric water content using calibration values. Specific details 

on the sensor are proved in chapter three. 

Both matric suction and soil water content sensors should be installed at the 

same depths so that field soil water characteristic curves (SWCC) can be 

developed as water content and matric suction change with time. This can. then 

be used to help calibrate the SWCC in the predictive numerical model. 

2.2.2.3 Lysimeters 

The use of accurate and reliable lysimeters is another important tool to 

determine the effectiveness of soil cover systems by providing an estimate of 

the fluxes passing through the cover. Traditionally this flux is determined on the 

basis of the hydraulic conductivity of the liner or cover, however this proves to 

be a difficult approach when dealing with unsaturated soils because of the 

complications in determining a suitable hydraulic conductivity for non steady 

state conditions. Lysimeters can be used to help solve this problem. 

Lysimeters are relatively simple devices that· are installed to collect fluid at a 
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desired datum so that fluxes can be determined. However, if they are not 

properly designed they can give incorrect results in unsaturated soils. For 

example, this could lead to the conclusion very little movement is occurring 

across a flux boundary when in reality the opposite may be the case. 

Lysimeters have been used for many years in soil science to determine the 

movement of nutrients and to predict evaporation, however it is only recently 

that engineers have begun using them in environmental applications. There are 

numerous types of lysimeters that have been used over the years but not all 

function in the same manner. Examples include simple pan collection 

lysimeters with and without vacuum, to large weighing lysimeters that measure 

the change in mass of a large block of soil using load cells. Typically 

environmental engineers use a zero tension pan lysimeter with the main 

concern being to collect the leachate at a rate which is identical to what is 

flowing through the surrounding soil. In other words, the collection efficiency, 

defined as the volume of water collected divided by the water flux as calculated 

from a water balance should be as close to 100 o/o as possible. However the 

literature shows that collection efficiency varies widely and can be less then 1 0 

% for zero tension pan lysimeters. Therefore, to accurately predict a flux 

based on a lysimeter, one needs to have a good understanding of their 

operation so that a suitable design can be developed that will result in high pan 

collection efficiencies. 
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Early zero tension pan lysimeters were constructed by undermining an area of 

soil and then inserting perforated iron plates to support the soil and allow 

drainage. Trenches were then dug around the soil to enable walls to be built 

that would isolate the soil block. Drainage water then passed through the base 

plate and was collected for later analysis or volume measurement. However, 

these types of lysimeters were difficult to produce and were restricted to in situ 

measurements across a limited range of soils. Because of these limitations 

other designs were adopted in which the soil to be studied was refilled into 

tanks. This was easier than excavating a soil block, however refilled lysimeters 

have been criticized due to the artificial nature of the system and the alteration 

of the natural soil conditions, including the pathways for water to flow. 

It has been determined that pan collection efficiency can be significantly 

affected by preferential flow. Water flow can be diverted around the lysimeter 

due to changes in texture and pressure head within the soil profile. Also macro 

pores can conduct significant volumes of water when the soil is saturated and 

may cause an overestimate of collection efficiency if not representative of the 

overall area. In addition, discontinuities in the soil profile, such as sand lenses 

inter-bedded with finer material can cause divergent flow. If these 

discontinuities are inclined, water will flow along the discontinuity, in a process 

called funnel flow, potentially bypassing the lysimeter (Kung, 1991 ). 

To overcome these problems it is necessary to have a significantly large 

enough surface area for the lysimeter. As has been discussed, variations in the 
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soil profile and possible preferential flow caused by cracks, macro pores, and 

roots will need to be considered when choosing a suitable size. The more 

heterogeneous the soil profile the larger the surface area required to provide 

representative measurements. A study by Radulovich and Sollins (1987) was 

undertaken to determine the significance surface area with respect to collection 

efficiency. The study focused on three lysimeter sizes, small, medium and 

large with catchment area's of 160 cm2
, 500 cm2

, and 2500 cm2 respectively. 

The lysimeters were installed under both grass and trees. The results indicated 

that the largest lysimeter gave the best results with a collection efficiency of 46 

o/o under grass and 17 °/o under the trees. The poorer response under the trees 

is believed to have been caused by root channels. This suggests that even 

larger catchment areas should be used when using lysimeters to determine 

infiltration. Another study by Jemison and Fox (1992) also confirmed these 

results. Their study reported an average pan collection efficiency of 52 % for a 

pan lysimeter with an approximately 4200 cm2 catchment area. 

Another significant cause of collection inefficiency is the capillary attraction of 

unsaturated soil applying suction to the water in the saturated zone in the 

lysimeter. This phenomenon can cause significant quantities of water to flow 

around the pan depending on the difference between the soil suction in the pan 

and that of the unsaturated soil away from the pan. To overcome this problem 

a lysimeter design must consider the geometry of the lysimeter, and the 

hydraulic conductivity and moisture retention of the fill in the lysimeter such that 
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the suction at the top of the lysimeter is the same both inside and out. Bews et 

al. (1997) designed lysimeters for installation under the waste rock cover at 

Kidston Gold mine in Australia. SEEP/W (Geo-Siope International, 1995) was 

used as the primary tool in the design. The major design variables considered 

were the depth of the lysimeter, the wall height, the diameter, the backfill 

material, and the flux from the base of the cover. After conducting a number of 

steady state analysis of different configurations, it was determined that a pan 

type lysimeter with a small wall height would not be effective. A syphoning 

effect as shown in Figure 2.1 was induced by the artificial hydraulic gradient 

caused by the pan. This meant that a significant amount of water would escape 

from the lysimeter. 

I I 

I I I I I I I I I I I I 

I I I I I I I I 

Figure 2.1 Pressure profile (Contours in kPa) of poorly designed 
lysimeter with diverging flow (from Bews et al., 1997). 

However it was found that increasing the wall height of the lysimeter could 

reduce diverging flow. This in turn reduced the horizontal hydraulic gradient. In 

order to achieve a design as close as possible to ideal, the lysimeter was filled 
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with waste rock material similar to the surrounding conditions at the base of the 

cover (Figure 2.2). Furthermore, the influence of the artificial water table at the 

base of the lysimeter was · minimized by extending the wall height to 200 em. 

This was confirmed by observing that the computed horizontal gradient at the 

top of the lysimeter was approximately equal to zero. Sand was used at the 

bottom of the lysimeter since it is easily characterized with respect to storage 

properties. 
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Figure 2.2 Pressure profile (Contours in kPa) of well designed lysimeter 
with reduced diverging flow (from Bews et al., 1997). 

The basic requirement of the sand is that an air entry value greater than in the 

waste rock is required . This ensures that a capillary break for downward flow is 

not created at the sand/rock interface during unsaturated conditions. As well 

the saturated hydraulic conductivity of the sand must be greater than the 
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maximum flux anticipated such that ponding does not occur in the waste rock. 

Steady state modelling demonstrated that this arrangement reduced diverging 

flow as can be seen in Figure 2.2. 

Figure 2.3 shows the proposed lysimeter design to be installed under the 

covers. A PVC standpipe piezometer is used to measure seepage 

accumulation in the sump and aluminum access tubes are used to allow 

neutron probe water content readings to be taken throughout the lysimeter 

profile. A third access tube is shown to allow the installation of other water 

content probes. 

Soil Cover System 

Top of Lysimeter 
is Flush with 

Original Waste 
Rock Surface 

Waste Rock 
(200 em) 

Uniform Sand (30 em) 

Not To Scale 

Aluminum 
Neutron Probe 
Access Tube 

Access Tube 
for Water Content 

Probes 
(capacitance) 

PVC Piezometer 
for Monitoring 
Infiltration from 
the Base of the 

Soil Cover System 

Sump filled with Uniform Sand 

Figure 2.3 Layout of proposed lysimeter design (after Bews et al., 1997). 
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2.3 Numerical Modelling to Predict Future Cover Performance 

The instrumentation installations described above are used to monitor 

performance over an extended period of time. Numerical predictions obtained 

from SoiiCover (MEND, 1993) modelling based on the measured climatic 

conditions and laboratory determined soil properties are compared to in-situ 

measurements of matric suction, temperature, and water content. The model is 

then calibrated by adjusting the soil properties and vegetation parameters to 

produce results that match the in-situ measurements of suction, temperature, 

and water content as closely as possible. Measured fluxes through the cover 

are determined using the lysimeter readings which in turn verify model 

performance. The calibrated model can then be used for predictive modelling 

with respect to extreme climate conditions, beyond those measured during the 

study period, such as wet and dry years with low return periods. 

In summary, a field instrumentation and numerical modelling program allows 

the water balance across the surface of constructed soil covers to be 

determined. This allows the efficiency of a cover design to be evaluated and 

provides estimates of infiltration through the cover during extreme climatic 

conditions. 
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Chapter 3 

SITE BACKGROUND 

This chapter presents background information on the cover research program 

that is required for a complete understanding of the current thesis. The majority 

of the work was carried out in previous phase I studies by the Unsaturated Soils 

Group at the University of Saskatchewan. The first section briefly describes the 

climate in the area of the mine site. The second section presents the results 

from the original characterization of the waste rock and available cover 

materials. The next two sections provide a detailed description of the two test 

covers and the associated instrumentation that was installed. Finally, the last 

section marks the ·point where phase II work commenced and it describes the 

field and laboratory program carried out as a part of this thesis. 

3.1 Climate 

The climate at Kidston Gold Mines is semi-arid with distinct wet and dry 

seasons. Based on weather records from 1915 to 1991 for the nearby Kidston 

town site about 15 km from the mine, the average annual precipitation is 712 

mm (Coffey Partners International Pty. Ltd., 1992) with the majority falling 
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during the wet season between November and April. Evaporation records are 

not available for Kidston, however total annual pan evaporation for the nearby 

Copperfield river dam was estimated to be 2890 mm (Coffey Partners 

International Pty Ltd., 1992). Table 3.1 shows the average monthly rainfall and 

evaporation for Kidston. 

Based on mine site records from 1984 to 1991, the average annual precipitation 

is 801 mm. Daily maximum and minimum temperatures at the mine range from 

about 35°C and 21°C, respectively during the wet season, to about 28°C and 

12°C respectively during the dry season. Average annual potential evaporation 

was estimated by Bews et al. (1997) to be 2300 mm at the mine using the 

Penman formula. 

Mine site data for the period 1990-1991 was determined by Bews et al. to 

represent an extreme wet year for modelling and design. The 1990-1991 

period had 1349 mm of precipitation with January 1991 alone recording 945 

mm. Based on Kidston town site data this represents an annual return period 

near one in ten years and one in one hundred years for the wet month of 

January 1991. Table 3.2 shows the recurrence interval of rainfall events. 
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Table 3.1 Kidston Monthly Rainfall and Evaporation (after Coffey 
Partners International Pty. Ltd., 1992). 

Month Average Kidston Monthly Rainfall 
1915 to 1991 

Adopted Monthly Pan 
Evaporation 

(mm) 
January 
February 

March 
April 
May 
June 
July 

August 
September 

October 
November 
December 

Total 

(mm) 
197 
181 
99 
21 
14 
10 
7 
9 
7 
16 
49 
102 
712 

250 
200 
230 
220 
190 
160 
180 
220 
280 
330 
320 
310 

2890 

Table 3.2 Recurrence of Rainfall Events at Kidston town site (after 
Coffey Partners International Pty Ltd., 1992). 

Duration 

One month 
Two consecutive months 

Three consecutive months 
Annual 

Average Recurrence Interval (years) 
1.7 10 100 

370mm 
530mm 
620mm 
1050 mm 
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580mm 
900mm 
1050 mm 
1640 mm 

950mm 
1350 mm 
1500 mm 
2300 mm 



3.2 Laboratory Characterizing of Waste Rock and Cover Materials 

Seven samples of potential cover material and waste rock were sent from 

Kidston Gold Mines and characterized at the University of Saskatchewan in 

1996. The samples were as follows: 

Sample 1: Tailings, dry, fine, 6 kg, deposited April, 1995, 

Sample 2: Tailings, coarse, 5 kg, deposited April 199.5, 

Sample 3: Oxidized waste rock from base of stockpile, weathered and 
generally fine, 7 kg, 

Sample 4: Oxidized waste. rock from top of stockpile on dumps, 11 kg, 

Sample 5: Mineralized waste rock from South dump, 8 kg, 

Sample 6: Mineralized waste rock (oxidized) from South dump, 8 kg, and 

Sample 7: Highly weathered overburden. 

Of the seven samples only samples 3 to 7 were evaluated as the first two were 

for work related to the tailings dam impoundment. Samples 3 to 7 were 

characterized by visual inspection, specific gravity, grain size, compacted 

density, saturated hydraulic conductivity, and soil water retention 

characteristics. 

The results of the visual classification for the samples are summarized in Table 

3.3 and the measured specific gravities are shown in Table 3.4. The liquid and 

plastic limits for sample 7 were 41 % and 20 °/o, respectively. The grain size 

distribution curves are shown in Figure 3.1 
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Table 3.4 Summary of measured specific gravity (after O'Kane et al., 
1996). 

Sample Specific Gravity Bulk Specific Specific Gravity 

(fines) Gravity (coarse) (rock corrected) 

3/7 2.74 2.51 2.70 

4/7 2.78 2.46 2.63 

5/7 2.72 2.64 2.65 

6/7 2.77 2.63 2.64 

7/7 2.74 N/A N/A 

100o/o 

90o/o 

80°/o 

= 
70o/o 

= .c 
E-- 60o/o 
""' ~ = SOo/o ... 
~ -= ~ 40°/o ~ 

""' ~ 
~ 

30o/o 

20o/o 

10o/o 

Oo/o 

100 10 1 0.1 0.01 0.001 0.0001 

Grain Size (mm) 

Figure 3.1 Grain size analysis results for samples 3,4,5,6 and 7 (from 
O'Kane et al., 1996). 
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The standard Proctor compaction curves for samples 3, 4, and 7 are shown in 

Figure 3.2 based on material passing the 4. 75 mm sieve size. Saturated 

hydraulic conductivities are shown in Table 3.5 and Figure 3.5. 
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Figure 3.2 Standard Proctor compaction curves for samples 3, 4 and 7 
{from O'Kane et al., 1996). 

The soil water characteristic curves for samples 3, 4, 5, 6, and 7 are shown in 

Figures 3._3 and 3.4 inclusive. Samples 3, 4, and 5 were run based on material 

passing the 4.75 mm sieve. Sample 6 was run both with material passing the 

4.75 mm sieve and with the whole sample. Sample 7 was run with the whole 

sample. 
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From the characterization program it can be seen that samples 3 and 4 were 

both well graded oxidized waste rock suitable as a cover materials. Samples 5 

and 6 were both typical of the mineralized waste rock generated at the mine 

and in the waste rock dumps. Sample 7 was a highly weathered well graded 

overburden considered ideal as a cover material due to its high clay fraction 

and water retention characteristics. 
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0.50 

.... = ~ 0.40 
= Q 
u 
:... 
~ .... 
~ 

~ 0.30 
CJ ·c .... 
~ e = 0 0.20 
> 
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0.00 ...._ ............ .........,~.~.~.~~.-~ ................. _...--~..~I..L.LI.LII.---'--'-L ......... ..I.L-~ .......... ~~~..-~ .................. ~.--........................... 

0.1 1 10 100 1000 10000 100000 1000000 

Suction (kPa) 

Figure 3.3 Soil water characteristic curves for compacted and non
compacted sample 3 and non-compacted samples 4 and 7 
(from O'Kane et al., 1996). 
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Figure 3.4 Soil water characteristic curves of samples 5 and 6 (from 
O'Kane et al., 1996). 

Table 3.5 Laboratory hydraulic conductivity results for sample 3 to 7 
inclusive (from O'Kane et al., 1996). 

Sample Consolidation- ksat Testing Large Diameter Falling Head 

Void Ratio ksat (cm/s) Void Ratio ksat (cm/s) 

3/7 0.45 1.0 x 1 o-6 
0.72 3.2 X 10-5 

(non-compacted) (non-compacted) 

4/7 0.55 5.0 X 10-7 
0.79 8.2 X 10-6 

(non-compacted) (non-compacted) 

5/7 N/A N/A 0.67 2.9 X 10-3 

6/7 N/A N/A 0.66 2.2 X 10-3 

711 0.80 5.0 X 10-7 N/A N/A 
~ non-comf2actedl 
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Figure 3.5 Saturated hydraulic conductivity versus void ratio for 
samples 3, 4, and 7 (from O'Kane et al., 1996). 

3.3 Cover Details 

Based on the work described by Bews et al. (1997), two test covers totaling an 

area of 23 ha were installed on a portion of the 49 ha south dump at the Kidston 

Gold Mine in December 1996. One cover was designated the optimum cover 

and the other as the alternate cover. Figure 3.6 shows the layout of the two test 

covers at the south dump and Figure 3. 7 shows the two covers profiles. 

Three materials were considered in the design of the two test covers. The first 

was an oxidized waste rock material (sample 3 &4), which was a fully 
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weathered, well-graded gravelly sand with a small clay fraction. Next was a 

highly weathered residual soil (sample 7), which was a well graded clayey sand 

with a moderate plasticity. The final material was the mineralized waste rock 

itself (sample 5 & 6), which contained over 85 °/o gravel. Table 3.6 summarizes 

the uses classifications of the various materials used in the design of the two 

test covers. 

Table 3.6 USCS classification of materials. 

Material Classification 
Oxidized waste rock 

Residual soil 

Mineralized waste 
rock 

SW-SC 

sc 
GW 

Both covers had access chambers installed during construction (O'kane et al., 

1996) to allow for the later installation of instrumentation throughout the cover 

profiles. The access chambers were made of pressure treated plywood and 

were reinforced with 2 inch by 4 inch wooden framing. A removable roof was 

installed to allow easy access. Insulation was then placed inside the access 

chambers to help minimize any heating effects the access chambers may have 

had on the soil cover profiles. The chambers were installed in sections with the 

bottom 50 em placed into the waste rock as shown in Figure 3.8. Cover 

material was then placed around the chambers as the test covers were built. 

To prevent damage to the optimum cover access chamber by haul trucks, the 

compacted layer in the optimum design was manually compacted around the 

chamber with a jumping jack type compactor. 
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Figure 3.6 Plan view of the two test covers at the south dump. 
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Good Vegetation 

Figure 3. 7 Profile of the two test covers installed at the south dump. 
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Figure 3.8 Photograph of the lower section of the access chamber 
installed into the waste rock (from O'Kane et al., 1996). 

3.3.1 The Optimum Cover 

The first cover, which was considered the optimum design, was about four 

times larger in area than the second alternate cover. It was placed on a 

mineralized waste rock dump which varied from about 10 m to 15 m in height 

on the north side to about 20 m to 30 m in height on the south side. The 
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optimum design consisted of a 50 em layer of compacted, oxidized waste rock 

material overlain with a minimum 150 em thick layer of uncompacted oxidized 

waste rock material end dumped to produce a hummocky topography as shown 

in Figure 3.9. Due to high intensity rainstorms and extreme runoff potential the 

soils were classified by Horn et al., (1998) as being highly erodible. The 

purpose of the hummocks which are about 50 em to 100 em in height is to 

reduce runoff and associated erosion by enhancing infiltration into the 

uncompacted cover layer. The uncompacted layer is designed to act as a 

vegetated store and release zone, absorbing precipitation and then 

subsequently releasing it as evapotranspiration. 

Figure 3.9 View of constructed test cover showing hummocky surface. 

The compacted layer was designed to act as both an infiltration barrier when 

the uncompacted layer was saturated, and to create a capillary break in the 
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underlying waste rock during unsaturated conditions. Compaction was 

achieved by routing loaded 100 t and 170 t haul trucks over the entire layer. 

Water content was to be controlled at about 10 %. Compaction control testing 

by Earthtech Laboratories (1996a) found field dry densities to range from a 

minimum of 1.97 t/m3 to a maximum of 2.13 t/m3 or between 95.4 o/o to-102.8% 

of the maximum dry density. Field gravimetric moisture content ranged from a 

minimum of 5.0 % to a maximum of 7.9 % or between 56 o/o to 83 °/o of 

optimum. Falling head permeability tests were also carried out by Earthtech 

Laboratories (1996b) on samples of material used in the compacted layer. The 

reported values of hydraulic conductivity averaged 3.8x1 o-7 cm/s with the 

highest reported value being 2.0x1 o-6 cm/s. 

The original cover design by Bews et el. specified the highly weathered residual 

soil for the 150 em uncompacted layer (sample 7); however, due to a shortage 

of material, oxidized waste rock was substituted similar to sample 3 and 4 

characterized in the laboratory. This was a significant deviation from the 

original design. Based on the original modelling reported by O'Kane et al. 

(1996), the infiltration through the cover into the waste rock as a percentage of 

the 1990/1991 extreme wet year rainfall could be expected to increase to up to 

8 % from the 0 o/o to 4 % infiltration predicted using the highly weathered 

residual soil. 
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3.3.2 The Alternate Cover 

The second cover, which was designated the alternate design, was about one 

quarter in aerial size compared to the optimum cover. It was placed on a 

barren waste rock dump that was about 8 m lower in elevation than the 

optimum cover waste rock dump. The waste rock varied from about 5 m to 10 

m in height on the north side to about 15 m to 25 m in height on the south side. 

The cover consisted of a single 250 em minimum thickness layer of 

uncompacted oxidized waste rock material similar to that used in the optimum 

design. The non-compacted cover material was placed by end dumping 

material as close as possible to the previous load to form the hummocky 

surface which would reduce runoff and associated erosion while enhancing 

infiltration into the layer. Once again, the oxidized waste rock was used in 

place of the scarce highly weathered residual soil. Accordingly, it is expected 

that infiltration into the waste rock during extreme wet years will be higher than 

if the highly weathered residual soil had been used. Based on the original 

modelling reported by O'Kane et al. (1996), infiltration through the cover into the 

waste rock as a percentage of the 1990/1991 extreme wet year rainfall could be 

expected to increase to a value higher than the 5 o/o infiltration predicted using 

the highly weathered residual soil. 
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3.3.3 Cover Vegetation 

Both covers were seeded with a mixture of pasture grasses, shrubs and native 

Australian forest tree species in early 1996. The grasses included Rhodes, 

Buffel Urochloa, Jap Millet and Seca Style. Native trees included various 

species of acacia and eucalyptus. 

The alternate cover was seeded first, in January 1996, and received a large 

enough rainfall later in the month to germinate the seed. The optimum cover 

was seeded at a slightly later date and did not receive enough rain for seed 

germination prior to the dry season. After receiving the first significant rains of 

the 1996/97 wet season in October 1997, the optimum cover seed germinated 

quickly. 

In addition to seeding, 2400 eucalyptus trees of various species were hand 

planted in January 1998 on both south dump covers. These were planted as 

tube stock to supplement poor eucalyptus seed germination. 

3.4 Cover Instrumentation Program 

Field instrumentation including lysimeters as described by O'Kane et al. (1996), 

were installed in both cover profiles to evaluate the long-term cover 

performance. The design of the field instrumentation program was carried out 

by Mike O'Kane of the Unsaturated Soils Group, University of Saskatchewan, 

with assistance from the author. Lysimeter design was carried out by Brenda 
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Bews of the Unsaturated Soils Group. The instrumentation program involved 

the selection and installation of rugged, readily available, off the shelf 

components. Installation was carried out by Mike O'Kane during two site visits 

in December 1995 and June 1996. Figure 3.6, shows a plan view of the 

optimum and alternate covers on the south dump area along with the 

instrumentation and lysimeter locations. Figures 3.10 and 3.11 show the 

optimum and alternate cover instrumentation locations respectively. The field 

instrumentation program consisted of a fully automated weather station installed 

at the optimum cover instrumentation location for measuring site specific 

meteorological conditions during the cover trial period. Sensors to measure the 

matric suction, temperature, and volumetric water content within the cover 

profiles were installed at both the optimum and alternate cover instrumentation 

locations. A fully automated Bowen ratio station was installed at the optimum 

cover instrument location to measure actual evapotranspiration. The purpose 

of the Bowen station was to obtain field measured evapotranspiration data on 

the optimum cover which could be compared with values computed by the 

numerical model. Five lysimeters were installed underneath the cover profiles 

to measure infiltration into the waste rock. 
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Figure 3.10 Photograph of the optimum cover instrumentation location in 
July 1999 (Unsaturated Soils Group, 1999)~ 

Figure 3.11 Photograph of the alternate cover instrumentation location in 
September 1997. 
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Data Acquisition System 

To order to reduce the need for site visits by mine site personnel the monitoring 

systems were fully automated. This was achieved by using a solar powered 

automated data acquisition system developed by Campbell Scientific Inc. The 

system then only needed periodic attention (such as once every month) to 

download data and check functionality. 

The main components of the cover profile instrumentation systems were as 

follows: 

1) A CR10 measurement and control units, 

2) AM416 relay multiplexers, 

3) SM716 storage modules, and 

4) PS 12 rechargeable power supply with solar panels. 

The heart of the automated data acquisition system was the CR 1 0 

measurement and control unit or datalogger. It controlled the attached sensors 

and collected the data generated. The CR 1 0 is a fully programmable 

datalogger/controller in a small, rugged, sealed module (Campbell Scientific 

Inc., 1994). The CR10 consisted of a measurement and control module and a 

detachable wiring panel to which the sensors were attached. Communication 

with the CR 10 was via either a detachable keyboard/display or an IBM PC type 

computer using the PC208 software suite. The datalogger features connections 
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for analog inputs, digital input/output, excitation outputs, pulse inputs, switched 

12 volt grounded output, non switched 5 volt grounded output, and a 9 pin serial 

input/output telecommunications terminal. The CR10 was powered by a 12 volt 

power supply power which contained a 12 Amp-hour rechargeable battery. The 

battery was recharged using a 20 watt solar panel. 

Due to the number of sensors that needed to be installed in the cover profiles, 

an AM416 multiplexer was used. This increased the number of sensors that 

could be connected and read by the CR 10 and eliminated the need to use 

additional dataloggers at each site. The multiplexer was connected between 

the CR 10 and sensors and used mechanical relays to switch to the desired 

sensor. 

The AM716 storage module was used for several reasons, however it was 

primarily to backup the field data collected by the CR10. As the CR10 does not 

use non-volatile memory, all data would have been erased in the event of a 

power loss. The AM716 prevents this by backing up all data from the CR10. In 

addition, it allowed the site personnel to recover field data by simply retrieving 

the module from the field and then downloading its data onto a PC back at the 

office. This eliminated the requirement to take a laptop into the hot and dusty 

field environment. Finally, the storage module allowed an increase in the data 

storage capacity of the CR 10 such that the interval between data collection 

could be extended if required. 
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Automated data acquisition for the weather station was similar to the above; 

however, the AM716 multiplexer was not required as fewer sensors were 

connected. Due to a reduced power demand the solar panel size was reduced 

to 10 watts. The Bowen ratio station was also similar to the above except that it 

used a 21X datalogger without the AM716 multiplexer. The 21X has similar 

features to the CR10 and has a built in keypad. Power demand was 

significantly higher in the system due cycling of electrical pumps and required 

that power supply be provided by a 12 volt deep cycle battery charged from a 

30 watt solar panel. 

Appendix D contains the detailed software programs used to control the data 

acquisition systems. 

Thermal Conductivity Matric Suction Sensors 

Model 229 thermal conductivity (TC) sensors were supplied by Campbell 

Scientific for the measurement of matric suction and temperature within the soil 

cover profiles. The model 229 sensor (Figure 3.12) consists of a probe inserted 

axially in a porous cylinder (length 30 mm, diameter 15 mm) (Campbell 

Scientific Inc., 1993). The probe consists of a stainless steel tube (length 25 

mm, diameter 0.9 mm) in which a heating element and a thermocouple (copper

constantan) are embedded. The heating element and thermocouple were 

connected to extension wires that were embedded in an electrical insulating 

resin (length 2 em, diameter 1.5 em). The Model 229 sensor has a suction 
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range from approximately 10 kPa to 1000 kPa (Campbell Scientific Inc., 2000) 

although this is dependent on the calibration accuracy and field installation. 

All sensors used in this research were calibrated using a method based on the 

technique described by Fredlund and Wong (1989). Basically, single sensor 

calibration pods were used to calibrate each sensor at different levels of 

suction. The pod consisted of a high air entry disk with a spring loaded 

assembly to keep the suction sensor in good contact with the disk. The axis

translation technique was used to apply matric suction. Suction was increased 

in incremental levels after allowing the sensor to come to equilibrium. The final 

applied suction varied between 350 kPa to 660 kPa. To get one final calibration 

point, the sensor was placed inside a glass vapor equilibrium chamber 

containing a Magnesium Chloride saturated salt solution at 20°C. This 

corresponds to a relative humidity of 33 o/o and an equivalent total suction of 

150,000 kPa. A CR10 datalogger was used to measure the results for each 

incremental suction level. A spline function was then fitted to the data to define 

the sensor calibration. Appendix B contains the detailed calibration data for 

each sensor. 
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Figure 3.12 Model 229 soil suction sensor. 

The sensors were installed in June 1996 by inserting them horizontally into the 

cover profile through the access chambers. A small hole with a diameter 

slightly less then the sensor was pre-drilled into the cover material to allow for 

easier insertion of the sensors. The sensors were installed about 30 to 50 em 

beyond the chamber walls and the hole back filled by tamping in the cover 

material removed previously. O'Kane (1996) reported that the installation went 

reasonable well although rock in the cover material frequently made it difficult to 

pre-drill the holes and insert the sensors. It was also difficult to determine if the 

sensors were in good contact with the surrounding soils and it was suggested 
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that instrumentation installation during cover construction would probably be 

easier and of better quality. 

Upon completion of installation the sensors were wired up with power and the 

data acquisition system, which collected suction and temperature readings 

twice daily, shortly after noon and midnight. A Campbell Scientific CE8 

constant current interface was used to supply the power to the sensors. Table 

3.7 summarizes the depths that sensors were installed at both cover locations. 

Table 3.7 Installed matric suction sensor depths. 

Optimum Cover Sensor Depths (em) Alternate Cover Sensor Depths (em) 
5 
10 
20 
35 
75 
100 
127 
137 
150 
172 
177 
192 
197 

Water Content Sensors 

10 
15 
20 
35 
50 
75 
100 
150 
200 
225 
250 
260 
275 
280 
290 

The water content sensor used in this study was the Campbell Scientific Model 

CS615 TOR water content reflectometer (Figure 3.13). It consisted of two 30 

em long, 3.2 mm diameter stainless steel rods connected to a printed circuit 

board potted in an epoxy block. A five conductor cable was connected to the 
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circuit board to supply power, enable the probe, and monitor the pulse output 

(Campbell Scientific Inc., 1995a). 

High speed electronic components on the circuit board are configured as a 

bistable multivibrator (Campbell Scientific Inc., 1995a). The output of the 

multivibrator was connected to the probe rods which act as a wave guide 

(Campbell Scientific Inc., 1995a). When the multivibrator switches states, the 

transition travels the length of the rods and is reflected by the rod ends 

(Campbell Scientific Inc., 1995a). This reflection provides feedback to switch 

the state of the multivibrator (Campbell Scientific Inc., 1995a). The travel time 

to the end of the rods and back is dependent on the dielectric constant of the 

material surrounding the rods (Campbell Scientific Inc., 1995a). The dielectric 

constant is predominantly dependent on the water content (Campbell Scientific 

Inc., 1995a). Digital circuitry scales the multivibrator output to an appropriate 

frequency for measurement with a datalogger (Campbell Scientific Inc., 1995a). 

A laboratory calibration was carried out on one of the sensors using the residual 

soil sample 7 and was found to be in close agreement with the factory 

calibration. Therefore the factory calibration curve was determined to be 

suitable for the sensors installed in the field. 

The sensors were installed in June 1996 by inserting them horizontally into the 

cover profile through the access chambers. A small hole was cut through the 

access chamber and a guide tool was used to assist in the installation of the 

probes. Once installed the hole in the access chamber was sealed. 
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O'Kane (1996) reported that he experienced some trouble with the installations 

due to rocks in the cover material deflecting the probes from their ideal parallel 

alignment. Additionally it was also difficult to determine if the sensor probes 

were in good contact with the surrounding soils. This is considered significant 

because the sensor integrates the water content over the length of the probe at 

a distance from the probe rods of about 2 em. Any voids around the rods 

reduce the measurement accuracy. Like the suction sensor installation it was 

suggested that instrumentation installation in material with large size particles 

would be easier and of better quality if carried out during cover construction. 

On completion of installation the sensors were wired up to the data acquisition 

system which collected water content readings twice daily, shortly after noon 

and midnight. Table 3.8 summarizes the depths that sensors were installed at 

both cover locations. 

Table 3.8 Installed water content sensor depths. 

Optimum Cover Sensor Depths (em) Alternate Cover Sensor Depths( em) 
5 
10 
15 
20 
25 
35 
75 
100 
127 
137 
150 
175 
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Figure 3.13 CS615 water content sensor. 

Thermistor String Temperature Sensors 

Thermistor strings were installed both inside and outside the access chambers 

in an attempt to measure any temperature gradients from the chamber into the 

cover. They were installed by mine site personnel in June 1996. One 

thermistor string was secured next to the inside wall of the access chamber. 

The other string was installed outside the chamber by augering a hole to place 

the string into. The hole was then back filled with the excavated material. The 

strings were then attached to the data acquisition system. 

Page 53 



Meteorological Station 

A standard Campbell Scientific weather station was installed in March 1996 at 

the optimum cover instrumentation location (Figure 3.14). It was installed by 

mine site personnel, who had previously been instructed on the station's setup 

and use. The station was situated in the open and monitored average hourly 

wind speed, net radiation, relative humidity and temperature. Maximum and 

minimum daily values were also recorded. Rainfall data was collected as it 

occurred, on an intensity duration basis. Total daily precipitation was also 

recorded. 

Figure 3.14 Weather Station (right) and Bowen Ratio station (left) 
locations on the optimum cover. 
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Evapotranspiration Monitoring 

In order to measure actual evapotranspiration (AET) on the optimum cover, a 

standard Campbell Scientific Bowen Ration system was installed in May 1996 

near the weather station location (Figure 3.14). The system continuously 

monitored dew point and air temperature at two heights, net radiation, and soil 

heat flux for later calculation of the Bowen ratio and ultimately 

evapotranspiration. 

Lysimeters 

A total of five engineered zero tension lysimeters described by O'Kane et al. 

(1996), were installed at the cover/waste rock interface in both cover profiles. 

Three lysimeters were installed in the waste rock at the optimum cover site. 

One was installed near the access chamber and two were installed at additional 

locations. Two lysimeters were installed in the waste rock at the alternate cover 

site. One was installed near the access chamber and a second was installed 

approximately 100 meters from the access chamber. Figure 3.6 shows the 

locations of the lysimeters installed on the south dump. 

The lysimeters were constructed using plastic water containers 230 em deep by 

240 em in diameter. A hole was cut in the bottom of the containers and a 560 

mm long by 360 mm wide by 200 mm deep plastic tub was sealed at the base 

of the lysimeters to act as a water collection sump. Access tubes were placed 
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inside the lysimeters to allow monitoring of water levels and water content. 

Annulus bypass rings shown in Figure 3.15 were included to help ensure that 

moisture would not preferentially flow along the access tubes. 

The lysimeters were placed into 300 em diameter holes created in the waste 

rock such that the top of the lysimeters were flush with the original waste rock 

surface. A bedding layer of uniform coarse mine waste aggregate with a 

maximum particle size of approximately 1 0 mm to 15 mm was used to properly 

seat the lysimeter in the base of the hole. A uniform sand was placed into the 

sump and base of the lysimeters to a depth of 25 em to 30 em and waste rock 

material from the hole was then back filled into the lysimeter and voids around 

the lysimeter circumference in the same sequence as it was excavated. 

Installation of the test covers then took place over the top of the lysimeters 

(Figure 3.16). 
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Figure 3.15 Photograph of typical lysimeter installation (Unsaturated 
Soils Group, 1996). 

Figure 3.16 Photograph of the lysimeter access tubes and typical surface 
treatment after completion of the test covers (from O'Kane et 
al., 1996). 
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3.5 Phase II - Field and Laboratory Program 

Completion of the test cover construction and instrumentation by others marked 

the end of the first phase of the cover research program. The second phase of 

the research then began and was carried out by the author. The second phase 

started with the monitoring of cover performance by regularly managing, 

reducing and analysing the monthly downloaded data transmitted from the mine 

site. Problems with instrumentation as revealed by the downloaded data were 

investigated so that action could be taken by mine site staff to rectify the 

problems. 

A subsequent field program was conducted through two site visits in September 

and October 1997 by the author. The goal was to become familiar with the 

research site, verify the characterization of the materials as compared to the 

original laboratory samples, and to check the condition of the instrumentation. 

It involved field reconnaissance and observation of cover surface conditions, 

sampling from both cover profiles, lab testing, and checking field 

instrumentation installations. Lab testing included gravimetric moisture content 

determinations, grain size distributions, Atterberg limits, and soil water retention 

characteristics, on selected samples of material from both covers. The 

sampling was carried out from inside the instrumentation access chambers at 

various depths corresponding to sensor elevations throughout both cover 

profiles. Small holes were cut into the access chamber walls and samples of 

the cover material were removed. Vegetation root depth and density was also 

Page 58 



noted. All instrumentation at the site was checked for proper operation and 

function. In addition instrumentation was installed at a site in the tailings dam 

impoundment to help with future research being conducted on closure of the 

tailings dam facility. The instrumentation consisted of installing nine Model 229 

sensors to a maximum depth of about 200 em to measure matric suction in the 

tailings. A tipping bucket rain gauge was installed to measure local precipitation 

since the site was about 3 km from the main weather station on the optimum 

cover. An automated data acquisition system was installed to collect the data. 
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Chapter 4 

PRESENTATION OF DATA 

The data collected from the field monitoring installations, and subsequent field 

and laboratory program described in chapter three is presented and discussed 

in this chapter. The field monitoring results include detailed climatic and cover 

response data for both the optimum and alternate covers. The climatic data 

defines the upper boundary condition for the site during the period of study and 

the field response data shows how the covers performed with respect to this 

atmospheric forcing. The field and laboratory results include the material 

characterization of sampled material in both covers. 

4.1 Weather Data 

Since the construction of the two test covers, approximately three years of field 

weather data was collected at the optimum cover site on the south dump. The 

weather station instrumentation performed quite well with the exception of one 

short period between 3 April 1998 to 16 April 1998 when the instrumentation 

malfunctioned. 
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4.1.1 Precipitation 

Over the three year period, precipitation experienced at the site was less than 

normal with only about 76 % of average annual precipitation falling since 

monitoring began in June 1996. Figure 4.1 shows cumulative daily precipitation 

at the Kidston south dump from June 1996 until May 1999. Figure 4.2 shows 

daily rainfall precipitation or intensity for the same period. 
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Figure 4.1 Cumulative daily precipitation at the Kidston south dump. 
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Figure 4.2 Daily precipitation at the Kidston south dump. 

The total precipitation for each year (June 1 to May 31) was 524 mm for 

1996/97, 623 mm for 1997/98 and 475 mm for 1998/99. This compares to an 

average yearly rainfall of about 712 mm. Figure 4.2 shows daily rainfall 

intensities and illustrates that the majority of precipitation fell between 

November and April. Peak daily rainfall events were 77.6 mm on March 4, 

1997, 63.8 mm on January 4, 1999 and 36.6 mm on January 13, 1998. 

4.1.2 Air Temperature 

Figure 4.3 shows average daily air temperature at the Kidston south dump for 

the three year period from June 1996 until June1999. The mean annual air 

temperature for each year is approximately 23.3°C with mean daily 

temperatures varying from a low of approximately 15°C during the middle of the 
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dry season (June to August) to a high of approximately 30°C during the wet 

season (November to April). Figure 4.4 shows daily maximum and minimum 

temperatures. It can be seen that daily highs reached to over 40°C during the 

height of the wet season in December. Daily lows dropped to about 6°C during 

the dry season around July. The average daily high for the period was 29.9°C 

and the average low was 17.7°C. 
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Figure 4.3 Average daily air temperature at the Kidston south dump. 
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Figure 4.4 Maximum and minimum daily air temperature at the Kidston 
south dump. 

4.1.3 Relative Humidity 

Figure 4.5 shows average daily relative humidity at the south dump has 

averaged 59 % per day over the last three years. The trend between wet and 

dry season are not as distinct as other weather parameters however in general 

the relative humidity typically increases later in the wet season to about 70 % to 

80% and decreases later in the dry season to about 30% to 40 %. Figure 4.5 

also shows that the relative humidity has progressively increased over the last 

three years. However it is expected that this is just a typical fluctuation 

associated with the relatively short observation interval. Figure 4.6 shows the 

maximum and minimum relative humidity at the-site. The average maximum 

and minimum relative humidity was about 85% and 34% respectively. 
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Figure 4.5 Average daily relative humidity at the Kidston south dump. 
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Figure 4.6 Maximum and minimum daily relative humidity at the Kidston 
south dump. 

Page 65 



4.1.4 Wind Speed and Direction 

Wind speed at Kidston has averaged 6.9 km/hr over the last three years and is 

shown in Figure 4. 7. Figure 4.8 shows the typical wind direction is from the 

south, south east or 122° azimuth. Maximum and minimum recorded daily wind 

speeds are shown in Figure 4.9. The average maximum and minimum wind 

speeds were 19.4 km/hr and 0.4 km/hr respectively. The highest recorded wind 

speed was 52.4 km/hr. 
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Figure 4. 7 Average daily wind speed at the Kidston south dump. 
I 

Page 66 



0 ~~~-r~~~~~~~~~-r~~~~~~ 

1/6/96 1/12/96 1/6/97 1/12/97 1/6/98 1/12/98 1/6/99 

Date 

Figure 4.8 Average daily wind direction at the Kidston south dump. 
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Figure 4.9 Maximum and minimum daily wind speed at the Kidston 
south dump. 
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4.1.5 Net Radiation 

Figure 4.10 shows average net radiation received at the Kidston south dump. 

The average net radiation measured at the site was 10.3 MJ/m2
. Comparing 

Figure 4.10 with Figures 4.2 and 4.3 shows that net radiation is strongly 

correlated with temperature and precipitation. It can be seen that net radiation 

peaks during the hotter wet season at values around 15 MJ/m2 and then 

declines during the cooler dry season to values around 6 MJ/m2
. 
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Figure 4.10 Daily net radiation at the Kidston south dump. 

4.2 Cover Responses 

1/6/9.9 

Field monitoring between 1996 and 1999 showed that both covers performed 

satisfactorily. However, this was expected, considering the drier than normal 
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conditions that were experienced. The matric suction sensor and water content 

sensor responses were found to be dramatic throughout both cover profiles and 

illustrate the extreme wet and dry cycles that the covers experienced. 

It should be remembered that the matric suction sensors have a limited range of 

accuracy that is dependent on the SWCC of the sensor's ceramic stone as well 

as the range and accuracy of the calibration. The majority of sensors used in 

this study were calibrated up to about 660 kPa using a calibration pod and then 

a final calibration point was obtained at 150,000 kPa using vapour equilibrium 

testing. During calibration, initial sensor response was not observed until after 

10 kPa of suction was applied, therefore this represents a lower field 

measurement limit. Additionally measured suctions over 660 kPa are only 

considered to give an indication of relative soil suction values and are not 

considered to be absolute. Appendix C presents plots of all suction sensor 

responses in both covers. 

Finally some difficulties were encountered when the water content sensors 

were originally installed. Several sensors generated erroneous readings, 

indicating that they likely had significant probe deflections and associated void 

spaces. In general it appears the water content s·ensors have a tendency to 

measure water contents that are too high and this will be discussed further in 

sections 4.2.1.2 and 4.2.2.2. Appendix C presents plots of all water content 

sensor responses in both covers. 
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4.2.1 Optimum Cover Response 

The following sections present results for the measured matric suction, water 

content, and temperature in the optimum cover profile as well as the measured 

evapotranspiration at the surface. 

4.2.1.1 Matric Suction 

Figure 4.11 shows the measured change in matric suction at depths of 35 em, 

75 em 137 em, and 177 em in the optimum cover. It can be seen that the 

sensors at these depths measured a large range of suctions with values going 

down to less than 10 kPa during the wet season and up to 100,000 kPa during 

the dry season. Figure 4.12 shows the measured matric suction profiles in 

September and March near the end of the dry and wet season respectively. 
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Figure 4.11 Measured matric suction in the optimum cover profile at 
depths of 35 em, 75 em, 137 em, and 177 em. 
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Figure 4.12 Measured matric suction profiles in the optimum cover. 
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4.2.1.2 Water Content 

Figure ~.13 shows the measured change in water content at depths of 35 em, 

75 em 137 em, and 175 em in the optimum cover. It can be seen that the 

sensors at these depths measured a large range of volumetric water contents 

with values reaching 0.40 and higher during the wet season and down to about 

0.10 during the dry season. Figure 4.13 also shows the sensor at 175 em depth 

reading water contents of 0.50 and higher, and is an example of one of the 

sensors giving unreasonable results. However it still gives an indication that 

water contents changed at this depth in response to climatic conditions. Figure 

4.14 shows the measured volumetric water content profiles in September and 

March toward the end of the dry and wet season respectively. 

Gravimetric water content profiles were also measured directly in the cover on 

two separate occasions to allow comparison with the TDR computed values. 

Measurements were obtained during the 9 September 1997 field visit with 

samples obtained from lateral hand augered holes through the side of the 

access chambers as shown in Figure 4.15. While sampling, a well established 

root system was observed to exist throughout the loose cover layer, with root 

density being highest near the surface. Gravimetric water content values were 

determined a second time, by mine site personnel, with samples obtained from 

a test pit near lysimeter 2 on 24 March 1999. Figure 4.16 shows the test pit and 

it is interesting to again note the roots observed throughout the depth of the 

loose cover layer. 
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Figure 4.13 TOR measured water content in the optimum cover profile at 
depths of 35 em, 75 em, 137 em, and 175 em. 
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Figure 4.14 TOR measured water content profiles in the optimum cover. 
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Figure 4.15 Hand augering into the optimum cover to obtain soil samples. 

A summary of gravimetric water content results is presented in Table 4.1 

together with corresponding volumetric water contents calculated based on an 

assumed average dry density of 1.6 Mg/m3. Water content sensor measured 

values are also shown for comparison with the values obtained manually in an 

attempt to determine sensor accuracy. Comparisons with the hand augered 

samples are considered reliable since the sampling point was close to the 

sensor locations, however direct comparisons with the test pit samples are not 

considered reliable due to the different sampling location and surface elevation. 

It can be seen from the 9 September 1997 results that the water content 

sensors appeared to measure values between 166 % to 187 % of the values 

determined on the basis of manual sampling. It is also interesting to note that 
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the water content sensor measured values for the 24 March 1999 also seem to 

be higher than the volumetric water contents determined on the basis of 

gravimetric measurements at the test pit. 

Figure 4.16 Optimum cover test pit showing extent of root system. 
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Table 4.1 Summary of field water content sampling in optimum cover. 

Sampling Depth 
Grav. Water Content 
Vol. Water Content 

@ pd= 1.6 Mg/m3 

Sensor Depth 
Sensor Measured Vol. 

Water Content 
0/o Sampled (Vol.) 

Sampling Depth 
Grav. Water Content 
Vol. Water Content 

@ pd= 1.6 Mg/m3 

Sensor Depth 
Sensor Measured Vol. 

Water Content 
0/o Sampled (Vol.) 

4.2.1.3 Temperature 

9/9/1997 Hand Augered Sampling 
35 em 75 em 127 em 

3.5 3.8 3.8 
5.6 6.1 6.1 

35cm 
9.3 

166 o/o 

9/9/1997 Sensor Reading 
75 em 127 em 
10.3 11.4 

169% 187% 

24/3/1999 Test Pit Sampling 
50cm 100cm 
10.5 11.8 
16.8 18.9 

24/3/1999 Sensor Readings 
35cm 100cm 
21.3 35.4 

127% 187% 

Due to unresolved problems with the thermistor strings the temperature 

measurements from them were not useable. However, the TC sensors also 

measured temperature throughout the cover profiles and gave good results. 

Figure 4.17 shows the measured change in cover temperature at depths of 35 

em, 75 em 137 em, and 177 em in the optimum cover. It can be seen that the 

sensors at these depths measured a moderate range of temperatures with 

values going down to a low of about 21 °C during the cool dry season and up to 
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a high of about 34°C during the hot wet season. Figure 4.18 shows the 

measured temperature profiles in September and March toward the end of the 

dry and wet season respectively. 
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Figure 4.17 Measured temperature in the optimum cover profile at depths 
of 35 em, 75 em, 137 em, and 177 em. 
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Figure 4.18 Measured temperature profiles in the optimum cover. 

4.2.1.4 Lysimeters 

Table 4.2 shows the amount of water collected in the sumps of the three 

lysimeters that were installed in the waste rock to collect infiltration through the 

cover. It can be seen that lysimeter 4 and 5 responded during the end of the 

1998/99 wet season with 11 em and 1 em collected respectively in their sumps. 

This can be converted to an equivalent infiltration of about 2.5 mm and 0.2 mm 

assuming a porosity of 50 o/o for the sand in the sump. Based on precipitation 

of 437 mm from 1 June 1998 to 24 February 1999 this is equivalent to less than 

1 % infiltration through the cover. 
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Table 4.2 Lysimeter readings in the optimum cover. 

Lysimeter# Reading Date 
7/7/1997 12/2/1998 3/1998 4/2/1999 24/2/1999 

Lysimeter 3 
Lysimeter 4. 
Lysimeter 5 

Ocm 
Ocm 
Ocm 

4.2.1.5 Evapotranspiration 

Ocm 
Ocm 
Ocm 

Ocm 
Scm 
6cm 

Ocm 
11 em 
Ocm 

Ocm 
Ocm 
1 em 

The Bowen ratio system, which was used to measure evapotranspiration 

proved somewhat problematic and labour intensive in order to keep operational 

throughout the study period. In . addition to requiring regular routine 

maintenance, it often required expert troubleshooting beyond the capabilities of 

the local mine site staff. This was attributed to the effects of the severe 

environmental conditions on the sensitive instrumentation. These conditions 

included extreme heat and dust, and lightning during the wet season. Campbell 

Scientific representatives had to be called in several times to diagnose 

problems, and repair and recalibrate the system. Because of the uncertainty 

over the Bowen ratio operation, the readings are considered of questionable 

quality, however they do tend to show some trends. Figure 4.19 and 4.20 show 

the measured daily evapotranspiration and cumulative evapotranspiration 

respectively, on the optimum cover from 1996 to 1999. As can be seen the unit 

measured evapotranspiration rates up to about 4.5 mm per day which seems 

low considering the availability of moisture and energy during the wet seasons. 

After June 1998 the measurements appear to have become unreliable and are 

not considered for this study. 
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Figure 4.19 Measured evapotranspiration on the optimum cover. 
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Figure 4.20 Measured cumulative evapotranspiration on the optimum 
cover. 
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4.2.1.6 Interpretation of Results 

It can be seen that there was a large range of suctions and water contents 

observed throughout the cover profile. Periods of high suction and low water 

content indicated dry cover conditions whereas periods of low suction and high 

water content indicated wet conditions typically associated with the wet season. 

Temperature throughout the cover varied seasonally with the climate. 

In general the deeper layers of the cover are buffered from climatic conditions 

and show a slower response to atmospheric forcing (i.e. deeper layers take 

longer to wet and warm up as well as to dry out and cool). 

Figure 4.11 shows that the optimum cover suction values remained relatively 

low from when monitoring began until early into the first wet season. This was 

the result of initially low transpiration rates due to the lack of vegetation being 

established. The optimum cover was seeded and fertilized after construction at 

the end of the 1995/96 wet season but there was not any significant rainfall for 

seed germination. It was not until the start of the 1996/97 wet season and the 

rainfall in October 1996 that seed germinated and vegetation became 

established. Because of the readily available supply of moisture, nutrients .and 

energy, the vegetation grew vigorously and began pumping moisture out of the 

cover as anticipated. This is shown by the rapid increase in matric suctions 

(Figure 4.11) and drop in water contents (Figure 4.13) after the first wet season. 
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Figure 4.21 shows the vegetation establishment on the optimum cover in 

September 1997. 

Figure 4.21 Vegetation on the optimum cover in September 1997. 

Figures 4.11 and 4.13 also seem to suggest that the optimum cover dried out at 

a slower rate than was initially experienced during 1996/97. It can be seen that 

before the 1998/99 wet season, the matric suction and water content in the 

cover had not reached the same level as was reached prior to the 1997/98 wet 

season. It can also be seen that periods of low suction and high water content 

became progressively longer during each wet season. Lysimeter readings also 

showed that there was a small amount of infiltration (less than 1 % of rainfall) 
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into the waste rock below the optimum cover during the 1997/98 and1998/99 

wet seasons. 

These conditions appeared to be caused by a steady decline in cover 

evapotranspiration rates as shown in Figures 4.19 and 4.20. Field observations 

confirmed that grass quality and density declined after the first year with 

significant increases in bare patches on the crests of the hummocks. This is 

shown in Figure 4.22. The probable reason for the decrease in rates of 

transpiration, is due to the grass cover changing and also nutrient deficiency. 

Figure 4.22 Bare patches in vegetation on the optimum cover in March 
1999. 

The grass cover grew extremely vigorously to a height of over 1 metre tall at the 

onset of the 1996/97 wet season, with rhodes and urochloa grasses being the 
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dominant species (Currey et al., 1999). After the dry season the grass had 

'strawed' off and there was very little succulent new growth present during the 

1997/98 wet season (the new growth is where the transpiration takes place) 

(Currey et al., 1999). Other grasses like seca stylo, became established during 

the 1997/98 wet season, and by 1999 was the dominant grass (Currey et al., 

1999). Seca stylo is a woody plant and does not evapotranspirate as much as 

fresh leafy grasses. However, it seems to be better suited to the extreme range 

of moisture conditions and is likely to be the more viable grass in the long term. 

In addition as densities of native shrubs and trees increase, they should offset 

the trend of reduced transpiration rates. Native shrubs and trees such as the 

acacia and eucalyptus continued to mature and increase in density. After the 

1998 wet season, the dominant tree was Acacia holosericea, at a height of 

approximately 1 m or more (Figure 4.23). By June 1999, the acacia was well 

established and heights exceeded 2.5 m. Sanidad et al. (1999) showed that 

various acacia and eucalyptus species are capable of transpiration rates equal 

to values of 4 to 6 mm per day per projected canopy area. It is anticipated that 

as these species develop, transpiration rates will increase to values that will 

remove the majority of stored water from the cover during the dry season. 

Another potential cause for the poor performance of the vegetation was thought 

to be the loose cover layer becoming nutrient deficient, since it was a poor 

mineral soil. Fertilizer was reapplied a second time in the middle of April 1999 

and more nitrogen fixing legumes planted to increase nutrient levels and 

associated transpiration rates. It appears the fertilizer addition and maturing 
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vegetation started to offset decreasing transpiration rates, as suction levels 

increased more rapidly after May 1999 (Figure 4.11 ). 

Figure 4.23 Large Acacia holosericea tree on the optimum cover in June 
1998. 

Finally Figure 4.17 and 4.18 also seem to suggest that there is a positive 

temperature gradient with increasing depth. This would seem to suggest that 

the waste rock under the cover is acting as a heat source, possibly as a result 

of ongoing exothermic processes related to previous acid rock drainage events. 
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4.2.2 Alternate Cover Response 

The following sections present results for the measured matric suction, water 

content, and temperature in the alternate cover profile. Due to problems with 

the automated data collection there were some periods of time when data was 

not collected. The two significant periods with data loss are between March 

and April1998, and October to December 1998. 

4.2.2.1 Matric Suction 

Figure 4.24 shows the measured change in matric suction at depths of 35 em, 

75 em 150 em, and 200 em in the alternate cover. It can be seen that the 

sensors at these depths measured a large range of suctions with values 

ranging from down to less than 1 0 kPa during the wet season and up to 

100,000 kPa during the dry season. Figure 4.25 shows the measured matric 

suction profiles in September and March 1996 to 1999 toward the end of the dry 

and wet season respectively. 
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Figure 4.24 Measured matric suction in the alternate cover profile at 
depths of 35 em, 75 em, 150 em, and 200 em. 
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Figure 4.25 Measured matric suction profiles in the alternate cover. 
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4.2.2.2 Water Content 

Figure 4.26 shows the measured change in water content at depths of 35 em, 

75 em 150 em, and 200 em in the alternate cover. It can be seen that the 

sensors at these depths measured a large range of volumetric water contents 

with values going up to 0.40 and higher during the wet season and down to 

about 0.10 during the dry season. Figure 4.27 shows the measured volumetric 

water content profiles in September and March 1996 to1999 toward the end of 

the dry and wet season respectively. 
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Figure 4.26 TOR measured water content in the alternate cover profile at 
depths of 35 em, 75 em, 150 em, and 200 em. 
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Figure 4.27 TOR measured water content profiles in the alternate cover. 

Similar to the optimum cover, a gravimetric water content profile was also 

measured for the alternate cover on two separate occasions. The first water 

content profile was determined 10 September 1997 and involved sampling from 

lateral hand augered holes through the side of the access chamber as shown in 

Figure 4.15. While sampling, a root system was observed to exist throughout 

the loose cover layer, although the density appeared less than on the optimum · 

cover. The second time involved sampling from a test pit near lysimeter 1 on 

24 March 1999. Figure 4.28 shows the test pit and it is interesting to note the 

darker wet zone extending throughout the profile. This appeared to indicate 

that preferential flow conditions were occurring in the cover, possibly through 

macropores or along the root annulus of vegetation. Roots can also be seen, 

although they are less dense than what was seen in the optimum cover. 
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Figure 4.28 Alternate cover test pit showing wet zone and root system. 

A summary of gravimetric water content results is presented in Table 4.3 along 

with corresponding volumetric water contents calculated based on an assumed 

average dry density of 1.6 Mg/m3. Water content determined on the basis of 

TOR sensors are also shown for comparison with the values obtained manually 

in an attempt to determine sensor accuracy. Comparisons with the hand 

augered samples are considered reliable since the sampling point was close to 

the sensor locations; however, direct comparisons with the test pit samples are 

not considered reliable due to the different sampling location and surface 

elevation. It can be seen from the 10 September 1997 results that the TOR 
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water content sensors appear to give measured values between 1 02 % to 221 

0/o of the values determined on the basis of manual sampling. It is also 

interesting to note that on 24 March 1999 the water content sensors measured 

values that were much larger than the obtained at the test pit. Even though 

direct comparisons here should be avoided, it does seem to indicate that there 

was a significant difference between water content conditions at the alternate 

cover instrumentation location as opposed to elsewhere on the cover. 

Table 4.3 Summary of field water content sampling in alternate cover. 

Sampling Depth 
Grav. Water Content 
Vol. Water Content 

@ pd= 1.6 Mg/m3 

Sensor Depth 
Sensor Measured Vol. 

Water Content 
0/o Sampled (Vol.) 

Sample Depth 
Water content 
Volumetric w/c 
pd= 1.6 Mg/m3 

Sensor Depth 
Sensor Measured Vol. 

Water Content 
0/o Sampled (Vol.) 

1 0/9/1997 Hand Augered Samples 
35 em 75 em 150 em 200 em 
11.4 5.4 4.4 4.7 
18.2 8.6 7.0 7.5 

35cm 
18.6 

102 o/o 

50 em 
2.9 
4.6 

35cm 
29.1 

632% 

10/9/1997 Sensor Reading 
75cm 150 em 
11.1 15.5 

129 °/o 221% 

24/3/1999 Test Pit Samples 
100 em 150 em 

4.4 6.2 
7.0 9.9 

24/3/1999 Sensor Reading 
75 em 150 em 
34.1 33.6 

487% 339% 
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14.4 

192% 

200 em 
8.6 
13.8 

200 em 
39.8 

288% 



4.2.2.3 Temperature 

Due to unresolved problems with the thermistor strings the temperature 

measurements from them were not useable. However, the TC sensors also 

measured temperature throughout the cover profiles and gave good results. 

Figure 4.29 shows the measured change in cover temperature at depths of 35 

em, 75 em 150 em, and 200 em in the alternate cover. It can be seen that the 

sensors at these depths measured a moderate range of temperatures with 

values going down to a low of about 20°C during the cool dry season and up to 

a high of about 32°C during the hot wet season. Figure 4.30 shows the 

measured temperature profiles in September and March between 1996 and 

1999 toward the end of the dry and wet season respectively. 
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Figure 4.29 Measured temperature in the alternate cover profile at depths 
of 35 em, 75 em, 150 em, and 200 em. 
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Figure 4.30 Measured temperature profiles in the alternate cover. 

4.2.2.4 Lysimeters 

Table 4.4 shows that no water reported to the sumps of the two lysimeters that 

were installed in the waste rock to collect infiltration through the alternate cover. 

This compares well with the less than 1 %reporting to the lysimeters installed in 

the optimum cover. 

Table 4.4 Lysimeter readings in the alternate cover. 

Lysimeter# 

Lysimeter 1 
Lysimeter 2 

Reading Date 
29/1/1997 15/7/19-97 12/2/1998 4/2/1999 24/2/1999 

Ocm 
Ocm 

Ocm 
Ocm 
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4.2.2.5 Interpretation of Results 

The alternate cover response to atmospheric conditions was similar to the 

optimum cover with suction and water content varying large amounts with time 

throughout the cover profile. Once again deeper layers of the cover are 

buffered from climatic conditions and show a slower response to atmospheric 

forcing (i.e. deeper layers take longer to wet and warm up as well as to dry out 

and cool). 

Unlike the optimum cover, Figure 4.24 shows that the alternate cover suction 

values increased steadily from when monitoring began (15/6/96) until early into 

the first wet season (1/12/96). This was the result of higher transpiration rates 

due to vegetation establishment. The alternate cover was completed earlier 

than the optimum cover and received some rain in late January 1996 after 

seeding and fertilizing. This allowed the seeds to germinate and vegetation to 

become established. The roots then rapidly extracted the soil moisture retained 

deep within the cover. This was confirmed by O'Kane (1996), who observed a 

network of roots throughout the cover profile, when he installed the 

instrumentation in June 1996. 

Figures 4.24 and 4.25 also seem to suggest that after the 1996/97 wet season 

the alternate cover dried out at slower rates than the optimum cover. It can be 

seen that periods of low suction and high water content were longer during 
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each wet season in the alternate cover than the optimum cover. However none 

of the lysimeters showed any infiltration into the waste rock. 

These conditions again appeared to be caused by reduced evapotranspiration 

rates. Field observations confirmed that grass quality and density was poorer 

on the alternate cover than the optimum cover. This resulted in lower 

transpiration rates. As in the optimum cover, the poor vegetation performance 

is thought to be caused by changing grass cover and also nutrient deficiency. 

In addition, the extra season of growth that the alternate cover vegetation had, 

likely reduced nutrient levels further. Fertilizer was reapplied for a second time 

in the middle of April 1999 and more nitrogen fixing legumes planted to help 

increase cover nutrient levels and associated transpiration rates. 

4.2.3 Confidence in Field Instrumentation 

The weather station functioned well throughout the study period and produced 

results that seemed reasonable and accurate. In addition weather conditions 

reported by mine site personnel closely matched conditions measured by the 

weather station. Therefore, it ,was felt that the weather data can be used with a 

large degree of confidence. 

Water content sensor results are not considered as reliable. The primary 

reason is related to the difficulty in installing the sensors into the oxidized waste 

rock cover material, such that they have good contact with the surrounding soil 
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matrix. This was extremely important for the water content sensors. Air voids 

created around the probe rods had the effect of reducing measurement 

accuracy since the sensor only measures water content within the 20 mm zone 

around the rods. Difficulty in maintaining the alignment of the probe rods during 

installation was another variable that may have affected measurement 

accuracy. Finally the conductivity of the cover material may have affected the 

sensor calibration due to signal attenuation (Bilskie, 2002). In general, it 

appears the sensors are measuring water content values that are about 160 % 

to 170 °/o of actual, although values much greater than this were also measured. 

The suction sensors appeared to work reasonable well through out the study 

over the calibrated range of about 10 kPa to 660 kPa. However, due to the 

extreme climatic conditions at the site, they were outside this range more than 

40 °/o of the time. It was also important for the suction sensors to have good 

contact with the surrounding soil matrix, but the results were not expected to be 

affected as much if the contact was less than perfect. It may be assumed as 

.long as the suction sensors had some partial contact with the soil, they could be 

expected to wet up and dry out in response to changes in soil matric suction. In 

summary, it is believed that the suction sensor data can be used with a 

reasonable amount of confidence provided the limitations of the calibration are 

taken into account. In addition, the temperature data from the suction sensors 

is also expected to be accurate as the values measured are well within the 

normal range. 
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Finally, the evapotranspiration measurements from the Bowen ratio system are 

felt to be of questionable accuracy. This is due to the frequent problems that 

the unit experienced at the site. However, the results do tend to be reasonable 

in the qualitative sense up until about June 1998. 

4.3 Field and Laboratory Program Results 

Soil samples were taken by hand auger at various depths in both cover profiles 

to measure water content and grain size information. Water content results 

were reported previously in sections 4.2.1.2 and 4.2.2.2 for the optimum and 

alternate covers respectively. The grain size curves for the optimum and 

alternate covers in the vicinity of the access chambers are shown in Figures 

4.32 and 4.33 respectively. Both Figures also show the grain size from 

samples 3 and 4 of the original laboratory work. It can be seen that the majority 

of the curves fall between samples 3 and 4 with the alternate cover location 

having a slightly finer composition similar to sample 3. In addition to these 

results, general field observations revealed that there were some random area's 

on both covers with much coarser grain size distributions. Figure 4.31 shows 

one extreme area on the optimum cover where the particle size far exceeded 

that of gravel. Obviously the moisture retention characteristics of such a coarse 

grain material is minimal, and it ultimately promotes rapid infiltration deep into 

the covers. 
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Figure 4.31 Random area of coarse material on the optimum cover. 

Figure 4.34 shows the SWCC for a sample of the optimum cover passing the 

4.75mm sieve compared with the SWCC from the original sample 3 which was 

also prepared from material passing the 4. 75mm sieve. It can be seen that they 

are both similar, with the optimum sample having an initial porosity of 0.40 and 

an AEV of about 2 kPa. 

Atterberg limit testing on samples from the optimum cover resulted in a liquid 

limit of 31 % and a plastic limit of 21 %. The results from the above testing 

indicate that the material used to construct the covers was essentially the same 

as the original laboratory samples 3 and 4. 
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Figure 4.32 Optimum cover grain size curves at different depths, 
compared to the original sample 3 and 4. 
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Figure 4.33 Alternate cover grain size curves at different depths, 
compared to the original sample 3 and 4. 
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Chapter 5 

OAT A ANALYSIS AND DISCUSSION 

Field response modelling and calibration of the SoiiCover model was 

undertaken such that cover performance could be predicted for a range of 

climatic events and extreme wet years. This chapter presents the details of the 

calibrated model for each cover. Calibrated model results are then compared 

with actual field measurements to demonstrate the validity of the model for 

predictive modelling scenarios. The results of the predictive modelling for 

extreme climatic conditions are then presented. The final recommended cover 

design is described on the basis of these results. 

5.1 Field Response Modelling 

Field response modelling was carried out to calibrate and compare the 

SoiiCover model with the measured field responses as a result of atmospheric 

forcing. The measured field responses are presented in chapter four and 

included matric suction, volumetric water content, temperature, and infiltration 

across the cover/waste rock interface. 
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Atmospheric forcing includes the climatic conditions that the covers are 

exposed to and these are also presented in chapter four. 

The primary purpose of field response modelling is to establish a set of 

calibrated soil properties to be used for predictive modelling (Swanson, 1995). 

The secondary purpose is to demonstrate the ability of the model to adequately 

describe existing conditions such that predictive modelling can be carried out 

with confidence. 

The field response modelling proved to be challenging due to limitations of the 

SoiiCover model and to the extreme range of suction and water content 

observed over the course of the wet and dry seasons. In general, three model 

limitations are believed to be the most significant. First, the model is one 

dimensional, therefore it is an oversimplification of the hummocky three 

dimensional cover surface. In reality it would be expected that the crests would 

be drier and the troughs where the instrumentation had been installed would be 

wetter. Secondly, the model generates runoff whenever the cover infiltration 

capacity is exceeded. In reality ponding would occur in the troughs between 

hummocks. To overcome this, all runoff generated during a particular rainfall 

event was stored in order to simulate the storage of the cover depressions. 

Subsequent modelling runs were then carried out with rainfall intensities 

reduced appropriately on runoff days and the stored runoff was then 

redistributed as additional rainfall on following days. (i.e. applied at a rate 
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approximately equal to the saturated hydraulic conductivity of the cover plus 

potential evaporation). Thirdly the model assumes infiltration of liquid water is 

by uniform Darcy flow alone. As was observed in the field test pits and based 

on instrumentation results, some of the flow appeared to be occurring as 

preferential flow. In addition segregation of coarse and fine material in the 

cover may have had the effect of reducing the overall useable porosity during 

unsaturated conditions. This would result in the cover appearing to wet up 

quicker because the coarser matrix would not be able to wet up sufficiently until 

low suctions developed in the cover. In addition, during intense rainfall events, 

water was likely infiltrating through macro pores created by vegetation roots, 

thus wetting the soil matrix deeper in the cover profile. This argument is 

supported by experimental work carried out by Hino et al., (1986) who found 

that grass root systems contributed significantly to increased water infiltration 

rates in soils. Reducing the porosity of the modelled cover materials was found 

to help simulate this increased flow. 

Based on the above, it is recognised that the limitations of the model may to a 
certain extent, make it inappropriate for field response modelling of the Kidston 

test covers. However based on the calibration phase of the modelling, these 

issues were addressed sufficiently in order to allow the model to be used with 

reasonable success. 

Other factors that made calibration of the model difficult, included confidence 

and accuracy of field instrumentation, and estimation of a suitable vegetation 
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function for the field response modelling. All of these will be discussed in more 

detail in the following sections. 

5.1.1 Optimum Cover 

5.1.1.1 Model Details and Calibration 

The model was first set up based on laboratory measured and estimated soil 

properties. The laboratory measured soil properties included saturated 

hydraulic conductivity, soil water characteristic curve, and specific gravity. 

Estimated soil properties included the unsaturated hydraulic conductivity 

function, thermal conductivity function, specific heat function, and the coefficient 

of volume change. Initial conditions for the model were based on field 

measured matric suction and temperature profiles within the cover. Initial 

conditions for the waste rock were estimated based on the suction at residual 

water content and a temperature close to the average measured in the cover 

profile. The climatic data was applied for the surface boundary condition and 

the bottom boundary condition was represented by a water table that was 

assumed to exist at the base of the waste rock. Calibration of the model was 

then carried out by adjusting the laboratory measured soil water characteristic 

curve, and saturated hydraulic conductivity of the cover layers. Details of the 

calibrated model are presented in the following paragraphs. 
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Model Profile 

The cover profile used for the field response modelling consisted of 150 em of 

uncompacted oxidised waste rock represented by laboratory sample 3, 

overlaying 50 em of compacted oxidised waste rock again represented by 

laboratory sample 3. A 500 em section of mineralized waste rock was then 

placed below the cover and was represented by laboratory sample 6. 

Simulation Period and Initial Conditions 

A simulation period of almost three full years was selected for the model 

calibration based on the measured field data from June 15, 1996 to June 2, 

1999. June 15, 1996 was selected as the start day for the simulation as it was 

the first day that a full set of field data was available for both test cover sites. 

Measured matric suction and temperature profiles in the cover were then used 

as the initial conditions for the field response model. Initial conditions for the 

waste rock were estimated based on the boundary conditions described in the 

following section. Due to SoiiCover having a 365 day .simulation period limit the 

three year simulation had to be run one year at a time. This was accomplished 

by taking the final conditions from one run and using them as input conditions 

for the following run. 
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Boundary Conditions 

Climatic data from the automated weather station was used as input for the 

SoiiCover model surface boundary condition. This data included measured 

maximum and minimum daily air temperature and humidity, total daily net 

radiation, average daily wind speed, and daily rainfall. 

Daily net radiation was based on an entire 24 hour period and included daylight 

hours when there was a positive flux and nighttime hours when the flux was 

typically small but negative. Rainfall was applied over an entire 24 hour period. 

This helped reduce runoff and also helped prevent numerical instability 

associated with high intensity rainfall falling on dry ground with high surface 

matric suctions. 

The lower model boundary conditions at the base of the mineralized waste rock 

profile, were defined by matric suction and temperature. A water table was 

assumed to exist at the base of the waste rock dump and was represented by a 

suction of 0 kPa. The suction was then increased linearly to 4 kPa with respect 

to elevation, to represent the initial condition suction profile of the waste rock in 

a drained state. This was based on the assumption that the suction in the 

waste rock would not increase much beyond that reached at residual water 

content due to the low hydraulic conductivity in the fully drained state. 
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The mineralized waste rock base temperature along with the initial temperature 

profile was set at 28°C and was considered reasonable based on the initial 

temperature measurements in the cover. 

Calibration of the Vegetation Parameters 

As was discussed earlier in chapter three the vegetation on the optimum cover 

did not germinate until the start of the 1996/1997 wet season. Germination of 

the vegetation was assumed to start after October 8 and 9, 1996 when 18 mm 

and 25 mm of rainfall fell respectively. However no significant follow up rainfall 

occurred until December 5 when 12.8 mm of rainfall fell followed by 12.6 mm 

the following day. Therefore significant vegetation growth was not assumed to 

begin until after this date. Figure 5.1 shows the leaf area index function used to 

represent the vegetation. It was somewhat difficult to predict due to the 

changing vegetation conditions and was based on a combination of general 

observations made by mine site personnel and on trial and error to get 

reasonable suction profiles representing periods that the cover was drying out. 

In combination with this was the difficulty in determining the rate and depth of 

root penetration. In a controlled experiment, Tratch (1995) found that 

regardless of the surface flux, barley roots moved downward at a rate of about 

7.5 mm per day after germination. In order to simulate changing suction 

conditions throughout the cover in the first season of growth it was necessary to 

have root penetration rates of 20 mm per day to the full depth of the cover. This 
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was considered reasonable given the ready supply of water, energy and 

nutrients. 

It should be noted that the vegetation LAI function simulates the dynamic nature 

of the cover vegetation and is the only cover parameter that can be adjusted 

after model calibration. All other cover material properties have to remain fixed 

for a realistic model. 

The moisture limiting point of the vegetation was set at the typically accepted 

value of 100 kPa. The wilting point was set at 2500 kPa, which is higher than 

the typically accepted value of 1500 kPa. This higher value was selected to 

take into account the effectiveness of many native Australian species in 

extracting soil water. It is supported by work carried out by Richards et al. 

(1983) who measured total suctions under eucalyptus trees in excess of 3000 

kPa. 
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Figure 5.1 Optimum cover leaf area index function used in the SoiiCover 
model calibration. 

Thermal Properties 

The thermal conductivity versus gravimetric water content function was 

estimated by the SoiiCover model using the Johansen method as described in 

the SoiiCover users manual (Unsaturated Soils Group, 1997). The overall 

weighted quartz content was required as input to estimate this function and a 

value of 0.80 was specified for both the mineralized and oxidized waste rock. 

This was based on typical quoted values of 0.7 for clay, 0.80 for tailings and 

0.95 for sand (Unsaturated Soils Group, 1997). 

The volumetric specific heat versus gravimetric water content function was also 

estimated by SoiiCover, and used the De Vries method as described in the 
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SoiiCover users manual (Unsaturated Soils Group, 1997). The solids specific 

heat value was required as input to estimate this function and a value of 850 

J/kg-°C was specified for both the mineralized and oxidized waste rock. This 

was based on typical quoted values of 850 J/kg-°C for sand and tailings, 800 

J/kg-°C for till and 750 J/kg-°C for clay (Unsaturated Soils Group, 1997). 

The initial field response modelling showed that the thermal values selected did 

not require further adjustment. This is typical of SoiiCover solutions which have 

been found to be very insensitive to thermal conductivity and specific heat 

properties (Unsaturated Soils Group, 1997). 

Calibration of the Soil Water Characteristic Curves 

The original laboratory soil water characteristic curves for the material 

characterized in chapter three were used in the first attempts at modelling the 

cover system. The compacted and uncompacted oxidized waste rock layers 

were represented by the SWCC's determined for the compacted and 

uncompacted sample 3 (material passing the 5 mm sieve). The mineralized 

waste rock was represented by the SWCC determined for laboratory sample 6 

(whole sample). The initial model results indicated that the storage in the cover 

profile was too high as only the near surface material was able to wet up. 

Because the deeper material could not wet up until the storage in the upper 

material was satisfied, the porosity of the loose and compacted cover layers 
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needed to be reduced. This was first tried by rock correcting the laboratory 

measured soil water characteristic curve for the uncompacted layer sample 

obtained during the field program (to account for rock retained on 5 mm sieve). 

The method was similar to that proposed by Yazdani and resulted in a reduction 

of porosity from 0.40 to about 0.33 based on the percent coarse material being 

25 %. Although this helped there still appeared to be too much storage within 

the cover profile. 

An attempt was made to define the field soil water characteristic curves for the 

uncompacted layer by comparing measured values of suction and volumetric 

water content. This proved difficult because of the uncertainty over the 

accuracy of the field measured TOR water contents and matric suctions. Figure 

5.2 shows the field soil water characteristic curve generated from sensors at 35 

em and 75 em depth in the optimum cover. It can be seen that the water 

contents and/or matric suctions past the residual appear to be too high based 

on the assumption that the water content would be zero at one million kPa 

suction. This is likely attributed to the suction sensors loosing sensitivity past 

about 660 kPa and the fact that the water content sensors were likely 

measuring values approximately 167 o/o of actual as was discussed in section 

4.2.3. 
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Figure 5.2 Optimum cover field soil water characteristic curve for the 
uncompacted layer, generated from sensors at 35 em and 75 
em depth. 

A final soil water characteristic curve was developed based on reducing the 

water contents and suctions to produce a curve with an initial porosity of 0.2. 

Although this seemed unreasonably low it allowed the model to simulate the 

deep wetting of the cover which was being observed on the basis of sensor 

responses. This deep wetting is primarily thought to be the result of preferential 

flow through macro pores created by the vegetation roots and was discussed in 

section 5.1. Reduction in the covers useable storage due to segregation of 

fines and coarse material may have also been a factor that required the model 

to have a modified SWCC with less porosity. Figure 5.3 shows the rock 

corrected and final soil water characteristic curves used for modelling the 

uncompacted layer. 
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The final curve used for the compacted layer was based on a similar reduction 

in porosity. Based on the field sampling reported in section 4.3 the compacted 

layer appeared to have a grain size closer to that of laboratory sample 4. The 

laboratory soil water characteristic curve for sample 4 was then arbitrarily 

reduced based on an initial porosity of 0.18, slightly less than the porosity in the 

uncompacted layer to represent the increased density. The final curve is shown 

in Figure 5.4. 
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Figure 5.3 Optimum cover rock corrected and final modelled soil water 
characteristic curves for the uncompacted layer used in the 
SoiiCover model calibration. 
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Figure 5.4 Optimum cover final soil water characteristic curve used for 
the compacted layer in the SoiiCover model calibration. 

Calibration of Hydraulic Conductivity 

Saturated hydraulic conductivity (Ksat) values for the compacted and 

uncompacted layers were first selected based on the initial laboratory testing of 

sample 3. The results from the falling head conductivity test carried out on the 

consolidated sample 3 were selected for the compacted layer. This resulted in 

a saturated hydraulic conductivity of 6x1 o-6 cm/s. The Ksat from the large 

diameter falling head test carried out on sample 3 was selected for the 

uncompacted layer and this resulted in a saturated hydraulic conductivity of 

3.2x10-5 cm/s. 
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Relative unsaturated hydraulic conductivity functions were determined by the 

SoiiCover model using the method described by Fredlund et al. (1994). The 

functions were generated based on the input soil water characteristic curves. 

Calibration of the saturated hydraulic conductivity values in both the compacted 

and uncompacted layers was carried out by attempting to match the computed 

values of matric suction with measured values as close as possible. This 

proved somewhat challenging and was further complicated by the fact that the 

modelled soil water characteristic curves were not known with certainty. 

However a final value of 5x1 o-5 cm/s for the compacted layer and 1 x1 04 cm/s 

for the uncompacted layer seemed to give acceptable cover responses. 

Earthtech Laboratories (1996b) conducted falling head permeability tests on 

samples of the compacted layer material prepared at 95 % and 100 % standard 

compaction. They determined an average saturated hydraulic conductivity of 

3.8x1 o-7 cm/s with the highest reported value being 2x1 o-6 cm/s. Earthtech 

Laboratories (1996a) also conducted field compaction control testing and found 

that the compacted layer was between 95.4 % and 102.8 % of the maximum 

dry density. Therefore there seems to be some discrepancy between the 

values of saturated hydraulic conductivity used in the model compacted layer 

and those that would have actually been expected in the field compacted layer. 

This may be explained by the method that the compacted layer was installed 

around the instrumentation access chamber. As described in chapter three the 

compacted layer near the access chamber was manually compacted with a 
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jumping jack type compactor to prevent damage to the chamber from the haul

trucks. This likely resulted in a lower relative compaction and higher value of 

saturated hydraulic conductivity that was not necessarily representative of the 

rest of the cover. 

Field saturated hydraulic conductivity values were measured at several 

locations on the surface of the similar uncompacted layer of the alternate cover 

by Rykaart (1999), using a double ring infiltrometer. The average saturated 

hydraulic conductivity was measured to be 1.89x1 o-3 cm/s and is about one 

order of magnitude higher than used in the optimum cover modelling. This was 

considered reasonable since the surface would be expected to have a 

saturated hydraulic conductivity higher than the average of the entire loose 

layer profile. 

5.1.1.2 Calibrated Model Results 

The results of the calibrated model indicated that there was no net downward 

flux across the cover/waste rock interface for the entire 1996 to 1999 period. 

This compares well to the lysimeter measured values of less than 1 %. Figures 

5.5 through 5. 7 show the calculated net surface flux results for each year of the 

optimum cover calibrated model. Shown are values for potential 

evapotranspiration, actual evaporation, potential and actual transpiration, 

precipitation and cover infiltration. Positive values indicate fluxes into the cover, 

where as negative values indicate fluxes out of the cover. It should be noted 
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that SoiiCover calculates infiltration by subtracting runoff and actual evaporation 

from rainfall. The actual net flux across the cover surface is calculated by 

subtracting actual transpiration from infiltration. This resulted in the cover 

drying out by 90 mm, in the 1996/97 period, wetting up by 39.3 mm in the 

1997/98 period, and wetting up by 53.9 mm in the 1998/99 period. This showed 

that the optimum cover failed to dry out to initial conditions after the second and 

third year and is a result of lower actual transpiration rates. 

Figures 5.8 through 5.11 show the computed values of matric suction compared 

to measured values in the optimum cover at depths of 35 em, 75 em, 137 em 

and 177 em respectively. It can be seen that there was reasonable agreement 

between computed and measured values with deviations typically occurring at 

the extreme values of suction where the sensors were often operating well 

outside their calibrated range. Figure 5.12 shows the measured and computed 

matric suction profiles in the optimum cover between 1996 and 1999, both 

before and after each wet season. It can be seen that the computed suctions 

compared reasonably well with measured suctions throughout the cover profile. 

This demonstrates that the calibrated model is valid and is responding 

appropriately to atmospheric forcing. 

Figures 5.13 through 5.16 show the computed values of water content 

compared to adjusted TDR values measured in the optimum cover at depths of 

35 em, 75 em, 137 em and 177 em respectively. The TDR measured values 

were adjusted by taking 60 o/o of the measured raw value to account for the fact 
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that the sensors appeared to read about 167 o/o of actual as discussed in 

chapter four. In general there is fairly good agreement between computed and 

adjusted values with deviations becoming more extreme at the deeper cover 

depths. 

Figure 5.17 through 5.20 show the computed values of temperature compared 

to measured values in the optimum cover at depths of 35 em, 75 em, 137 em 

and 177 em respectively. It can be seen that there is relatively good agreement 

between computed and measured values with deviations appearing more 

extreme at the shallower depths and later in the simulation period. 

In conclusion, the 3 years of field response modelling demonstrated that the 

optimum cover model calibration was valid. Further confidence in the model is 

supported by the fact that the second and third year computed results were 

similar to values measured in the field. This occurred even though the model 

initial conditions were based on the output from the prior model year and not 

field measurements. If the model calibration was not correct, then it would have 

been expected that the model computed values would have deviated 

significantly from those measured in the field as time progressed. 

Page 118 



1000 

500 -
- 0 
E 
E 

-500 ->< 
:::l 

LL -1000 

-1500 

..1 

~ 
~ 

~ ...... 
~ ~ ------2000 

15/6/96 15/9/96 15/12/96 15/3/97 15/6/97 

- PET - AE - PT - AT - Precip - lnfil. I 

Figure 5.5 Calculated net surface fluxes for the optimum cover model 
from 1996 to 1997. 
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Figure 5.6 Calculated net surface fluxes for the optimum cover model 
from 1997 to 1998. 

Page 119 



1000 

500 

- 0 
E 
E 

-500 ->< :::s 
LL -1000 

-1500 

_,.-

~ 
.. 

~ 
~ 

~ i""-o-... 
~ ...........__ -

-2000 

15/6/98 15/9/98 15/12/98 15/3/99 15/6/99 

- PET - AE - PT - AT - Precip - lnfil. I 

Figure 5.7 Calculated net surface fluxes for the optimum cover model 
from 1998 to 1999. 
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Figure 5.8 Measured and computed values of matric suction at 35 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.9 Measured and computed values of matric suction at 75 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.1 0 Measured and computed values of matric suction at 137 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.11 Measured and computed values of matric suction at 177 em 
depth in the optimum cover compacted layer. 
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Figure 5.12 Measured and computed matric suction profiles in the 
optimum cover. 
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Figure 5.13 Adjusted TOR and computed values of water content at 35 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.14 Adjusted TOR and computed values of water content at 75 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.15 Adjusted TOR and computed values of water content at 137 
em depth in the optimum cover uncompacted layer. 
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Figure 5.16 Adjusted TOR and computed values of water content at 177 
em depth in the optimum cover compacted layer. 
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Figure 5.17 Measured and computed values of temperature at 35 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.18 Measured and computed values of temperature at 75 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.19 Measured and computed values of temperature at 137 em 
depth in the optimum cover uncompacted layer. 
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Figure 5.20 Measured and computed values of temperature at 177 em 
depth in the optimum cover compacted layer. 
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5.1.2 Alternate Cover 

5.1.2.1 Model Details and Calibration 

Calibration of the alternate cover model was carried out in a manner similar to 

that used for the optimum cover. The following sections briefly describe the 

details of the calibrated model. 

Model Profile 

The cover profile used for the field response modelling consisted of 250 em of 

uncompacted oxidised waste rock with properties based on the results from 

laboratory sample 3 testing. A 500 em section of mineralized waste rock was 

then placed below the cover with properties represented by the results from 

laboratory testing of sample 6. 

Simulation Period and Initial Conditions 

The simulation period and procedures for determining initial conditions were 

identical to those used for the optimum cover. They are described in section 

5.1.1.1. 
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Boundary Conditions 

The procedures for determining the boundary conditions were identical to those 

used for the optimum cover. They are described in section 5.1.1.1. 

Calibration of the Vegetation Parameters 

As was discussed earlier in Chapter 3 the vegetation on the alternate cover 

germinated at the end of the 1995/1996 wet season, therefore vegetation was 

assumed to be well established. Depth of root penetration was set slightly 

above the bottom of the cover at 200 em in an attempt to represent the lack of 

root density observed in the deeper levels of the cover. Figure 5.21 shows the 

leaf area index function used to represent the vegetation. Similar to the 

optimum cover it was somewhat difficult to predict due to the changing 

vegetation conditions. It was based on a combination of general observations 

made by mine site personnel and on trial and error to get reasonable suction 

profiles representing periods that the cover was drying out. 

The moisture limiting point and wilting point were set at 100 kPa and 2500 kPa 

respectively and is described in more detail in section 5.1.1.1. 
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Figure 5.21 Alternate cover leaf area index function used in the SoiiCover 
model calibration. 

Thermal Properties 

The procedures for determining the thermal properties of the cover and waste 

rock material were identical to those used for the optimum cover. They are 

described in section 5.1.1.1. 

Calibration of the Soil Water Characteristic Curves 

The soil water characteristic curve developed for the optimum cover 

uncompacted layer material was reused in the field response modelling for the 

alternate cover. This was considered reasonable since the uncompacted layer 

in both covers was constructed in an identical manner with material from the 
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same stockpiles. It was noted in the field program that the grain size of the 

alternate cover material was slightly finer than in the optimum cover, however it 

was felt that the effect on the soil water characteristic curve would be minor. 

The soil water characteristic curve for the mineralized waste rock was also 

reused from the optimum cover modelling and is considered reasonable. 

Section 5.1.1.1 describes the procedure used to determine the soil water 

characteristic curve for the two materials described above. 

Calibration of Hydraulic Conductivity 

The saturated hydraulic conductivity developed for the optimum cover 

uncompacted layer material was initially reused in the field response modelling 

for the alternate cover material. However subsequent calibration of the model 

revealed that better results were obtained by increasing the saturated hydraulic 

conductivity from 1x10-4 cm/s to 2x10-4 cm/s. 

As discussed earlier, Rykaart (1999) measured saturated hydraulic conductivity 

at several different locations on the surface of the alternate cover by, using a 

double ring infiltrometer. The average measured saturated hydraulic 

conductivity was found to be 1.89x1 o-3 cm/s and is about one order of 

magnitude higher than used in the alternate cover modelling. This was 

considered reasonable since the surface would be expected to have a 
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saturated hydraulic conductivity higher than the average of the entire cover 

profile. 

5.1.2.2 Calibrated Model Results 

The results of the calibrated model indicated that there was no net downward 

flux across the cover/waste rock interface for the entire 1996 to 1999 period. 

This compares well to the lysimeters which did not measure any infiltration. 

Figures 5.22 through 5.24 show the calculated net surface flux results for each 

year of the alternate cover calibrated model. Shown are values for potential 

evapotranspiration, actual evaporation, potential and actual transpiration, 

precipitation and cover infiltration. Positive values indicate fluxes into the cover, 

where as negative values indicate fluxes out of the cover. It should be noted 

that SoiiCover calculates infiltration by subtracting runoff and actual evaporation 

from rainfall. The actual net flux across the cover surface is calculated by 

subtracting actual transpiration from infiltration. This resulted in the cover 

wetting up by 52 mm, in the 1996/97 period, wetting up by 112 mm in the 

1997/98 period, and drying up by 17 mm in the 1998/99 period. This showed 

that the alternate cover failed to dry out to initial conditions after the first and 

second year and likely reached a condition close to equilibrium in the final year. 

This result is mainly due to the decreasing transpiration rates, which tended to 

be offset by actual evaporation in the final year as the cover became wetter. 
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Figures 5.25 through 5.28 show the computed values of matric suction 

compared to measured values in the alternate cover at depths of 35 em, 75 em, 

150 em and 200 em respectively. It can be seen that there was reasonable 

agreement between computed and measured values with deviations typically 

occurring at the extreme values of suction where the sensors were often 

operating well outside their calibrated range. Figure 5.29 shows the measured 

and computed matric suction profiles in the alternate cover between 1996 and 

1999, both before and after each wet season. It can be seen that the computed 

suctions compared reasonably well with measured suctions throughout the 

cover profile with the exception of the 12 March 1997 profile. This difference 

was attributed to the wetting front in the model taking slightly longer to move 

down the profile than in the field. In general the results demonstrate that the 

calibrated model is valid and is responding appropriately to atmospheric forcing. 

Figures 5.30 through 5.33 show the computed values of water content 

compared to adjusted TOR values measured in the alternate cover at depths of 

35 em, 75 em, 150 em and 200 em respectively. The TOR measured values 

were adjusted by taking 60 °/o of the measured raw value to account for the fact 

that the sensors appeared to read about 167 % of actual as discussed in 

chapter 4. In general there is fairly good agreement between computed and 

adjusted values with deviations becoming more extreme at the deeper cover 

depths. 
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Figure 5.34 through 5.37 show the computed values of temperature compared 

to measured values in the alternate cover at depths of 35 em, 75 em, 150 em 

and 200 em respectively. It can be seen that there is relatively good agreement 

between computed and measured values with deviations appearing more 

extreme at the shallower depths and later in the simulation period. 

In conclusion, the 3 years of field response modelling demonstrated that the 

alternate cover model calibration was valid. Further confidence in the model is 

supported by the fact that the second and third year computed results were 

similar to values measured in the field. This occurred even though the model 

initial conditions were based on the output from the prior model year and not 

field measurements. If the model calibration was not correct, then it would have 

been expected that the model computed values would have significantly 

deviated from those measured in the field as time progressed. 
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Figure 5.22 Calculated net surface fluxes for the alternate cover model 
from 1996 to 1997. 
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Figure 5.23 Calculated net surface fluxes for the alternate cover model 
from 1997 to 1998. 
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Figure 5.24 Calculated net surface fluxes for the alternate cover model 
from 1998 to 1999. 
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Figure 5.25 Measured and computed values of matric suction at 35 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.26 Measured and computed values of matric suction at 75 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.27 Measured and computed values of matric suction at 150 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.28 Measured and computed values of matric suction at 200 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.30 Adjusted TOR and computed values of water content at 35 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.31 Adjusted TOR and computed values of water content at 75 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.32 Adjusted TOR and computed values of water content at 150 
em depth in the alternate cover uncompacted layer. 
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Figure 5.33 Adjusted TOR and computed values of water content at 200 
em depth in the alternate cover uncompacted layer. 
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Figure 5.34 Measured and computed values of temperature at 35 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.35 Measured and computed values of temperature at 75 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.36 Measured and computed values of temperature at 150 em 
depth in the alternate cover uncompacted layer. 
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Figure 5.37 Measured and computed values of temperature at 200 em 
depth in the alternate cover uncompacted layer. 
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5.2 Analysis of Cover Response 

In order to gain further insight into the performance of both cover profiles and to 

help explain the numerical modelling results, a conceptual approach of how 

store and release cover systems work was developed. Based on this 

conceptual approach, a water balance analysis was then carried out to 

determine how the volume of water stored in the cover profile changed with 

time. This in turn allowed estimates of actual evapotranspiration to be made 

and compared with the field response modelling results. 

5.2.1 Conceptual Approach to Store and Release Covers 

A store and release cover system, as outlined in chapter 2, works on the 

principal of storing infiltrating moisture in the cover profile during the wet season 

and then subsequently releasing back to the atmosphere through 

evapotranspiration. During the dry season the cover will tend to dry to a water 

content that is proportional to the wilting point of the cover vegetation. Then 

during the wet season the cover will store infiltrating moisture from rainfall 

events. The amount of storage available can be subdivided into both short term 

and long term components and these are dictated by the SWCC. The long term 

component is the difference between the volumetric water content of the cover 

profile at a drained or residual state minus the volumetric water content at the 

wilting point state. This long term storage is characterized by the fact that no 

matter how long the liquid water remains in the cover, it will not percolate down 
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into the underlying waste rock due to the moisture retention characteristics of 

the soil. Once the cover water content profile exceeds this value, percolation 

through the cover to the underlying waste rock can occur. However, in order for 

this to occur, moisture from a given rainfall event must first move down through 

the cover. This moisture movement takes time and provides a certain amount 

of short term storage. Provided the moisture can be extracted by 

evapotranspiration before the wetting front reaches the underlying waste rock, 

no net percolation of water to the waste rock will occur. Theoretically, the 

amount of short term storage available is equal to the moisture content of the 

cover material at' saturation minus the porosity of the soil at the residual state. 

Figure 5.38 shows the different water content profiles and helps illustrate this 

conceptual approach. 

Volumetric Water Content 

0 0.1 0.2 0.3 0.4 0.5 

0.5 Long Short - Term Term -a-Wilting Point E - Storage Storage J: 1 ~Residual ... 
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Figure 5.38 Conceptual diagram of cover moisture profile. 
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5.2.2 Water Balance Analysis 

A detailed water balance analysis was carried out for both the optimum and 

alternate cover profiles from June 1996 until September 1997. This period was 

chosen because there were no sensor failures or gaps in the data set, with the 

exception of two sensors. One sensor in the optimum cover at 175 em depth 

measured water content readings in excess of 100 %, and one sensor in the 

alternate cover at 225 em depth measured negative water content values. Both 

sensor readings were omitted from the analysis. The analysis assumed all 

rainfall infiltrated into the cover profile such that runoff was illuminated and that 

drainage or percolation of moisture from the base of the covers into the waste 

rock was not occurring. The analysis was carried out by summing each water 

content sensor reading multiplied by its incremental depth, for each day. The 

cover moisture storage could then be determined for each day and the change 

in daily storage calculated. An estimate of the actual evapotranspiration could 

subsequently be made by subtracting the change in daily storage from the daily 

precipitation. Figure 5.39 shows the daily storage of moisture for the optimum 

cover profile for the period June 1996 to September 1997. It can be seen that 

the storage increases rapidly during rainfall events and decreases more slowly 

during evapotranspiration. It can also be seen that the change in cover storage 

during rainfall events is greater than the actual rainfall amounts. By comparing 

values from each rainfall event to changes in cover storage, an estimate was 

made of how much the water content sensors were overestimating the actual 
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field values (e.g. the measured cover storage increased from about 310 mm to 

560 mm between March 3 to 5 1997 when the recorded rainfall was only 153 

mm, this works out to the sensors reading 163 % of the actual value). The 

procedure was repeated for several events and it was found that the optimum 

cover sensors were reading about 171 % of what they should have been on the 

basis of changes in cover storage during rainfall events. This compared 

favourably to the 167 °/o estimated on the basis of the field sampling carried out 

in chapter 4. 
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Figure 5.39 Calculated moisture storage in the optimum cover from June 
1996 to September 1997. 

On the basis of the results described above, the water content sensor values 

where then modified by a correction factor to reduce the overestimate of the 

readings. Figure 5.40 shows the corrected daily cover moisture storage for the 
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optimum cover profile for the period June 1996 to September 1997 while Figure 

5.41 shows the daily actual evapotranspiration rates computed on this basis of 

change in soil moisture storage. Figure 5.42 shows the cumulative actual 

evapotranspiration and precipitation fluxes at the optimum cover. 
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Figure 5.40 Corrected moisture storage in the optimum cover from June 
1996 to September 1997. 

It can be seen that the actual evapotranspiration was approximately equal to 

zero until the start of the wet season when the vegetation would have 

germinated and started to transpirate. It can also be seen that the average 

actual evapotranspiration rate was about 3.8 mm per day during the wet 

season, which corresponds to when the short term cover storage would have 

been utilized after the long term storage was depleted. Finally, it can be seen 

that the average actual evapotranspiration rate was about 0.7 mm during the 
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following dry season corresponding to when the long term storage would be 

replenished. In additional, it can be seen that more moisture was removed from 

the cover compared to the amount of precipitation. Based on these results, 

about 585 mm of actual evapotranspiration took place on the optimum cover 

during the first year compared with 613 mm calculated by the SoiiCover model, 

and 346 mm for the Bowen ratio system. This provides further support that the 

SoiiCover Model results are valid and that the Bowen ratio system was under 

estimating actual evapotranspiration. 
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Figure 5.41 Calculated daily actual evapotranspiration rates on the 
optimum cover from June 1996 to September 1997. 
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Figure 5.42 Calculated cumulative actual evapotranspiration and 
precipitation on the optimum cover from June 1996 to 
September 1997. 

Figures 5.43 through 5.45 illustrate the various water balance plots for the 

alternate cover based on the water content readings corrected by the same 

amount as the optimum cover. It can be seen that the results are not as good 

and that it appears the correction for the water content sensors needs to be 

increased. However it can be seen that the alternate cover desiccated at a 

slower rate and stayed wetter longer than the optimum cover. 
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Figure 5.43 Corrected moisture storage in the alternate cover from June 
1996 to September 1997. 
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Figure 5.44 Calculated daily actual evapotranspiration rates on the 
alternate cover from June 1996 to September 1997. 
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Figure 5.45 Calculated cumulative actual evapotranspiration and 
precipitation on the alternate cover from June 1996 to 
September 1997. 

5.3 Predictive Modelling 

Long term performance of the covers is dependent on overall climatic 

conditions, cover vegetation, and cover integrity. Results obtained from 

modelling the wet, mean and dry years can be used to give an estimate of how 

the covers can be expected to perform in the long term, provided their integrity 

is maintained. Cover integrity can be expected if soil erosion is continued to be 

prevented by control of runoff, and vegetation is not compromised by over 

grazing of livestock, or lack of nutrients. 
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5.3.1 Model Scenarios 

The following sections describe the scenarios used. 

5.3.1.1 Wet Year 

Extreme wet year predictive modelling was carried out using the same initial 

conditions and boundary conditions used at the start of the field response 

modelling on 15 June 1996. The vegetation was assumed to be well 

established and of reasonably good quality, with roots extending throughout the 

depth of both covers. The leaf area index function is shown in Figure 5.46 and 

has a maximum value of 1.7. The wettest year of weather data recorded at the· 

mine, was used for the simulation (1990/91), and totaled 1349 mm of 

precipitation or 189 o/o of the normal value of 712 mm. Based on historic 

climate records going back to 1915 for the nearby Kidston town site, this 

represents a return period of about 1 in 1 00 years for the wettest month and 1 

in 10 years for the year. Rainfall was redistributed to prevent runoff from 

occurring once the ability of the cover to accept infiltration was exceeded. 
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Figure 5.46 Leaf area index function used in extreme wet year predictive 
modelling for the optimum and alternate cover. 

5.3.1.2 Mean Year Model 

The mean year was considered represented by the 1997/98 season modelling 

which had 623 mm of rainfall or 88 % of the average 712 mm value recorded at 

Kidston. Vegetation was considered average (i.e. specified as grass) with the 

leaf area index ranging from 0.6 to 0.1. 

5.3.1.3 Dry Year Model 

To represent a dry year, the modelling from the 1998/99 season was 

considered representative. This year had 475 mm of precipitation, which was 

about 66 % of the average value of 712 mm recorded at Kidston. Poor 
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vegetation was specified for this model with the leaf area index reduced to 0.1. 

This is reasonable since the death of vegetation may be expected in dry years. 

5.3.2 Model Results 

5.3.2.1 Wet Year 

Extreme wet year (1990/1991) cumulative flux charts computed for the optimum 

and alternate covers are shown in Figures 5.4 7 and 5.48 respectively. It can be 

seen that the ability of both covers to prevent infiltration into the underlying 

waste rock was not demonstrated. The optimum cover design allowed 731 mm 

or 54 % of the 1349 mm of rainfall to infiltrate past the cover into the waste rock 

below. The alternate cover design allowed 691 mm or 51 %of the 1349 mm of 

rainfall to infiltrate past the cover into the waste rock below. From the charts it 

can also be seen that both covers had water break through on about 11 

January 1991 after about 389 mm and 4 70 mm of rainfall had been applied to 

the optimum and alternate covers respectively. Drainage occurred from the 

bottom of the waste rock about 14 days later. Infiltration past the covers 

stopped on about 24 February 1991 after rainfall ceased. Seepage from the 

bottom of the waste rock continued until the majority had drained by about the 

beginning of June 1991. 
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5.3.2.2 Mean Year 

From section 5.1 the calculated downward flux past the base of the optimum 

and alternate covers was found to be 0 %of the rainfall. 

5.3.2.3 Dry Year 

From section 5.1 the calculated downward flux past the base of the optimum 

and alternate covers was again found to be 0 % of the rainfall. 
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Figure 5.47 Calculated net fluxes for the 1990/1991 extreme wet year 
calibrated optimum cover model. 
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Figure 5.48 Calculated net fluxes for the 1990/1991 extreme wet year 
calibrated alternate cover model. 

5.3.2.4 Interpretation of Results 

From the results it appears that both covers perform well under mean and dry 

year conditions. Infiltration of rain down through the covers into the waste rock 

was determined to be negligible. However the ability of both covers to prevent 

infiltration into the underlying waste rock during extreme wet years was not 

demonstrated. Based on the calibrated soil parameters the optimum and 

alternate covers allowed 54 % and 51 % respectively of the extreme wet year 

rainfall to pass into the underlying waste rock. This is in direct contrast to the 

original estimates made by Bews et al. (1997), that the flux through the base of 

the cover would approach zero. There are two ma.in reasons for this 

discrepancy. The first is that the original design modelling used a saturated 
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hydraulic conductivity for the uncompacted layer of 1 x1 o-6 cm/s which is two 

orders of magnitude lower than determined for the test covers on the basis of 

field response modelling. The second, and more significant reason is that the 

original design modelling allowed between 941 mm and 951 mm of runoff to 

occur. This runoff should have been stored and redistributed to properly model 

the effects of runoff control by the surface hummocks. 

5.4 Final Closure Cover Design 

Modelling for both covers clearly demonstrated that their ability to act as store 

and release systems was quickly exceeded during the extreme wet year. This 

was expected since 945 mm of precipitation fell during the wettest one month 

period. The·amount of precipitation for this month was large when compared to 

the monthly potential evapotranspiration of approximately 140 mm and 

maximum available cover storage of about 280 mm and 350 mm in the optimum 

and alternate covers, respectively. The SoiiCover model showed that the 

extreme wet year rainfall quickly wet up the covers to saturation. This in turn 

led to large amounts of infiltration into the waste rock on the order of 50 % of 

precipitation. 

In order to prevent these large amounts of infiltration, the most reasonable way 

to accomplish it, assuming runoff is not allowed, is by having an improved 

barrier layer with a lower saturated hydraulic conductivity. Assuming a low 

enough saturated hydraulic conductivity could be achieved in the compacted 
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layer of the optimum cover design the cover system could transform from a 

store and release system to a barrier system and transmit much less water into 

the waste rock. The amount of infiltration would then be directly proportional to 

the saturated hydraulic conductivity of the material in the compacted layer 

together with the height of the water table that developed in the uncompacted 

layer. 

Since Earth tech Laboratories ( 1996b) demonstrated that low saturated 

hydraulic conductivities could be achieved in the compacted layer, it was felt 

that the optimum cover design could still be successful. To verify this 

assumption two optimum cover modelling scenarios were conducted based on 

both the average (3.8x1 o-7 cm/s) and highest (2x1 o-s cm/s) reported saturated 

hydraulic conductivities measured for the compacted layer. Rainfall was 

applied until the cover profiles generated runoff at which point it was stored and 

redistributed at a rate equal to potential evapotranspiration plus infiltration. 

Figures 5.49 and 5.50 show the computed cumulative fluxes for both scenarios. 

The results showed that infiltration into the underlying waste rock varied from 60 

mm or less than 5 % of extreme wet year precipitation to 331 mm or less than 

25 % of extreme wet year precipitation, for the average and high hydraulic 

conductivity runs, respectively. Based on these results a third scenario was 

also modelled to see if increasing the height of the uncompacted layer would 

help. It was found that increasing the height of the uncompacted layer from 150 

em to 250 em in the high hydraulic conductivity run did not result in decreased 
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infiltration into the waste rock. In fact it resulted in an increased hydraulic head 

above the compacted layer and a higher infiltration rate into the waste rock of 

29% (389 mm). 
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Figure 5.49 Calculated net fluxes for the 1990/1991 extreme wet year 
optimum cover model with high compacted layer Ksat. 

It was then considered that reducing the thickness of the uncompacted layer 

would result in reduced hydraulic head and likely less infiltration into the 

underlying waste rock. However this was not modelled as it was felt that 

reducing the height of the uncompacted layer could lead to dissication and 

cracking of the compacted layer during dry conditions. This would ultimately 

increase the saturated hydraulic conductivity of the layer and promote infiltration 

through the cover during subsequent wet years. Additionally decreasing the 

thickness of the uncompacted layer would led to more frequent saturated cover 
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conditions with associated increased actual evaporation. This would ultimately 

reduce the stored cover moisture available to vegetation during the dry season. 
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Figure 5.50 Calculated net fluxes for the 1990/1991 extreme wet year 
optimum cover model with average compacted layer Ksat. 

Modelling results also showed that infiltration into the underlying waste rock 

quickly approached zero following ponding conditions. The lower profile of the 

cover developed suctions corresponding to the residual water content of the 

waste rock (about 1 kPa). A capillary break formed and further infiltration into 

the waste rock was prevented. 

On the basis of these results the optimum cover is the recommended design for 

closure of the waste rock dumps at Kidston Gold Mine Ltd. Provided that good 

sustainable vegetation can be established on the surface and low saturated 
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hydraulic conductivities can be achieved throughout the compacted layer, 

infiltration through the cover and into the underlying waste rock will likely be 

reduced to between 5 % to 25 % of extreme wet year precipitation. Table 5.1 

presents a summary of the predictive modelling results. 

Table 5.1 Predictive modelling infiltration results for the wet, mean and 
dry years. 

COVER TYPE INFILTRATION 
Wet Year Mean Year Dry Year 
1349 mm 623mm 475mm 

Alternate 
250 em uncompacted 51% 0% 0% 
(Ksat= 2x1 04 cm/s) 

Optimum 
150 em uncompacted (Ksat= 1x104 cm/s) 54% 0% 0% 

50 em compacted {Ksat= 5x10-5 cm/s) 
Optimum 

150 em uncompacted (Ksat= 1x104 cm/s) 25% N/A N/A 
50 em compacted {Ksat=2x10-6 cm/s) 

. Optimum 
150 em uncompacted (Ksat= 1x104 cm/s) 5% N/A N/A 
50 em compacted (Ksat = 3.8x1 o-7 cm/s) 

Optimum 
250 em uncompacted(Ksat= 1x104 cm/s) 29% N/A N/A 

50 em compacted {Ksat=2x1 o-6 cm/s) 

5.5 Summary 

In conclusion predictive modelling has shown that the two test covers installed 

at Kidston Gold mine will work satisfactorily for the dry and mean weather 

years. However their ability to prevent infiltration of water into the underlying 

waste rock during extreme wet years has not been demonstrated and infiltration 

rates over 50 o/o have been predicted. This is the result of the 1 in 100 year 
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rainfall month quickly overloading the covers due to the requirement that runoff 

be prevented. The solution is to use the optimum cover design while ensuring· 

that the saturated hydraulic conductivity in the compacted layer is as low as 

possible so that it can act as an effective barrier. Based on achievable 

saturated hydraulic conductivities in the compacted layer infiltration into the 

underlying waste can be reduced to between 5 % to 25 % of extreme wet year 

precipitation. 

If it is then determined that evaporation ponds are required for the collection 

and subsequent evaporation of the drainage from the waste rock dumps then 

the above modelling results can also be used as the basis for design. 

Assuming the worst case scenario above with about 331 mm or 25 % rainfall 

infiltrating into the waste rock one can see from Figure 5.50 that infiltration 

through the cover and into the underlying waste rock occurred on about 18 

January 1991 after about 436 mm of rainfall had been applied. Drainage 

occurred from the bottom of the waste rock on about 10 March 1991. Infiltration 

past the covers stopped on about 9 April 1991 after rainfall ceased. Seepage 

from the bottom of the waste rock continued until the majority had drained by 

about the beginning of July 1991 with the cumulative bottom total value being 

324 mm. It should also be noted that about 35 mm of initial drainage was 

computed exiting from the bottom of the waste rock prior to the break through in 

the cover. This is a result of the waste rock suction profile moving to an 

equilibrium state from the initial conditions, which assumed the waste rock 
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suction profile increased linearly from 0 kPa to 4 kPa. Therefore total bottom 

flow attributed to the 331 mm of infiltration through the cover can be determined 

by subtracting the initial drainage (35 mm) from the cumulative total drainage 

(324) to get a value of 289 mm. 

Potential evapotranspiration over the entire year totaled 2143 mm. Therefore 

the size requirement of an evaporation pond (assuming no leakage) to 

evaporate the entire 289 mm of bottom drainage in one year is determined by 

dividing the bottom drainage by the total evapotranspiration. This works out to 

an area 13.5 % the size of the waste rock dump, however this assumes no 

rainfall collects in the evaporation pond which is not reasonable. Therefore the 

total area required due to adding the 1349 mm of rainfall works out to be 76.4 % 

the size of the waste rock dump which is likely too large to construct from an 

economic and environmental prospective. The solution would be to prevent 

drainage from the bottom of the waste rock dumps during the wet season so 

that the evaporation ponds could be allowed to drain the rainfall (however, the 

effect of this on water quality has not been determined). On completion of the 

wet season period the waste rock dumps could then be allowed to drain into the 

evaporation ponds. Assuming evaporation was allowed to occur from 1 May 

until 1 November then the resulting potential evaporation over this period would 

be 1086 mm. This would require the evaporation ponds to cover an area 26.6 

% the size of the waste rock dumps which is more reasonable. 
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Chapter 6 

CONCLUSION AND RECOMMENDATIONS 

6.1 Evaluation of Field Instrumentation 

The weather station installed as part of this research allowed for the proper 

characterization of climate during the period of study. Measurements of 

precipitation, relative humidity, wind speed, and net radiation defined the 

atmospheric boundary conditions experienced by the test covers. This was 

then used to calibrate the field response model. 

The thermal conductivity sensors worked successfully, defining the stress state 

conditions within the cover profiles (i.e. Matric suction). Due to the large range 

of suctions experienced in this type of site it is recommended that a more 

detailed calibration of the sensor be carried out in. the future for similar sites, so 

a better estimate of suctions can be made at the extreme values. 

The water content sensors worked satisfactorily to measure changes in 

volumetric water content. However, difficulties were experienced installing the 

probes which may have made them susceptible to large errors. In addition the 

conductivity of the cover material may have affected the sensor calibration 
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due to signal attenuation. The measured readings appeared to be about 160% 

to 170 % of the actual field value and were reduced accordingly for the field 

response modelling. A better method of installation such as direct burial during 

cover construction may improve performance. 

The Bowen ratio system worked with limited success and is not considered 

essential for verification of cover performance. The high initial cost of the 

system and subsequent time and effort required to keep the unit functioning in 

an extreme environment does not really justify its use. 

6.2 Evaluation of Test Cover Performance 

Both test covers appeared to perform as designed based on the drier than 

normal conditions experienced. The covers restricted the infiltration of water 

into the underlying waste rock to less than 1 % of annual precipitation. This 

was achieved by storing precipitation during the wet season and subsequently 

releasing it through evapotranspiration. The hummocky topography performed 

successfully in limiting runoff and associated erosion during the wet season. 

This was critical to ensuring the integrity of the cover system over the long term. 

Vegetation was also found to be a critical component to the performance of this 

store and release cover system. Poor vegetation performance was shown to 

result in lower transpiration rates and a wetter cover profile, as opposed to good 
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quality vegetation which resulted in higher transpiration rates and a drier cover 

profile. 

6.3 Field Response Modelling and Calibration 

Field response modelling using SoiiCover proved challenging. This is thought 

to be the result of several factors. The first is the fact that the model is one 

dimensional yet the hummocky cover surface is a complex three dimensional 

system. The second is the fact that the model generates runoff whenever the 

capacity to accept precipitation is exceeded. Due to the hummocky topography 

of the covers, runoff is not allowed to occur and all precipitation must enter the 

cover. To work around this problem, runoff generated during the SoiiCover 

simulation period was stored and reapplied on later days. Thirdly the model 

assumes uniform Darcy flow, yet evidence seemed to indicate other forms of 

preferential flow were occurring such as through macro pores. In reality this 

wets up the soil profile quicker at deeper depths. Lastly, uncertainty over the 

TOR measured water content and to some extent the suctions led to difficulties 

in generating the appropriate field SWCC and hydraulic conductivity function. 

In addition estimates of the leaf area index function were difficult due to the 

changing vegetation conditions on the covers. Finally after many iterations, a 

calibrated model was developed based on the 3 year period. Field response 

modelling determined that the model was valid and suitable for predictive 

modelling. 
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6.4 Predictive Modelling 

Based on the calibrated model, predictive modelling was carried out to 

determine the performance of the cover systems during dry, mean and extreme 

wet years. The results show that the two test covers installed at Kidston Gold 

mine will work satisfactorily for the dry and mean years with infiltration rates 

near zero. However their ability to prevent infiltration of water into the 

underlying waste rock during extreme wet years was not demonstrated and 

infiltration rates over 50% were predicted. This is the result of the 1 in 100 year 

rainfall month quickly overloading the covers due to the requirement that runoff 

be prevented. 

6.5 Recommended Final Cover Design 

Based on results from the predictive modelling, it was determined that the 

optimum cover compacted layer required a lower saturated hydraulic 

conductivity in order to reduce infiltration into the underlying waste rock during 

extreme wet years. Alternatively another possible option that may have merit is 

to stop preferential flow in the cover soil matrix so that more storage could be 

made available in the cover profile. This could be done by ensuring that 

segregation of fine and coarse material did not occur during cover construction. 

However vegetation macro pores could still be a problem. 

Page 168 



Several modelling simulations were carried out using both the average and 

highest reported saturated hydraulic conductivities determined for the 

compacted layer material. It was found that the infiltration into the underlying 

waste rock could be reduced to between 5 % to 25 % of wet year precipitation 

assuming the appropriate hydraulic conductivity could be developed in the 

compacted layer. On the basis of these results the optimum cover design is the 

recommended final waste rock dump closure method. 

6.6 Vegetation and Cover Performance 

As was seen the development of good quality sustainable vegetation will be one 

of the key issues in the long-term performance of the final waste rock dump 

covers. This is because without good quality vegetation, the covers cannot dry 

out sufficiently to act as store and release systems. This means over grazing of 

cover grass by cattle could compromise performance, however if sufficient 

shrub and tree quality and density can be achieved this will compensate. The 

other issue is whether the cover soils will be able to maintain sufficient nutrient 

levels to support .the vegetation. It is anticipated that nutrient levels should 

become more self sustaining in the long term as plants which recycle nutrients 

become more established. 
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6. 7 Future Research 

Future research could be conducted on developing a better method to 

automatically measure field volumetric water contents. This would aid in the 

development of a more accurate field SWCC that is needed for the model 

calibration. 

Additionally SoiiCover could be developed to a full three dimensional model so 

that changing surface topography could be accounted for. This would then 

allow runoff conditions to be controlled and better simulated. 

6.8 Concluding Remarks 

A research program was initiated to develop a suitable cover for the waste rock 

dumps at Kidston Gold Mines. Based on performance monitoring of two test 

covers over three years and predictive numerical modelling, a final cover design 

was recommended. It consisted of 150 em of uncompacted oxidized waste 

rock overlying a 50 em layer of compacted oxidized waste rock. It is expected 

that this cover will reduce infiltration into the underlying waste rock, to less than 

25 % of annual rainfall during extreme wet year conditions. 

In 1999 the Queensland Department of Mines and Energy approved the closure 

design. Rehabilitation commenced in October 2000. Since then almost 337 ha 

of waste rock has since been covered with 8.5 Mt of soil at a projected cost of 

$0.83 pert of soil moved (Placer Dome, 2000). 
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Appendix A: Datalogger Software Programs 

The PC208E (Campbell Scientific Inc., 1995b) software was used to control and 

log measurements from the field instrumentation installed at the Kidston Gold 

Mines waste rock dump cover trials. Tables A.1 through A.4 detail the 

programming used at the weather station, bowen ratio station, optimum cover 

instrumentation location, and alternate cover instrumentation respectively. 

Table A.1 Datalogger control program used at the weather 
station. 

;{CR10} 
;Program: Weather Station- Kidston Gold Mines 
;Flag Usage: none 
;Excitation Channel Usage: E1, E2, E3 
;Control Port Usage: none 
;Pulse Input Channel Usage: P1, P2 
;Output Array Definitions: none 

*Table 1 Program 
01: 60.0 Execution Interval (seconds) 

' 
;MEASURE BATTERY VOLTAGE 
;Store in Location 8 

1: Batt Voltage (P1 0) 
1 : 8 · Loc [ Batt_ Volt ] 

;MEASURE AIR TEMPERATURE 
;Input Channel 3 (single ended) 
;Store in Location 1 

2: Temp (107) (P11) 
1: 1 Reps 
2: 3 SE Channel 
3: 1 Excite all reps w/Exchan 1 

Page 176 



Table A.1 Datalogger control program used at the weather 
station. 

4: 1 Loc [ AirTemp_C] 
5: 1 Mult 
6: 0 Offset 

;MEASURE RELATIVE HUMIDITY 
;Input Channel 4 (single ended) 
;Store in Location 2 

3: Excite-Delay (SE) (P4) 
1: 1 Reps 
2: 5 n 2500 mV Slow Range 
3: 4 SE Channel 
4: 2 Excite all reps w/Exchan 2 
5: 15 Delay (units 0.01 sec) 
6: 2500 mV Excitation 
7: 2 Loc [ RH ] 
8: 0.1 Mult 
9: 0 Offset 

;MEASURE WIND SPEED 
;Pulse Input Channel 1 
;Store in Location 3 

4: Pulse (P3) 
1: 1 Reps 
2: 1 Pulse Input Channel 
3: 21 Low Level AC, Output Hz 
4: 3 Loc [ WS_km_hr] 
5: .3528 Mult 
6: 0 Offset 

;MEASURE WIND DIRECTION 
;Input Channel 5 (single ended) 
;Store in Location 4 

5: Excite-Delay (SE) (P4) 
1: 1 Reps 
2: 5 n 2500 mV Slow Range 
3: 5 SE Channel 
4: 3 Excite all reps w/Exchan 3 
5: 2 Delay {units 0.01 sec) 
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Table A.1 Datalogger control program used at the weather 
station. 

' 

6: 2500 mV Excitation 
7: 4 Loc [ WD_deg_N] 
8: 0.142 Mult 
9: 0 Offset 

;MEASURE NET RADIATION 
;Input Channel 1 (differential) 
;Store in Location 5 (mV) 
;Store in Location 6 (W /m"2) 

;Use the WIND SPEED to give a real-time wind correction 
;to net radiation. Must incorporate both the positive 
;and negative Q-7 calibration factors and the wind 
;speed corrections. 

' 
; First convert WS from km/hr to m/s 

6: Z=X*F (P37) 
1: 3 X Loc [ WS_km_hr] 
2: .27778 F 
3: 9 Z Loc [ WS_m_s ] 

;MONITOR THE Q-7 

7: Volt (Diff) (P2) 
1: 1 Reps 
2: 24 n 250 mV 60 Hz Rejection Range 
3: 1 DIFF Channel 
4: 5 Loc [ NR_mv ] 
5: 1 Mult 
6: 0 Offset 

8: IF (X<=>F) (P89) 

' 

1: 5 X Loc [ NR_mV ] 
2:3 >= 
3:0 F 
4:30 Then Do 

;Apply the positive calibration and wind speed 
;corrections using SUBROUTINE No.1 
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9: Do (P86) 
1: 1 Call Subroutine 1 

10: Else (P94) 

;Apply the negative calibration and wind speed 
;corrections using SUBROUTINE No.2 

11: Do (P86) 
1: 2 Call Subroutine 2 

12: End (P95) 

;MEASURE RAINFALL 
;Pulse Input Channel 2 
;Store in Location 7 

13: Pulse (P3) 
1: 1 Reps 
2: 2 Pulse Input Channel 
3: 2 Switch Closure 
4: 7 Lac [ Rain_mm ] 
5: 0.200 Mult 
6: 0 Offset 

;OUTPUT RAINFALL 
;Only if rainfall occurs, then output amount 
;and time that rainfall occurred. 

14: IF (X<=>F) (P89) 
1: 7 X Lac [ Rain_mm ] 
2:3 >= 
3: 0.200 F 
4: 10 Set Output Flag High 

15: Real Time (P77) 
1: 0110 Day,Hour/Minute 

16: Totalize (P72) 
1: 1 Reps 
2: 7 Lac [ Rain mm ] 
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' 
;HOURLY OUTPUT INSTRUCTIONS 
;Output average air temperature, relative humidity, 
;wind speed, wind direction, and net radiation every 
;hour on the hour. 

17: If time is (P92) 
1: 0 Minutes (Seconds --) into a 
2: 60 Interval (same units as above) 
3: 10 Set Output Flag High 

18: Real Time (P77) 
1: 0110 Day,Hour/Minute 

19: Average (P71) 
1: 6 Reps 
2: 1 Loc [ AirTemp_C] 

' 
;DAILY OUTPUT INSTRUCTIONS 
;Output maximum and minimum air temperature, relative 
;humidity, and wind speed for the previous day and the 
;time each maximum and minimum occurred. 

20: If time is (P92) 
1: 0 Minutes (Seconds --) into a 
2: 1440 Interval (same units as above) 
3: 10 Set Output Flag High 

21: Real Time (P77) 
1: 0110 Day,Hour/Minute 

22: Minimize (P7 4) 
1:3 Reps 
2: 10 Value with Hr-Min 
3: 1 Loc [ AirTemp_C] 

23: Maximize (P73) 
1:3 Reps 
2: 10 Value with Hr-Min 
3: 1 Loc [ AirTemp_C] 
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;Output total rainfall for the day and the average 
;air temperature, relative humidity, wind speed, wind 
;direction, and net radiation as well as sample the 
;battery voltage. All daily output occurs at midnight. 

24: Totalize (P72) 
1: 1 Reps 
2: 7 Loc [ Rain_mm ] 

25: Average (P71) 
1:6 Reps 
2: 1 Loc [ AirTemp_C] 

26: Sample (P70) 
1: 1 Reps 
2: 8 Loc [Batt_ Volt] 

;OUTPUT ALL FINAL STORAGE DATA TO THE STORAGE 
MODULE 

27: Serial Out (P96) 
1: 71 SM192/SM716/CSM1 

*Table 2 Program 
02: 0.0 Execution Interval (seconds) 

*Table 3 Subroutines 

;POSITIVE NET RADIATION CALIBRATION AND WIND SPEED 
CORRECTIONS 

1: Beginning of Subroutine (P85) 
1: 1 Subroutine 1 

2: Z=X*F (P37) 
1:9 X Loc [WS_m_s ] 
2:0.2 F 
3: 12 Z Loc [ C 

3: Z=X*F (P37) 
1: 12 X Loc [ C 
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2: .066 F 
3: 10 Z Loc [A 

4: Z=X+F (P34) 
1: 12 X Loc [ C 
2: .066 F 
3: 11 Z Loc [ B ] 

5: Z=X/Y (P38) 
1 : 1 0 X Loc [ A ] 
2: 11 Y Loc [ B ] 
3: 13 Z Loc [ Corr_Fact] 

6: Z=Z+1 (P32) 
1: 13 Z Loc [ Corr_Fact] 

7: Z=X*F (P37) 
1: 5 X Loc [ NR_mV ] 
2: 8.50 F 
3: 6 Z Loc [ NR_W_m2 ] 

8: Z=X*Y (P36) 
1:6 X Loc [ NR_W_m2 ] 
2: 13 Y Loc [ Corr_Fact] 
3: 6 Z Loc [ NR_W_m2 ] 

9: End (P95) 

' 
;NEGATIVE NET RADIATION CALIBRATION AND WIND SPEED 
CORRECTIONS 

10: Beginning of Subroutine (P85) 
1: 2 Subroutine 2 

11: Z=X*F (P37) · 
1:9 X Loc [WS_m_s ] 
2: .00174 F 
3: 10 Z Loc [A 

12: Z=X+F (P34) 
1: 10 X Loc [A 
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2: .99755 F 
3: 13 Z Loc [ Corr_Fact] 

13: Z=X*F (P37) 
1: 5 X Loc [ NR_mv ] 
2: 10.49 F 
3: 6 Z Loc [ NR_W_m2 ] 

14: Z=X*Y (P36) 
1:6 Xloc[NR_W_m2] 
2: 13 Y Loc [ Corr_Fact] 
3: 6 Z Loc [ NR_W_m2 ] 

15: End (P95) 

End Program 

-Input Locations-
1 AirTemp_C 0 4 1 
2 RH 0 41 
3 WS km hrO 51 
4 WD_deg_N 0 2 1 
5 NR mV 0 51 
6 NR_W_m2 0 4 4 
7 Rain mm 0 31 
8 Batt Volt 0 1 0 
9 WS m s 0 21 
10 A 0 2 2 
11 B 011 
12 c 0 2 1 
13 Corr Fact 0 2 3 
14 0 0 0 
15 0 0 0 
16 0 0 0 
17 0 0 0 
18 0 0 0 
19 0 0 0 
20 0 0 0 
21 0 0 0 
22 0 0 0 
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23 0 0 0 
24 0 0 0 
25 0 0 0 
26 0 0 0 
27 0 0 0 
28 0 0 0 
-Program Security-
0000 
0000 
0000 
-Mode 4-
-Final Storage Area 2-
0 

Table A.2 Datalogger control program used at the bowen ratio 
station. 

;{21X} 
;Program: May 31, 1996 Kidston Gold Mine 
;Flags Used in Program: 

; 1 High to disable averaging while the mirror stabalizes. 
;2 Active air intake: High - Upper; Low- Lower. 
;3 Battery subroutine: High - Pump and Mirror are off. 
;4 Set high to output data up to current time and disable 
; processing. Set low to resume processing 
;5 Used by the program when the operator disables the station. 
;6 Set high to turn on the pump and mirror. 
;7 Set high to turn off the pump and mirror. 
;8 Set high at the end of a 15 minute interval. Used to average 
; soil temperature during the last five minutes of a twenty minute 
; interval. 

*Table 1 Program 
01: 1.0 Execution Interval (seconds) 

;Measure panel temperature, air temperature, and 
;cooled mirror PRT. 
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1: Internal Temperature (P17) 
1: 1 Loc [ Pan_Temp] 

2: Thermocouple Temp (SE) (P13) 
1: 1 Reps 
2: 1 ri 5 mV Slow Range 
3: 8 SE Channel 
4: 2 Type E {Chromei-Constantan) 
5: 1 Ref Temp Loc [ Pan_ Temp] 
6: 3 Loc [ Low_TC ] 
7: 1 Mult 
8: 0 Offset 

3: Thermocouple Temp (DIFF) (P14) 
1: 1 Reps 
2: 1 ri 5 mV Slow Range 
3: 4 DIFF Channel 
4: 2 Type E (Chromei-Constantan) 
5: 3 Ref Temp Loc [ Low_ TC ] 
6: 2 Loc [ Upp_TC ] 
7: 1.0 Mult 
8: 0.0 Offset 

4: Full Bridge (P6) 
1: 1 Reps 
2: 1 ri 5 mV Slow Range 
3: 2 DIFF Channel 
4: 1 Excite all reps w/Exchan 1 
5: 5000 mV Excitation 
6: 8 Loc [ Dew_Point] 
7: 0.001 Mult 
8: .00498 Offset 

;Calculate temperature gradient, dew point 
;temperature, and vapour pressure 

5: Z=X-Y (P35) 
1: 3 X Loc [ Low_TC ] 
2: 2 Y Loc [ Upp_TC ] 
3:4 Zloc[Dei_T ] 
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6: BR Transform Rf[X/(1-X)] (P59) 
1: 1 Reps 
2: 8 Loc [ Dew _Point] 
3: 200 Mult (Rf) 

7: Temperature RTD (P16) 
1: 1 Reps 
2: 8 R/RO Loc [ Dew_Point] 
3: 8 Loc [ Dew_Point] 
4: 1 Mult 
5: 0 Offset 

8: Saturation Vapor Pressure (P56) 
1: 8 Temperature Loc [ Dew_Point] 
2: 9 Lo~ [ Vap_Press] 

;Output Processing 

9: If Flag/Port (P91) 
1: 15 Do if Flag 5 is High 
2: 0 Go to end of Program Table 

10: If time is (P92) 
1: 0 Minutes into a 
2: 20 Minute Interval 
3: 10 Set Output Flag High 

11: Set Active Storage Area (P80) 
1 : 1 Final Storage 
2: 110 Array ID or Loc [ ] 

; User can set flag 4, to output data up to the current 
;time and disable further output processing while 
;working on the system. 

12: If Flag/Port (P91) 
1: 14 Do if Flag 4 is High 
2:30 Then Do 

13: Do (P86) 
1: 10 Set Output Flag High 
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14: Set Active Storage Area (P80) 
1 : 1 Final Storage 
2: 112 Array ID or Loc [ ___ _ 

15: Do (P86) 
1: 15 Set Flag 5 High 

16: End (P95) 

17: Real Time (P77) 
1: 220 Day,Hour/Minute (prev day at midnight, 2400 at midnight) 

18: Sample (P70) 
1: 1 Reps 
2: 1 Loc [Pan_ Temp] 

19: Average (P71) 
1: 2 Reps 
2:3 Loc [ Low_TC ] 

20: If Flag/Port (P91) 
1: 12 Do if Flag 2 is High 
2:30 Then Do 

21: Do (P86) 
1: 19 Set Flag 9 High 

22: Else (P94) 

23: If Flag/Port (P91) 
1: 11 Do if Flag 1 is High 
2: 19 Set Flag 9 High 

24: End (P95) 

25: Average (P71) 
1: 2 Reps 
2: 8 Loc [ Dew_Point] 

26: Do (P86) 
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1 : 29 Set Flag 9 Low 

27: If Flag/Port (P91) 
1 : 22 Do if Flag 2 is Low 
2: 30 Then Do 

28: Do (P86) 
1: 19 Set Flag 9 High 

29: Else (P94) 

30: If Flag/Port (P91) 
1: 11 Do if Flag 1 is High 
2: 19 Set Flag 9 High 

31: End (P95) 

32: Average (P71) 
1: 2 Reps 
2: 8 Loc [ Dew_Point] 

33: Serial Out (P96) 
1: 30 SM192/SM716/CSM1 

*Table 2 Program 
02: 10.0 Execution Interval (seconds) 

;Time the cooled mirrors setting time. 

1: Time (P18) 
1: 0 Tenths of seconds into current minute (maximum 600) 
2: 400 Mod/By 
3: 11 Lac [ s_into_m] 

2: IF (X<=>F) (P89) 
1 : 11 X Loc [ s _into_ m ) 
2:4 < 
3: 100 F 
4: 21 Set Flag 1 Low 

;Check for system disable or re enable. 

Page 188 



Table A.2 Datalogger control program used at the bowen ratio 
station. 

3: If Flag/Port (P91) 
1: 15 Do if Flag 5 is High 
2:30 Then Do 

4: If Flag/Port (P91) 
1 : 24 Do if Flag 4 is Low 
2: 1 Call Subroutine 1 

5: End (P95) 

;Switch the cooled mirror intake every two m·inutes. 

6: If time is (P92) 
1: 0 Minutes into a 
2: 2 Minute Interval 
3: 30 Then Do 

7: Do (P86) 
1: 11 Set Flag 1 High 

8: If time is (P92) 
1: 0 Minutes into a 
2: 4 Minute Interval 
3: 30 Then Do 

9: Set Port (P20) 
1: 1 Set High 
2: 2 Port Number 

10: Do (P86) 
1: 12 Set Flag 2 High 

11: Else (P94) 

12: Set Port (P20) 
1: 1 Set High 
2: 1 Port Number 

13: Do (P86) 
1 : 22 Set Flag 2 Low 
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14: End (P95) 

15: Excitation with Delay (P22) 
1: 1 Ex Channel 
2: 0 Delay w/Ex (units= 0.01 sec) 
3: 2 Delay After Ex (units = 0.01 sec) 
4: 0 mV Excitation 

16: Set Port (P20) 
1: 0 Set Low 
2: 1 Port Number 

17: Set Port (P20) 
1:0 Set Low 
2: 2 Port Number 

18: End (P95) 

;Measure the battery voltage, net radiation, soil 
;temperature, soil heat flux. 

19: Batt Voltage (P1 0) 
1: 10 Lac [Battery ] 

20: Volt (Diff) (P2) 
1: 1 Reps 
2: 4 n 500 mV Slow Range 
3: 1 DIFF Channel 
4: 15 Lac [ Qnet ] 
5: 1 Mult 
6: 0 Offset 

21: IF (X<=>F) (P89) 
1 : 15 X Lac [ Qnet 
2:3 >= 
3:0 F 
4: 30 Then Do 

;Apply the positive multiplier. 

Page 190 



Table A.2 Datalogger control program used at the bowen ratio 
station. 

22: Z=X*F (P37) 
1 : 15 X Loc [ Qnet 
2: 9.41 F 
3: 15 Z Loc [ Qnet 

23: Else (P94) 

;Apply the negative multiplier. 

24: Z=X*F (P37) 
1 : 15 X Lo~ [ Qnet 
2: 11.74 F 
3: 15 Z Loc [ Qnet 

25: End (P95) 

26: Volts (SE) (P1) 
1: 2 Reps 
2: 2 n 15 mV Slow Range 
3: 9 SE Channel 
4: 16 Loc [ SHF _#1 ] 
5: 1 Mult 
6: 0 Offset 

27: Thermocouple Temp (DIFF) (P14) 
1: 1 Reps 
2: 1 n 5 mV Slow Range 
3: 3 DIFF Channel 
4: 2 Type E (Chromei-Constantan) 
5: 1 Ref Temp Loc [ Pan_ Temp] 
6: 20 Loc [ Tsoil ] 
7: 1 Mult 
8: 0 Offset 

28: Z=X*F (P37) 
1: 16 X Loc [ SHF _#1 
2:44.2 F 
3: 16 Z Loc [ SHF _#1 ] 

29: Z=X*F (P37) 
1: 17 X Loc [ SHF #2 ] 
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2:45.1 F 
3: 17 Z Loc [ SHF _#2 ] 

;Soil temperature is only averaged over the last five 
;minutes of the output interval in order to have the 
;change in temperature during teh interval. An average 
;rather than a sample is used to avoid perturbation by 
;an anomalous reading. 

30: If time is (P92) 
1: 15 Minutes into a 
2: 20 Minute Interval 
3: 18 Set Flag 8 High 

31: If Flag/Port (P91) 
1: 18 Do if Flag 8 is High 
2:30 Then Do 

32: Z=X+Y (P33) 
1: 20 X Loc [ Tsoil ] 
2: 21 Y Loc [ Ts_tot ] 
3: 21 Z Loc [ Ts_tot ] 

33: Z=Z+1 (P32) 
1: 22 Z Loc [ num_smpls] 

34: End (P95) 

;Output average net radiation and heat flux, average soil 
;temperature for the last five minutes, and the change in soil 
;tern perature. 

35: If time is (P92) 
1: 0 Minutes into a 
2: 20 Minute Interval 
3:30 Then Do 

36: Z=X/Y (P38) 
1 : 21 X Loc [ Ts _tot ] 
2: 22 Y Loc [ num_smpls] 
3: 24 Z Loc [ avg Ts ] 
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37: Z=X-Y (P35) 
1: 24 X Loc [ avg_ Ts ] 
2: 23 Y Loc [ prev_avg] 
3: 25 Z Loc [ Dei_Ts ] 

38: Z=X (P31) 
1:24 X Loc [ avg_Ts ] 
2: 23 Z Loc [ prev_avg] 

39: Z=F (P30) 
1:0 F 
2: 21 Z Loc [ Ts_tot ] 

40: Z=F (P30) 
1:0 F 
2: 22 Z Loc [ num_smpls] 

41: Do (P86) 
1 : 28 Set Flag 8 Low 

42: Do (P86) 
1: 10 Set Output Flag High 

43: Set Active Storage Area (P80) 
1 : 1 Final Storage 
2: 237 Array ID or Loc [ ] 

44: End (P95) 

45: Real Time (P77) 
1: 220 Day,Hour/Minute (prev day at midnight, 2400 at midnight) 

46: Average (P71) 
1: 3 Reps 
2: 15 Loc [ Qnet 

47: Sample (P70) 
1:2 Reps 
2: 24 Loc [ avg_ Ts ] 
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48: Do (P86) 
1: 2 Call Subroutine 2 

49: Serial Out (P96) 
1: 30 SM192/SM716/CSM1 

*Table 3 Subroutines 

;Subroutine 1, output the time the the processing is 
;re-enabled. 

1: Beginning of Subroutine (P85) 
1: 1 Subroutine 1 

2: Do (P86) 
1 : 25 Set Flag 5 Low 

3: Do (P86) 
1: 10 Set Output Flag High 

4: Set Active Storage Area (P80) 
1 : 1 Final Storage 
2: 303 Array ID or Loc [ ___ _ 

5: Real Time (P77) 
1: 220 Day,Hour/Minute (prev day at midnight, 2400 at midnight) 

6: End (P95) 

;Subroutine 2, power the pump and cooled mirror in response 
;to a user flag. Turn the pump and cooled mirror off if the 
;battery is <11.5 volts and switch it on again if> 12 volts. 

7: Beginning of Subroutine (P85) 
1: 2 Subroutine 2 

8: Set Port (P20) 
1: 16 Set According to Flag 6 
2: 3 Port Number 

9: Do {P86) 
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1 : 26 Set Flag 6 Low 

10: Set Port (P20) 
1: 17 Set According to Flag 7 
2: 4 Port Number 

11: Do (P86) 
1 : 27 Set Flag 7 Low 

12: IF (X<=>F) (P89) 
1: 10 X Lac [Battery ] 
2:4 < 
3: 11.5 F 
4: 30 Then Do 

13: If Flag/Port (P91) 
1: 23 Do if Flag 3 is Low 
2: 30 Then Do 

14: Set Port (P20) 
1: 1 Set High 
2: 4 Port Number 

15: Excitation with Delay (P22) 
1 : 4 Ex Channel 
2: 0 Delay w/Ex (units = 0.01 sec) 
3: 1 Delay After Ex (units = 0.01 sec) 
4: 0 mV Excitation 

16: Set Port (P20) 
1:0 Set Low 
2: 4 Port Number 

17: Do (P86) 
1: 13 Set Flag 3 High 

18: Do (P86) 
1: 10 Set Output Flag High 

19: Set Active Storage Area (P80) 
1 : 1 Final Storage 
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2:317 ArrayiDorloc[ ___ _ 

20: Real Time (P77) 
1: 220 Day,Hour/Minute (prev day at midnight, 2400 at midnight) 

21: Sample (P70) 
1: 1 Reps 
2: 10 Loc [ Battery ] 

22: Serial Out (P96) 
1: 30 SM192/SM716/CSM1 

23: End (P95) 

24: Else (P94) 

25: If Flag/Port (P91) 
1: 13 Do if Flag 3 is High 
2: 30 Then Do 

26: IF (X<=>F) (P89) 
1: 10 X Loc [Battery ] 
2:3 >= 
3: 12 F 
4: 30 Then Do 

27: Set Port (P20) 
1: 1 Set High 
2: 3 Port Number 

28: Excitation with Delay (P22) 
1: 4 Ex Channel 
2: 0 Delay w/Ex (units = 0.01 sec) 
3: 1 Delay After Ex (units = 0.01 sec) 
4: 0 mV Excitation 

29: Set Port (P20) 
1: 0 Set Low 
2: 3 Port Number 

30: Do {P86) 
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1 : 23 Set Flag 3 Low 

31: Do (P86) 
1 : 1 0 Set Output Flag High 

32: Set Active Storage Area (P80) 
1 : 1 Final Storage 
2: 328 Array ID or Loc [ ___ _ 

33: Real Time (P77) 
1: 220 Day,Hour/Minute (prev day at midnight, 2400 at midnight} 

34: Sample (P70) 
1: 1 Reps 
2: 10 Loc [ Battery ] 

35: Serial Out (P96) 
1: 30 SM192/SM716/CSM1 

36: End (P95) 

37: End (P95) 

38: End (P95) 

39: End (P95) 

End Program 

-Input Locations-
1 Pan_ Temp 0 3 1 
2 Upp_TC 2 1 1 
3 Low_TC 0 31 
4 Del T 0 2 1 
5 000 
6 000 
7 000 
8 Dew Point 2 5 3 
9 Vap_Press 0 1 1 
10 Battery 0 4 1 
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11 s into m 0 1 1 - -
12 0 0 0 
13 0 0 0 
14 0 0 0 
15 Qnet 0 6 5 
16 SHF #1 4 2 1 
17 SHF #2 16 2 2 
18 0 0 0 
19 0 0 0 
20 Tsoil 0 1 0 
21 Ts tot 0 2 2 
22 num_smpls 0 2 2 
23 prev_avg 0 1 1 
24 avg_Ts 0 3 1 
25 Del Ts 0 2 1 
26 0 0 0 
27 0 0 0 
28 0 0 0 
29 0 0 0 
30 0 0 0 
31 0 0 0 
-Program Security
a 
0000 
0000 

Table A.3 Datalogger control program used at the optimum cover 
instrumentation location. 

;{CR10} 
;Program: Mineralized Waste Main Instrumentation Location (MWML) 

*Table 1 Program 
01: 60.0 Execu-tion Interval (seconds) 

;Take suction, temperature, and w/c readings at noon and midnight 

1: If time is (P92) 
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1: 0 Minutes (Seconds --) into a 
2: 720 Interval (same units as above) 
3: 30 Then Do 

2: Batt Voltage (P1 0) 
1: 1 Loc [ Batt_ Volt] 

;Turn on suction AM416 

3: Do (P86) 
1: 41 Set Port 1 High 

;Start loop for soil temperature and suction readings 
;from suction/temperature sensors 

4: Beginning of Loop (P87) 
1: 0 Delay 
2: 13 Loop Count 

5: Temp (107) (P11) 
1: 1 Reps 
2: 1 SE Channel 
3: 3 Excite all reps w/Exchan 3 
4: 2 Loc [Ref_ Temp] 
5: 1 Mult 
6: 0 Offset 

6: Do (P86) 
1 : 72 Pulse Port 2 

7: Thermocouple Temp (DIFF) (P14) 
1: 1 Reps 
2: 1 n 2.5 mV Slow Range 
3: 2 DIFF Channel 
4: 1 Type T (Copper-Constantan) 
5: 2 Ref Temp Loc [Ref_ Temp] 
6: 5 -- Loc [ Temp_#1 ] 
7: 1.0 Mult 
8: 0.0 Offset 

8: Do (P86) 
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1: 43 Set Port 3 High 

9: Excitation with Delay (P22) 
1: 2 Ex Channel 
2: 100 Delay W /Ex (units = 0.01 sec) 
3: 0 Delay After Ex (units = 0.01 sec) 
4: 0 mV Excitation 

10: Volt (Diff) (P2) 
1: 1 Reps 
2: 1 n 2.5 mV Slow Range 
3: 2 DIFF Channel 
4: 3 Loc [ lnit_mV ] 
5: 1.0 Mult 
6: 0.0 Offset 

11 : Excitation with Delay (P22) 
1: 2 Ex Channel 
2: 2000 Delay W/Ex (units= 0.01 sec) 
3: 0 Delay After Ex (units = 0.01 sec) 
4: 0 mV Excitation 

12: Volt (Diff) (P2) 
1: 1 Reps 
2: 1 n 2.5 mV Slow Range 
3: 2 DIFF Channel 
4: 4 Loc [ Final_mV ) 
5: 1.0 Mult 
6: 0.0 Offset 

13: Do (P86) 
1 : 53 Set Port 3 Low 

14: Z=X-Y (P35) 
1: 4 X Loc [ Final_mV) 
2: 3 Y Loc [ lnit_mV ) 
3: 18 -- Z Loc [ Del_mV#1) 

15: End (P95) 

16: Do (P86) 
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1: 51 Set Port 1 Low 

;Take water content and thermistor string readings 

17: Do (P86) 
1: 44 Set Port 4 High 

18: Beginning of Loop (P87) 
1: 0 Delay 
2: 16 Loop Count 

19: Do (P86) 
1 : 75 Pulse Port 5 

20: Do (P86) 
1: 46 Set Port 6 High 

21: Excitation with Delay (P22) 
1: 2 Ex Channel 
2: 0 Delay W/Ex (units= 0.01 sec) 
3: 100 Delay After Ex (units= 0.01 sec) 
4: 0 mV Excitation 

22: Period Average (SE) (P27) 
1: 1 Reps 
2: 4 Input Gain = 1 
3: 5 SE Channel 
4: 10 No. of Cycles 
5: 5 · Timeout (units = 0.01 seconds) 
6: 47 -- Loc [ Period#1 ] 
7: 0.001 Mult 
8: 0 Offset 

23: Do (P86) 
1 : 56 Set Port 6 Low 

24: Excite-Delay (SE) (P4) 
1: 1 Reps 
2: 4 ri 250 mV Slow Range 
3: 6 SE Channel 
4: 1 Excite all reps w/Exchan 1 
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Table A.3 Datalogger control program used at the optimum cover 
instrumentation location. 

5: 0 Delay (units 0.01 sec) 
6: 250 mV Excitation 
7: 31 -- Loc [ Therm#1 
8: 0.002 Mult 
9: 0 Offset 

25: End (P95) 

26: Do (P86) 
1 : 54 Set Port 4 Low 

;Change thermistor readings to temperatures 

27: Polynomial (P55) 
1: 16 Reps 
2: 31 X Loc [ Therm#1 ] 
3: 31 F(X) Loc [ Therm#1 ] 
4: -74.162 co 
5: 646 C1 
6: -3846.1 C2 
7: 16090 C3 
8:-34177 C4 
9:29959 cs 

;Start output of data to final memory 

28: Do (P86) 
1 : 1 0 Set Output Flag High 

29: Real Time (P77) 
1: 220 Day,Hour/Minute (prev day at midnight, 2400 at midnight) 

;Output battery voltage and reference temperature 

30: Sample (P70) 
1: 2 Reps 
2: 1 Loc [Batt_ Volt] 

;Output soil temperatures from suction/temperature sensors 

31: Sample (P70) 
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Table A.3 Datalogger control program used at the optimum cover 
instrumentation location. 

1: 13 Reps 
2: 5 Loc [ Temp_#1 ] 

;Output delta mV readings for sucion measurements from 
;suction/temperature sensors 

32: Resolution (P78) 
1: 1 high resolution 

33: Sample (P70) 
1: 13 Reps 
2: 18 Loc [ Del_mV#1 ] 

34: Resolution (P78) 
1 : 0 low resolution 

35: Sample (P70) 
1: 12 Reps 
2: 47 Loc [ Period#1 ] 

36: Sample (P70) 
1: 16 Reps 
2: 31 Loc [ Therm#1 

37: Serial Out (P96) 
1: 71 SM192/SM716/CSM1 

38: End (P95) 

*Table 2 Program 
02: 0.0 Execution Interval (seconds) 

*Table 3 Subroutines 

End Program 

-Input Locations-
1 Batt Volt 1 1 1 
2 Ref Temp 1 2 2 
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Table A.3 Datalogger control program used at the optimum cover 
instrumentation location. 

3 lnit mV 1 1 1 
4 Final mV 1 1 1 
5 Temp_#1 6 0 0 
6 Temp_#2 10 0 0 
7 Temp_#3 10 0 0 
8 Temp_#4 10 0 0 
9 Temp_#5 10 0 0 
10 Temp_#6 10 0 0 
11 Temp_#? 10 0 0 
12 Temp_#8 10 0 0 
13 Temp_#9 10 0 0 
14 Temp_#10 10 0 0 
15 Temp_#11 10 0 0 
16 Temp_#12 10 0 0 
17 Temp_#13 18 0 0 
18Del mV#1600 
19 Del mV#2 10 0 0 
20 Del mV#3 10 0 0 
21 Del mV#4 10 0 0 
22 Del mV#5 10 0 0 
23 Del mV#6 10 0 0 
24 Del mV#7 10 0 0 
25 Del_mV#8 10 0 0 
26 Del mV#9 10 0 0 
27 Del mV#10 10 0 0 
28 Del mV#1110 0 0 
29 Del mV#12 10 0 0 
30 Del mV#13 18 0 0 
31 Therm#1 6 0 0 
32 Therm#2 1 0 0 0 
33 Therm#3 1 0 0 0 
34 Therm#4 1 0 0 0 
35 Therm#5 1 0 0 0 
36 Therm#6 1 0 0 0 
37 Therm#7 1 0 0 0 
38 Therm#8 1 0 0 0 
39 Therm#9 1 0 0 0 
40 Therm#10 10 0 0 
41 Therm#11 10 0 0 
42 Therm#12 10 0 0 
43 Therm#13 10 0 0 
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Table A.3 Datalogger control program used at the optimum cover 
instrumentation location. 

44 Therm#14 10 0 0 
45 Therm#15 1 0 0 0 
46 Therm#16 18 0 0 
4 7 Period#1 6 0 0 
48 Period#2 1 0 0 0 
49 Period#3 1 0 0 0 
50 Period#4 1 0 0 0 
51 Period#5 10 0 0 
52 Period#6 1 0 0 0 
53 Period#? 1 0 0 0 
54 Period#8 1 0 0 0 
55 Period#9 1 0 0 0 
56 Period#1 0 1 0 0 0 
57 Period#11 1 0 0 0 
58 Period#12 1 0 0 0 
59 Period#13 1 0 0 0 
60 Period#14 10 0 0 
61 Period#151000 
62 Period#16 18 0 0 
-Program Security-
0000 
0000 
0000 
-Mode 4-
-Final Storage Area 2-
0 

Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

;{CR10} 
;Program: Barren Waste Main Instrumentation Location (BWML) 

*Table 1 Program 
01: 60.0 Execution Interval (seconds) 

;Take suction, temperature, and w/c readings at noon and midnight 
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Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

1 : If time is (P92) 
1: 0 Minutes (Seconds --) into a 
2: 720 Interval (same units as above) 
3: 30 Then Do 

2: Batt Voltage (P1 0) 
1: 1 Loc [Batt_ Volt) 

;Turn on suction AM416 

3: Do (P86) 
1:41 Set Port 1 High 

;Start loop for soil temperature and suction readings 
;from suction/temperature sensors 

4: Beginning of Loop (P87) 
1: 0 Delay 
2: 15 Loop Count 

5: Temp (107) (P11) 
1: 1 Reps 
2: 1 SE Channel 
3: 3 Excite all reps w/Exchan 3 
4: 2 Loc [Ref_ Temp) 
5: 1 Mult 
6: 0 Offset 

6: Do (P86) 
1 : 72 Pulse Port 2 

7: Thermocouple Temp (DIFF) (P14) 
1: 1 Reps 
2: 1 fi 2.5 mV Slow Range 
3: 2 DIFF Channel 
4: 1 Type T (Copper-Constantan) 
5:2 Ref Temp Loc [Ref_ Temp) 
6: 5 -- Loc [ Temp#1 ] 
7: 1.0 Mult 
8: 0.0 Offset 
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Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

8: Do (P86) 
1 : 43 Set Port 3 High 

9: Excitation with Delay (P22) 
1: 2 Ex Channel 
2: 100 Delay W /Ex (units = 0.01 sec) 
3: 0 Delay After Ex (units = 0.01 sec) 
4: 0 mV Excitation 

10: Volt (Diff) (P2) 
1: 1 Reps 
2: 1 n 2.5 mV Slow Range 
3: 2 DIFF Channel 
4: 3 Loc [ lnit_mV ] 
5: 1.0 Mult 
6: 0.0 Offset 

11 : Excitation with Delay (P22) 
1: 2 Ex Channel 
2: 2000 Delay W/Ex (units= 0.01 sec) 
3: 0 Delay After Ex (units = 0.01 sec) 
4: 0 mV Excitation 

12: Volt (Diff) (P2) 
1: 1 Reps 
2: 1 n 2.5 mV Slow Range 
3: 2 DIFF Channel 
4: 4 Loc [ Final_mV] 
5: 1.0 Mult 
6: 0.0 Offset 

13: Do (P86) 
1 : 53 Set Port 3 Low 

14: Z=X-Y (P35) 
1: 4 X Loc [ Final_mV] 
2: 3 Y Loc [ lnit_mV ] 
3: 20 -- Z Loc [ Del_mV#1] 

15: End (P95) 
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Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

16: Do (P86) 
1: 51 Set Port 1 Low 

;Take water content and thermistor string readings 

17: Do (P86) 
1: 44 Set Port 4 High 

18: Beginning of Loop (P87) 
1: 0 Delay 
2: 16 Loop Count 

19: Do (P86) 
1 : 75 Pulse Port 5 

20: Do (P86) 
1: 46 Set Port 6 High 

21 : Excitation with Delay (P22) 
1 : 2 Ex Channel 
2: 0 Delay W/Ex (units= 0.01 sec) 
3: 100 Delay After Ex (units = 0.01 sec) 
4: 0 m V Excitation 

22: Period Average (SE) (P27) 
1: 1 Reps 
2: 4 Input Gain = 1 
3: 5 SE Channel 
4: 10 No. of Cycles 
5: 5 Timeout (units = 0.01 seconds) 
6: 51 -- Loc [ Period#1 ] 
7: 0.001 Mult 
8: 0 Offset 

. 23: Do (P86) 
1 : 56 Set Port 6 Low 

24: Excite-Delay (SE) (P4) 
1: 1 Reps 
2: 4 fi 250 mV Slow Range 
3: 6 SE Channel 
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Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

4: 1 Excite all reps w/Exchan 1 
5: 0 Delay (units 0.01 sec) 
6: 250 mV Excitation 
7: 35 -- Loc [ Therm#1 ] 
8: 0.002 Mult 
9: 0 Offset 

25: End (P95) 

26: Do (P86) 
1 : 54 Set Port 4 Low 

;Change thermistor readings to temperatures 

27: Polynomial (P55) 
1: 16 Reps 
2: 35 X Loc [ Therm#1 ] 
3: 35 F(X) Loc [ Therm#1 
4: -74.162 co 
5:646 C1 
6: -3846.1 C2 
7: 16090 C3 
8: -34177 C4 
9:29959 cs 

;Start output of data to final memory 

28: Do (P86) 
1: 10 Set Output Flag High 

29: Real Time (P77) 
1: 220 Day,Hour/Minute (prev day at midnight, 2400 at midnight) 

;Output battery voltage and reference temperature 

30: Sample (P70) 
1:2 Reps 
2: 1 Loc [Batt_ Volt] 

;Output soil temperatures from suction/temperature sensors 
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Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

31: Sample (P70) 
1: 15 Reps 
2: 5 Loc [ Temp#1 

;Output delta mV readings for sucion measurements from 
;suction/temperature sensors 

32: Resolution (P78) 
1: 1 . high resolution 

33: Sample (P70) 
1: 15 Reps 
2: 20 Loc [ Del_mV#1] 

34: Resolution (P78) 
1 : 0 low resolution 

35: Sample (P70) 
1: 12 Reps 
2: 51 Loc [ Period#1 ] 

36: Sample (P70) 
1: 16 Reps 
2: 35 Loc [ Therm#1 

37: Serial Out (P96) 
1:71 SM192/SM716/CSM1 

38: End (P95) 

*Table 2 Program 
02: 0.0 Execution Interval (seconds) 

*Table 3 Subroutines 

End Program 

-Input Locations-
1 Batt Volt 1 1 1 
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Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

2 Ref_ Temp 1 2 1 
3 lnit mV 1 1 1 
4 Final mV 1 1 1 
5 Temp#1 6 0 0 
6 Temp#2 10 0 0 
7 Temp#3 10 0 0 
8 Temp#4 10 0 0 
9 Temp#5 10 0 0 
10 Temp#6 10 0 0 
11 Temp#? 1 0 0 0 
12 Temp#8 10 0 0 
13 Temp#9 10 0 0 
14 Temp#10 10 0 0 
15 Temp#11 10 0 0 
16 Temp#12 10 0 0 
17 Temp#13 10 0 0 
18 Temp#14 10 0 0 
19 Temp#15 18 0 0 
20 Del mV#1 6 0 0 
21 Del mV#2 10 0 0 
22 Del mV#3 10 0 0 
23 Del mV#4 10 0 0 
24 Del mV#5 10 0 0 
25 Del mV#6 10 0 0 
26 Del mV#7 10 0 0 
27 Del mV#8 10 0 0 
28 Del mV#9 10 0 0 
29 Del_mV#10 10 0 0 
30 Del mV#1110 0 0 
31 Del mV#12 10 0 0 
32 Del mV#13 10 0 0 
33 Del mV#14 10 0 0 
34 Del mV#15 18 0 0 
35 Therm#1 6 0 0 
36 Therm#2 1 0 0 0 
37 Therm#3 10 0 0 
38 Therm#4 1 0 0 0 
39 Therm#5 1 0 0 0 
40 Therm#6 1 0 0 0 
41 Therm#7 10 0 0 
42 Therm#8 1 0 0 0 
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Table A.4 Datalogger control program used at the alternate cover 
instrumentation location. 

43 Therm#9 1 0 0 0 
44 Therm#10 10 0 0 
45 Therm#11 10 0 0 
46 Therm#12 10 0 0 
47 Therm#13 10 0 0 
48 Therm#14 10 0 0 
49 Therm#15 10 0 0 
50 Therm#16 18 0 0 
51 Period#1 6 0 0 
52 Period#2 1 0 0 0 
53 Period#3 1 0 0 0 
54 Period#4 1 0 0 0 
55 Period#5 1 0 0 0 
56 Period#6 1 0 0 0 
57 Period#? 10 0 0 
58 Period#8 1 0 0 0 
59 Period#9 1 0 0 0 
60 Period#1 0 1 0 0 0 
61 Period#11 10 0 0 
62 Period#12 1 0 0 0 
63 Period#13 1 0 0 0 
64 Period#14 1 0 0 0 
65 Period#15 1 0 0 0 
66 Period#16 18 0 0 
-Program Security-
0000 
0000 
0000 
-Mode 4-
-Final Storage Area 2-
0 
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Appendix B: Field Instrumentation Calibrations 

The laboratory calibration data for the Model 229 thermal conductivity sensors 

installed in the optimum and alternate covers are shown in this appendix in 

Figures 8.1 to 8.2 respectively. 

Table B.1a Laboratory calibration data for the thermal conductivity 
sensors installed in the optimum cover at depths from 5 em 
to 127 em below surface. 

Matric Change in Voltage (mV) 
Suction 

(kPa) Scm 10cm 20cm 35cm 75cm 100 em 127cm 
0.1 0.0273 0.0253 0.0257 0.0260 0.0257 0.0260 0.0307 
2 0.0293 0.0273 0.0277 0.0273 0.0277 
5 0.0287 0.0270 0.0290 0.0270 0.0277 

10 0.0290 0.0277 0.0267 0.0263 0.0270 
15 0.0297 0.0340 
20 0.0380 0.0367 0.0380 0.0360 0.0364 
50 0.0600 0.0550 0.0534 0.0524 0.0567 0.0547 0.0520 
100 0.0730 0.0644 0.0620 0.0607 0.0667 0.0633 0.0607 
150 0.0807 0.0704 0.0680 0.0664 0.0730 
200 0.0757 0.0720 
250 0.0864 0.0794 0.0777 0.0757 0.0834 
350 0.0900 0.0860 0.0824 0.0814 0.0900 0.0884 0.0777 
660 0.0964 0.0927 0.0884 0.0870 0.0984 0.0951 0.0836 

150000 0.1224 0.1224 0.1081 0.1031 0.1294 0.1247 0.1187 
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Table B.1b Laboratory calibration data for the thermal conductivity 
sensors installed in the optimum cover at depths from 137 
em to 197 em below surface. 

Matric Change in Voltage (mV) 
Suction 

(kPa) 137cm 150cm 172 em 177 em 192cm 197cm 
0.1 0.0247 0.0237 0.0253 0.0237 0.0233 0.0263 
2 0.0280 
5 0.0274 
10 0.0283 
15 0.0290 0.0274 0.0280 0.0290 0.0267 
20 0.0364 
50 0.0544 0.0527 0.0534 0.0564 0.0527 0.0564 
100 0.0623 0.0623 0.0620 0.0660 0.0617 0.0674 
150 0.0700 
200 0.0740 0.0750 0.0764 0.0784 0.0740 
250 0.0727 
350 0.0854 0.0924 0.0904 0.0910 0.0857 0.0754 
660 0.0919 0.0994 0.0973 0.0980 0.0922 0.0807 

150000 0.1218 0.1244 0.1267 0.1284 0.1195 0.1064 
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Table B.2a Laboratory calibration data for the thermal conductivity 
sensors installed in the alternate cover at depths from 10 em 
to 100 em below surface. 

Matric Change in Voltage (mV) 
Suction 

(kPa) 10 em 15cm 20cm 35cm 50 em 75cm 100cm 
0.1 0.0300 0.0300 0.0307 0.0300 0.0300 0.0300 0.0307 
15 0.0350 0.0360 0.0404 0.0384 0.0370 0.0394 0.0404 
50 0.0527 0.0547 0.0550 0.0560 0.0547 0.0577 0.0590 
100 0.0627 0.0620 0.0647 0.0650 0.0614 0.0677 0.0684 
200 0.0740 0.0744 0.0727 0.0777 0.0740 0.0797 0.0807 
350 0.0804 0.0804 0.0804 0.0847 0.0814 0.0890 0.0904 
660 0.0865 0.0865 0.0865 0.0912 0.0876 0.0958 0.0973 

150000 0.1197 0.1160 0.1070 0.1247 0.1147 0.1387 0.1260 

Table B.2b Laboratory calibration data for the thermal conductivity 
sensors installed in the alternate cover at depths from 150 em 
to 290 em below surface. 

Mat ric Change in Voltage (mV) 
Suction 

(kPa) 150cm 200cm 225cm 250cm 260cm 275cm 280cm 290cm 
0.1 0.0237 0.0223 0.0213 0.0233 0.0233 0.0240 0.0227 0.0220 
15 0.0240 0.0287 0.0270 0.0277 0.0247 0.0240 0.0253 0.0307 
50 0.0367 0.0540 0.0524 0.0524 0.0524 0.0363 0.0514 0.0617 
100 0.0580 0.0614 0.0614 0.0620 0.0610 0.0550 0.0600 0.0730 
200 0.0744 0.0724 0.0717 0.0704 0.0697 0.0704 0.0707 0.0824 
350 0.0844 0.0817 0.0817 0.0820 0.0817 0.0787 0.0800 0.0954 

150000 0.1127 0.1044 0.0927 0.0897 0.1110 0.1077 0.0974 0.1007 
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Appendix C: Detailed Field Data 

The detailed field data collected from the field instrumentation installed in 

the two test covers is presented in this appendix. Figures C.1 through C.5 

and C.6 through C.9 present matric suction and water content plots 

respectively for the optimum cover profile. Figures C.1 0 through C.14 and 

C.15 through C.19 present matric suction and water content plots 

respectively for the alternate cover profile. 
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Figure C.1 Measured matric suction in the optimum cover profile at 
depths of 5 em, 10 em, and 20 em. 
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Figure C.2 Measured matric suction in the optimum cover profile at 
depths of 35 em, 75 em, and 100 em. 
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Figure C.3 Measured matric suction in the optimum cover profile at 
depths of 127 em, 137 em, and 150 em. 
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Figure C.4 Measured matric suction in the optimum cover profile at 
depths of 172 em, 177 em, and 192 em. 
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Figure C.S Measured matric suction in the optimum cover profile at 
a depth of 197 em. 
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Figure C.6 TOR measured water content in the optimum cover 
profile at depths of 5 em, 10 em, and 15 em. 
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Figure C. 7 TOR measured water content in the optimum cover 
profile at depths of 20 em, 25 em, and 35 em. 
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Figure C.8 TOR measured water content in the optimum cover 
profile at depths of 75 em, 100 em, and 127 em. 
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Figure C.9 TOR measured water content in the optimum cover 
profile at depths of 137 em, 150 em, and 175 em. 
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Figure C.1 0 Measured matric suction in the alternate cover profile at 
depths of 1 0 em, 15 em, and 20 em. 
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Figure C.11 Measured matric suction in the alternate cover profile at 
depths of 35 em, 50 em, and 75 em. 
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Figure C.12 Measured matric suction in the alternate cover profile at 
depths of 100 em, 150 em, and 200 em. 
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Figure C.13 Measured matric suction in the alternate cover profile at 
depths of 225 em, 250 em, and 260 em.
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Figure C.14 Measured matric suction in the alternate cover profile at 
depths of 275 em, 280 em, and 290 em. 
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Figure C.15 TOR measured water · content in the alternate cover 
profile at depths of 10 em, 15 em, and 20 em. 
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Figure C.16 TOR measured water content in the alternate cover 
profile at depths of 35 em, 50 em, and 75 em. 
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Figure C.17 TOR measured water content in the alternate cover 
profile at depths of 100 em, 150 em, and 200 em. 
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Figure C.18 TOR measured water content in the alternate cover 
profile at depths of 225 em, 250 em, and 260 em. 
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Appendix D: 1990/1991 Extreme Wet Year Climate Data 

Table 0.1 details the 1990/1991 extreme wet year climate data that was 

used in the predictive modelling simulations. 

Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJfmA2 (dec) (dec) (km/hr) 
{C} {C} da~} 

1/7/90 28.0 11.0 14.0 0.77 0.26 0.9 0.0 
2/7/90 27.0 12.0 13.7 0.54 0.33 7.4 0.0 
3/7/90 25.0 8.0 13.5 0.54 0.24 5.6 0.0 
4/7/90 23.0 6.0 13.3 0.41 0.24 9.3 0.0 
5/7/90 23.0 6.0 13.8 0~74 0.31 3.7 0.0 
6/7/90 25.0 9.0 13.5 0.61 0.20 7.4 0.0 
7/7/90 23.0 10.0 13.3 0.38 0.27 10.2 0.0 
8/7/90 23.0 13.0 14.3 0.73 0:54 7.4 0.0 
9/7/90 29.0 17.0 14.6 0.76 0.48 6.5 0.0 
10/7/90 28.0 20.0 15.2 0.95 0.62 2.8 0.0 
11/7/90 25.0 20.0 14.6 0.76 0.52 5.6 0.3 
12/7/90 24.0 15.0 14.2 0.64 0.56 7.4 0.0 
13/7/90 25.0 15.0 14.5 0.81 0.52 1.9 3.2 
14/7/90 25.0 15.0 14.3 0.71 0.49 2.8 0.0 
15/7/90 31.0 14.0 14.4 0.83 0.33 4.6 0.0 
16/7/90 30.0 13.0 13.9 0.63 0.31 4.6 0.0 
17/7/90 28.0 12.0 13.8 0.63 0.27 5.6 0.0 
18/7/90 30.0 10.0 14.1 0.88 0.22 0.9 0.0 
19/7/90 31.0 11.0 14.1 0.80 0.28 6.5 0.0 
20/7/90 31.0 14.0 13.8 0.53 0.34 5.6 0.0 
21/7/90 31.0 15.0 14.5 0.83 0.40 9.3 0.0 
22/7/90 29.0 18.0 14.4 0.70 0.44 2.8 0.0 
23/7/90 32.0 16.0 14.2 0.67 0.35 4.6 0.0 
24/7/90 30.0 15.0 14.0 0.61 0.37 4.6 0.0 
25/7/90 27.0 15.0 14.0 0.63 0.37 3.7 0.0 
26/7/90 28.0 12.0 14.2 0.71 0.45 8.3 0.0 
27/7/90 32.0 18.0 14.5 0.72 0.40 3.7 0.0 
28/7/90 33.0 15.0 13.5 0.39 0.28 6.5 0.0 
29/7/90 30.0 11.0 13.5 0.51 0.24 4.6 0.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. · Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJJmA2 (dec) (dec) (km/hr) 
{C) {C) da~) 

30/7/90 30.0 11.0 13.6 0.54 0.27 4.6 o~o 
31/7/90 32.0 10.0 13.4 0.39 0.28 5.6 0.0 
1/8/90 30.0 9.0 13.4 0.44 0.30 1.9 0.0 
2/8/90 25.0 1.0 13.3 0.56 0.18 1.9 0.0 
3/8/90 28.0 3.0 13.3 0.52 0.22 1.9 0.0 
4/8/90 32.0 6.0 13.4 0.58 0.19 0.0 0.0 
5/8/90 31.0 6.0 13.3 0.50 0.22 5.6 0.0 
6/8/90 34.0 9.0 13.6 0.59 0.22 4.6 0.0 
7/8/90 33.0 13.0 13.1 0.34 0.26 6.5 0.0 
8/8/90 35.0 12.0 13.9 0.60 0.33 2.8 0.0 
9/8/90 34.0 12.0 14.2 0.71 0.39 3.7 0.0 
10/8/90 35.0 12.0 13.7 0.64 0.21 3.7 0.0 
11/8/90 35.0 10.0 13.7 0.65 0.19 1.9 0.0 
12/8/90 33.0 9.0 13.6 0.62 0.20 5.6 0.0 
13/8/90 33.0 11.0 13.1 0.39 0.21 3.7 0.0 
14/8/90 33.0 15.0 13.7 0.57 0.24 3.7 0.0 
15/8/90 31.0 15.0 14.0 0.65 0.33 2.8 0.0 
16/8/90 29.0 12.0 12.8 0.28 0.18 7.4 0.0 
17/8/90 28.0 9.0 12.8 0.31 0.17 11.1 0.0 
18/8/90 30.0 8.0 12.8 0.31 0.15 8.3 0.0 
19/8/90 30.0 8.0 13.0 0.41 0.16 3.7 0.0 
20/8/90 35.0 10.0 13.7 0.67 0.17 4.6 0.0 
21/8/90 37.0 8.0 13.8 0.66 0.24 1.9 0.0 
22/8/90 39.0 12.0 13.5 0.57 0.14 1.9 0.0 
23/8/90 31.0 9.0 13.3 0.53 0.15 0.9 0.0 
24/8/90 30.0 13.0 12.9 0.33 0.18 7.4 0.0 
25/8/90 31.0 10.0 12.6 0.22 0.17 7.4 0.0 
26/8/90 29.0 11.0 13.3 0.51 0.19 4.6 0.0 
27/8/90 31.0 13.0 13.2 0.42 0.22 3.7 0.0 
28/8/90 31.0 14.0 13.9 0.64 0.33 8.3 0.0 
29/8/90 30.0 12.0 13.6 0.55 0.29 0.9 0.0 
30/8/90 33.0 12.0 14.1 0.69 0.35 5.6 0.0 
31/8/90 32.0 14.0 14.1 0.66 0.38 1.9 0.0 
1/9/90 34.0 16.0 11.6 0.65 0.28 5.6 0.0 
2/9/90 30.0 17.0 11.4 0.56 0.34 4.6 0.0 
3/9/90 31.0 18.0 10.9 0.46 0.24 12.0 0.0 
4/9/90 31.0 13.0 10.0 0.29 0.13 11.1 0.0 
5/9/90 32.0 12.0 10.2 0.32 0.16 1.9 0.0 

Page 227 



Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJJmA2 (dec) (dec) (km/hr) 
{C) {C) da~) 

6/9/90 32.0 13.0 11.1 0.55 0.25 2.8 0.0 
7/9/90 30.0 13.0 10.6 0.42 0.20 10.2 0.0 
8/9/90 30.0 13.0 10.9 0.48 0.24 7.4 0.0 
9/9/90 30.0 13.0 10.7 0.47 0.19 10.2 0.0 
10/9/90 25.0 15.0 11.0 0.51 0.31 11.1 0.0 
11/9/90 32.0 14.0 11.3 0.58 0.30 3.7 0.0 
12/9/90 32.0 13.0 11.1 0.56 0.25 3.7 0.0 
13/9/90 32.0 14.0 10.1 0.33 0.12 1.9 0.0 
14/9/90 32.0 9.0 10.1 0.33 0.12 0.9 0.0 
15/9/90 32.0 9.0 10.0 0.27 0.14 0.9 0.0 
16/9/90 32.0 11.0 10.1 0.30 0.14 11.1 0.0 
17/9/90 31.0 14.0 11.0 0.54 0.23 18.5 0.0 
18/9/90 29.0 15.0 11.0 0.46 0.33 10.2 0.0 
19/9/90 29.0 17.0 11.2 0.58 0.25 13.9 0.0 
20/9/90 30.0 17.0 10.9 0.52 0.19 12.0 0.0 
21/9/90 32.0 15.0 10.9 0.51 0.19 2.8 0.0 
22/9/90 28.0 15.0 11.2 0.60 0.28 13.0 0.0 
23/9/90 29.0 16.0 10.9 0.48 0.24 18.5 0.0 
24/9/90 30.0 15.0 10.8 0.51 0.16 13.9 0.0 
25/9/90 31.0 14.0 11.2 0.64 0.19 19.4 0.0 
26/9/90 32.0 11.0 10.7 0.45 0.20 13.9 0.0 
27/9/90 33.0 11.0 10.9 0.51 0.21 10.2 0.0 
28/9/90 29.0 11.0 10.7 0.46 0.22 11.1 0.0 
29/9/90 30.0 16.0 11.1 0.54 0.27 13.9 0.0 
30/9/90 31.0 15.0 10.9 0.52 0.20 11.1 0.0 
1/10/90 33.0 13.0 10.4 0.38 0.20 7.4 0.0 
2/10/90 34.0 13.0 10.7 0.45 0.23 5.6 0.0 
3/10/90 35.0 15.0 10.6 0.44 0.17 3.7 0.0 
4/10/90 37.0 14.0 10.5 0.42 0.17 1.9 0.0 
5/10/90 38.0 14.0 11.2 0.54 0.25 0.9 0.0 
6/10/90 41.0 14.0 10.9 0.41 0.26 2.8 0.0 
7/10/90 41.0 15.0 11.2 0.50 0.25 1.9 0.0 
8/10/90 38.0 19.0 11.2 0.50 0.25 2.8 0.0 
9/10/90 38.0 18.0 11.5 0.58 0.25 1.9 0.0 
10/10/90 40.0 21.0 11.3 0.47 0.25 5.6 0.6 
11/10/90 41.0 21.0 11.3 0.47 0.24 2.8 0.0 
12/10/90 37.0 23.0 11.8 0.55 0.32 10.2 0.0 
13/10/90 42.0 21.0 9.9 0.24 0.15 2.8 0.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJfmA2 (dec) (dec) (km/hr) 
{C} {C} da~} 

14/10/90 41.0 20.0 11.5 0.53 0.23 5.6 0.0 
15/10/90 36.0 22.0 11.7 0.56 0.30 8.3 0.0 
16/10/90 40.0 20.0 11.6 0.55 0.26 7.4 6.0 
17/10/90 41.0 19.0 11.0 0.45 0.21 3.7 0.0 
18/10/90 43.0 21.0 10.1 0.24 0.18 2.8 0.0 
19/10/90 40.0 20.0 11.1 0.45 0.22 3.7 0.0 
20/10/90 40.0 19.0 11.7 0.56 0.29 2.8 0.0 
21/10/90 37.0 21.0 11.5 0.56 0.26 5.6 0.0 
22/10/90 40.0 20.0 9.9 0.21 0.18 5.6 0.0 
23/10/90 40.0 20.0 9.8 0.22 0.15 5.6 0.0 
24/10/90 38.0 19.0 11.3 0.53 0.25 4.6 0.0 
25/10/90 38.0 18.0 10.7 0.41 0.20 4.6 0.0 
26/10/90 39.0 18.0 10.9 0.45 0.20 4.6 0.0 
27/10/90 36.0 18.0 11.0 0.53 0.19 5.6 0.0 
28/10/90 38.0 18.0 10.9 0.47 0.19 25.0 0.0 
29/10/90 35.0 18.0 11.0 0.50 0.21 6.5 0.0 
30/10/90 37.0 18.0 12.2 0.55 0.56 6.5 0.0 
31/10/90 40.0 19.0 11.8 0.52 0.38 9.3 0.0 
1/11/90 38.0 21.0 11.8 0.61 0.37 0.9 0.0 
2/11/90 40.0 20.0 11.5 0.51 0.37 0.9 0.0 
3/11/90 40.0 18.0 11.1 0.47 0.33 1.9 0.0 
4/11/90 37.0 20.0 11.1 0.51 0.28 1.9 0.0 
5/11/90 31.0 19.0 10.6 0.52 0.21 5.6 0.0 
6/11/90 35.0 20.0 11.2 0.59 0.26 0.0 0.0 
7/11/90 38.0 18.0 11.0 0.53 0.26 5.6 0.0 
8/11/90 41.0 19.0 11.3 0.51 0.31 4.6 0.0 
9/11/90 41.0 18.0 11.2 0.50 0.30 2.8 0.0 
10/11/90 40.0 19.0 11.4 0.59 0.27 4.6 0.0 
11/11/90 47.0 20.0 10.3 0.35 0.17 11.1 0.0 
12/11/90 41.0 22.0 10.9 0.45 0.23 11.1 0.0 
13/11/90 37.0 22.0 11.1 0.50 0.27 13.9 0.0 
14/11/90 38.0 20.0 11.2 0.53 0.28 12.0 0.0 
15/11/90 39.0 19.0 11.8 0.61 0.38 7.4 0.0 
16/11/90 40.0 19.0 9.5 0.27 0.14 9.3 0.0 
17/11/90 43.0 21.0 8.9 0.15 0.15 8.3 0.0 
18/11/90 42.0 21.0 11.1 0.58 0.14 4.6 0.0 
19/11/90 43.0 23.0 11.9 0.58 0.29 10.2 0.0 
20/11/90 41.0 22.0 11.9 0.63 0.30 11.1 0.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJfmA2 (dec) (dec) (km/hr) 
{C} {C} da~} 

21/11/90 36.0 23.0 11.6 0.59 0.34 4.6 0.0 
22/11/90 39.0 20.0 11.2 0.54 0.27 10.2 0.0 
23/11/90 40.0 20.0 11.3 0.61 0.20 12.0 0.0 
24/11/90 43.0 18.0 11.8 0.61 0.32 2.8 0.0 
25/11/90 40.0 24.0 13.9 0.66 0.84 8.3 0.0 
26/11/90 34.0 20.0 11.7 0.69 0.34 10.2 6.0 
27/11/90 33.0 18.0 10.5 0.60 0.09 5.6 13.0 
28/11/90 37.0 18.0 9.1 0.25 0.09 3.7 9.6 
29/11/90 36.0 20.0 8.9 0.21 0.09 8.3 0.0 
30/11/90 39.0 19.0 9.0 0.24 0.07 7.4 0.0 
1/12/90 40.0 20.0 6.3 0.12 0.11 7.4 0.0 
2/12/90 44.0 20.0 9.3 0.55 0.23 11.1 0.0 
3/12/90 39.0 23.0 9.5 0.51 0.34 7.4 0.0 
4/12/90 41.0 21.0 9.4 0.57 0.25 10.2 3.6 
5/12/90 44.0 21.0 9.3 0.48 0.28 3.7 0.0 
6/12/90 36.0 22.0 8.8 0.43 0.29 1.9 0.0 
7/12/90 36.0 22.0 9.3 0.55 0.31 0.9 1.2 
8/12/90 36.0 21.0 9.4 0.56 0.36 1.9 0.0 
9/12/90 35.0 24.0 10.2 0.70 0.41 1.9 0.0 
10/12/90 34.0 23.0 10.5 0.77 0.49 2.8 0.0 
11/12/90 39.0 22.0 10.6 0.67 0.52 6.5 5.8 
12/12/90 40.0 21.0 11.5 0.84 0.63 2.8 0.0 
13/12/90 39.0 23.0 10.8 0.67 0.54 6.5 0.0 
14/12/90 40.0 23.0 10.1 0.57 0.41 3.7 0.0 
15/12/90 38.0 23.0 9.7 0.56 0.36 0.9 0.0 
16/12/90 37.0 19.0 9.8 0.64 0.41 11.1 33.0 
17/12/90 35.0 21.0 9.3 0.61 0.29 8.3 0.0 
18/12/90 36.0 22.0 11.5 0.71 0.86 11.1 0.0 
19/12/90 38.0 22.0 10.7 0.76 0.46 2.8 0.0 
20/12/90 41.0 23.0 12.1 0.94 0.61 8.3 0.0 
21/12/90 39.0 23.0 11.2 0.81 0.53 9.3 0.0 
22/12/90 37.0 24.0 10.9 0.74 0.53 2.8 0.0 
23/12/90 31.0 24.0 10.1 0.74 0.44 13.9 0.0 
24/12/90 30.0 23.0 9.8 0.66 0.46 23.2 0.0 
25/12/90 30.0 23.0 10.9 0.66 0.86 13.0 0.0 
26/12/90 33.0 22.0 11.1 0.93 0.60 1.9 0.0 
27/12/90 31.0 24.0 11.3 0.86 0.76 4.6 0.0 
28/12/90 36.0 24.0 11.6 0.82 0.73 6.5 0.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJfmA2 (dec) (dec) (km/hr) 
{C} {C} da~} 

29/12/90 39.0 25.0 11.5 0.86 0.51 9.3 0.0 
30/12/90 40.0 25.0 11.0 0.80 0.40 5.6 0.0 
31/12/90 34.0 25.0 10.3 0.71 0.43 8.3 0.0 

1/1/91 34.0 24.0 10.5 0.71 0.49 14.8 0.0 
2/1/91 37.0 23.0 11.2 0.79 0.61 . 5.6 0.0 
3/1/91 34.0 22.0 11.6 0.99 0.68 5.6 71.2 
4/1/91 31.0 23.0 10.8 0.83 0.59 3.7 13.8 
5/1/91 33.0 22.0 11.2 0.94 0.62 7.4 29.8 
6/1/91 34.0 23.0 10.3 0.75 0.42 2.8 0.0 
7/1/91 35.0 21.0 9.6 0.68 0.30 3.7 39.0 
8/1/91 31.0 22.0 10.0 0.81 0.37 3.7 123.6 
9/1/91 30.0 22.0 9.7 0.66 0.42 2.8 49.0 
10/1/91 26.0 21.0 9.9 . 0.72 0.53 5.6 61.0 
11/1/91 25.0 22.0 9.4 0.67 0.40 4.6 25.4 
12/1/91 23.0 21.0 9.2 0.67 0.36 6.5 45.0 
13/1/91 22.0 19.0 9.0 0.56 0.45 5.6 80.0 
14/1/91 26.0 20.0 9.1 0.60 0.37 6.5 33.0 
15/1/91 29.0 19.0 9.1 0.60 0.35 4.6 45.0 
16/1/91 29.0 22.0 9.5 0.58 0.44 6.5 14.4 
17/1/91 27.0 22.0 9.4 0.67 0.37 6.5 6.6 
18/1/91 30.0 22.0 9.7 0.63 0.43 3.7 76.4 
19/1/91 33.0 23.0 9.3 0.58 0.31 2.8 15.4 
20/1/91 33.0 22.0 9.1 0.52 0.31 2.8 71.6 
21/1/91 31.0 23.0 8.8 0.47 0.30 2.8 1.2 
22/1/91 33.0 22.0 9.3 0.59 0.31 1.9 5.0 
23/1/91 33.0 22.0 9.5 0.61 0.33 2.8 73.0 
24/1/91 31.0 22.0 9.3 0.57 0.35 1.9 43.9 
25/1/91 34.0 23.0 9.6 0.54 0.41 1.9 14.0 
26/1/91 34.0 24.0 9.7 0.60 0.36 2.8 7.0 
27/1/91 37.0 23.0 8.9 0.48 0.23 2.8 0.0 
28/1/91 39.0 22.0 9.0 0.46 0.27 0.9 0.0 
29/1/91 40.0 20.0 8.8 0.45 0.25 0.9 0.0 
30/1/91 40.0 20.0 11.0 0.62 0.69 0.9 0.2 
31/1/91 38.0 24.0 12.2 0.81 0.86 11.1 0.0 
1/2/91 32.0 24.0 12.0 0.98 0.93 24.1 0.0 
2/2/91 30.0 24.0 11.5 0.94 0.84 20.4 5.4 
3/2/91 30.0 22.0 11.5 0.90 0.96 12.0 22.4 
4/2/91 32.0 23.0 11.7 0.89 . 0.95 13.9 17.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJJmA2 (dec) (dec) (km/hr) 
(C} (C} da~} 

5/2/91 32.0 22.0 11.2 0.95 0.70 13.0 27.2 
6/2/91 33.0 22.0 10.7 0.85 0.59 9.3 12.6 
7/2/91 37.0 23.0 10.7 0.80 0.49 9.3 4.4 
8/2/91 32.0 23.0 10.1 0.75 0.49 5.6 6.0 
9/2/91 35.0 23.0 11.2 0.77 0.74 4.6 8.4 
10/2/91 31.0 22.0 9.9 0.68 0.54 6.5 2.4 
11/2/91 31.0 24.0 10.5 0.81 0.55 4.6 12.4 
12/2/91 33.0 23.0 10.4 0.77 0.54 2.8 33.0 
13/2/91 32.0 22.0 9.9 0.68 0.49 5.6 3.0 
14/2/91 31.0 22.0 9.8 0.73 0.45 2.8 2.8 
15/2/91 32.0 21.0 9.8 0.73 0.44 1.9 6.8 
16/2/91 31.0 22.0 10.0 0.76 0.48 7.4 26.4 
17/2/91 24.0 22.0 9.3 0.70 0.43 1.9 10.2 
18/2/91 30.0 22.0 9.8 0.78 0.42 9.3 77.0 
19/2/91 29.0 23.0 9.3 0.61 0.42 12.0 19.0 
20/2/91 27.0 22.0 9.6 0.72 0.49 9.3 13.6 
21/2/91 30.0 21.0 10.0 0.83 0.47 6.5 4.0 
22/2/91 32.0 19.0 9.8 0.79 0.44 8.3 0.3 
23/2/91 34.0 20.0 9.8 0.70 0.46 11.1 0.0 
24/2/91 31.0 20.0 9.4 0.61 0.46 8.3 0.0 
25/2/91 28.0 20.0 9.4 0.66 0.46 14.8 3.0 
26/2/91 31.0 20.0 9.5 0.68 0.44 12.0 0.0 
27/2/91 33.0 20.0 9.4 0.62 0.41 14.8 0.0 
28/2/91 36.0 21.0 9.5 0.69 0.31 17.6 0.0 
1/3/91 34.0 21.0 15.6 0.65 0.33 15.7 0.0 
2/3/91 37.0 19.0 15.8 0.65 0.39 9.3 0.0 
3/3/91 34.0 22.0 15.8 0.61 0.41 13.0 0.0 
4/3/91 34.0 21.0 15.6 0.56 0.41 13.9 0.0 
5/3/91 33.0 20.0 15.4 0.56 0.40 8.3 0.0 
6/3/91 36.0 20.0 15.7 0.62 0.37 3.7 0.0 
7/3/91 35.0 20.0 15.8 0.66 0.40 5.6 0.0 
8/3/91 35.0 20.0 15.2 0.51 0.34 8.3 0.0 
9/3/91 34.0 19.0 15.4 0.59 0.37 8.3 0.0 
10/3/91 35.0 19.0 15.3 0.55 0.36 7.4 0.0 
11/3/91 32.0 19.0 15.5 0.72 0.31 4.6 0.0 
12/3/91 35.0 20.0 15.7 0.67 0.33 11.1 0.0 
13/3/91 35.0 20.0 15.5 0.65 0.30 3.7 0.0 
14/3/91 34.0 19.0 15.6 0.65 0.37 20.4 0.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJJmA2 (dec) (dec) (km/hr) 
(C} (C} da~} 

15/3/91 35.0 19.0 15.3 0.63 0.28 10.2 0.0 
16/3/91 36.0 19.0 15.7 0.67 0.34 8.3 0.0 
17/3/91 34.0 20.0 15.7 0.70 0.32 5.6 0.0 
18/3/91 35.0 18.0 15.2 0.63 0.26 8.3 0.0 
19/3/91 33.0 18.0 15.1 0.58 0.30 5.6 0.0 
20/3/91 37.0 18.0 15.4 0.63 0.28 4.6 0.0 
21/3/91 37.0 18.0 15.7 0.64 0.36 5.6 0.0 
22/3/91 38.0 19.0 15.0 0.54 0.24 3.7 0.0 
23/3/91 35.0 18.0 15.0 0.60 0.22 5.6 0.0 
24/3/91 34.0 19.0 16.1 0.65 0.55 8.3 0.0 
25/3/91 34.0 19.0 15.9 0.57 0.56 6.5 0.0 
26/3/91 39.0 19.0 15.9 0.66 0.37 1.9 0.0 
27/3/91 39.0 18.0 16.2 0.71 0.43 0.9 0.0 
28/3/91 36.0 22.0 16.2 0.75 0.36 3.7 4.6 
29/3/91 36.0 22.0 15.5 0.58 0.33 8.3 0.0 
30/3/91 38.0 19.0 15.8 0.64 0.37 7.4 0.0 
31/3/91 37.0 19.0 15.8 0.61 0.42 2.8 0.0 
1/4/91 37.0 20.0 16.1 0.66 0.40 2.8 0.0 
2/4/91 35.0 20.0 15.7 0.62 0.37 3.7 0.0 
3/4/91 31.0 20.0 15.9 0.69 0.43 5.6 0.0 
4/4/91 31.0 20.0 15.8 0.67 0.42 16.7 0.0 
5/4/91 33.0 20.0 15.5 0.56 0.39 11.1 0.0 
6/4/91 33.0 19.0 15.6 0.61 0.41 5.6 0.0 
7/4/91 34.0 19.0 16.0 0.66 0.48 5.6 0.0 
8/4/91 33.0 20.0 15.9 0.69 0.40 5.6 0.0 
9/4/91 33.0 20.0 15.7 0.61 0.43 9.3 0.0 
10/4/91 33.0 20.0 15.7 0.63 0.38 7.4 0.0 
11/4/91 32.0 17.0 15.1 0.54 0.34 8.3 0.0 
12/4/91 33.0 17.0 15.4 0.57 0.40 9.3 0.0 
13/4/91 32.0 18.0 15.2 0.54 0.35 8.3 0.0 
14/4/91 28.0 18.0 15.5 0.64 0.43 10.2 0.0 
15/4/91 30.0 18.0 14.8 0.51 0.30 11.1 0.0 
16/4/91 28.0 17.0 15.3 0.61 0.40 6.5 0.0 
17/4/91 31.0 18.0 15.1 0.50 0.40 13.9 0.0 
18/4/91 27.0 20.0 15.6 0.65 0.44 12.0 0.0 
19/4/91 27.0 19.0 15.7 0.59 0.56 13.9 0.0 
20/4/91 24.0 20.0 15.5 0.63 0.51 10.2 0.0 
21/4/91 27.0 20.0 15.6 0.65 0.44 11.1 0.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed (mm) 

Temp Temp (MJJmA2 (dec) (dec) (km/hr) 
{C} {C} da~} 

22/4/91 32.0 20.0 16.0 0.64 0.52 7.4 0.0 
23/4/91 31.0 18.0 15.4 0.66 0.34 12.0 0.0 
24/4/91 . 34.0 19.0 15.1 0.49 0.35 3.7 0.4 
25/4/91 37.0 18.0 16.2 0.72 0.42 7.4 0.0 
26/4/91 37.0 15.0 14.4 0.46 0.17 7.4 0.0 
27/4/91 36.0 16.0 14.4 0.44 0.20 4.6 0.0 
28/4/91 37.0 16.0 15.1 0.57 0.26 4.6 0.0 
29/4/91 32.0 15.0 15.3 0.64 0.34 11.1 0.0 
30/4/91 31.0 13.0 15.1 0.56 0.40 5.6 0.0 
1/5/91 30.8 13.1 15.8 0.67 0.44 1.9 0.0 
2/5/91 30.6 13.2 15.7 0.70 0.37 7.4 0.0 
3/5/91 30.4 13.3 15.7 0.69 0.37 5.6 0.0 
4/5/91 30.3 13.4 15.5 0.69 0.29 3.7 0.0 
5/5/91 30.1 13.5 15.9 0.73 0.41 7.4 0.0 
6/5/91 29.9 13.6 15.6 0.64 0.39 12.0 0.0 
7/5/91 29.7 13.7 15.6 0.67 0.35 8.3 0.0 
8/5/91 29.5 13.8 15.7 0.75 0.33 11.1 0.0 
9/5/91 29.3 13.8 15.4 0.67 0.28 10.2 0.0 
10/5/91 29.1 13.9 15.1 0.57 0.27 4.6 0.0 
11/5/91 28.9 14.0 14.8 0.42 0.30 2.8 0.0 
12/5/91 28.8 14.1 14.6 0.40 0.25 3.7 0.0 
13/5/91 28.6 14.2 15.3 0.64 0.27 1.9 0.0 
14/5/91 28.4 14.3 16.4 0.68 0.77 5.6 0.0 
15/5/91 28.2 14.4 16.0 0.73 0.50 1.9 0.0 
16/5/91 28.0 14.5 15.9 0.83 0.34 5.6 0.0 
17/5/91 27.8 14.6 15.1 0.55 0.27 2.8 0.0 
18/5/91 27.6 14.7 15.6 0.71 0.35 5.6 0.0 
19/5/91 27.4 14.8 15.6 0.65 0.42 4.6 0.0 
20/5/91 27.3 14.9 16.2 0.75 0.58 8.3 0.0 
21/5/91 27.1 15.0 16.0 0.84 0.39 8.3 0.0 
22/5/91 26.9 15.1 15.9 0.75 0.43 8.3 0.0 
23/5/91 26.7 15.2 16.2 0.83 0.50 2.8 0.0 
24/5/91 26.5 15.3 15.9 0.83 0.36 13.0 0.0 
25/5/91 26.3 15.3 15.8 0.71 0.44 3.7 0.0 
26/5/91 26.1 15.4 16.0 0.75 0.49 3.7 0.0 
27/5/91 25.9 15.5 15.9 0.69 0.52 2.8 0.0 
28/5/91 25.8 15.6 15.7 0.69 0.41 4.6 0.0 
29/5/91 25.6 15.7 15.8 0.71 0.44 3.7 0.0 
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Table 0.1 1990/1991 Extreme wet year climate data. 

Date Max. Min. Net Max. Min. Wind Rainfall 
Air Air Rad. RH RH Speed {mm) 

Temp Temp {MJJmA2 {dec) {dec) {km/hr) 
{C} {C} da~} 

30/5/91 25.4 15.8 15.9 0.74 0.45 4.6 0.0 
31/5/91 25.2 15.9 15.8 0.69 0.49 6.5 0.0 
1/6/91 25.0 16.0 14.3 0.77 0.47 9.3 0.0 
2/6/91 26.0 12.0 14.1 0.68 0.48 9.3 0.0 
3/6/91 27.0 11.0 14.1 0.76 0.43 9.3 0.0 
4/6/91 27.0 13.0 14.2 0.77 0.43 5.6 0.0 
5/6/91 29.0 14.0 14.3 0.84 0.35 1.9 0.0 
6/6/91 29.0 12.0 14.2 0.85 0.34 0.9 0.0 
7/6/91 29.0 12.0 14.0 0.78 0.28 0.9 0.0 
8/6/91 32.0 15.0 14.0 0.65 0.31 6.5 0.0 
9/6/91 32.0 12.0 13.7 0.65 0.21 6.5 0.0 
10/6/91 33.0 13.0 14.0 0.76 0.24 3.7 0.0 
11/6/91 33.0 12.0 14.3 0.81 0.34 1.9 0.0 
12/6/91 32.0 10.0 14.1 0.77 0.32 1.9 0.0 
13/6/91 32.0 11.0 13.9 0.68 0.28 1.9 0.0 
14/6/91 32.0 8.0 13.5 0.45 0.35 0.0 0.0 
15/6/91 31.0 8.0 13.9 0.67 0.37 1.9 0.0 
16/6/91 34.0 8.0 13.9 0.74 0.25 3.7 0.0 
17/6/91 35.0 7.0 14.0 0.81 0.22 2.8 0.0 
18/6/91 34.0 11.0 13.9 0.68 0.25 4.6 0.0 
19/6/91 27.0 15.0 14.0 0.66 0.39 8.3 0.0 
20/6/91 28.0 14.0 14.3 0.78 0.43 5.6 0.0 
21/6/91 27.0 16.0 14.3 0.76 0.46 10.2 0.0 
22/6/91 29.0 15.0 14.2 0.76 0.36 15.7 0.0 
23/6/91 30.0 14.0 13.9 0.65 0.31 10.2 0.0 
24/6/91 30.0 13.0 14.0 0.66 0.35 4.6 0.0 
25/6/91 29.0 11.0 13.8 0.64 0.35 6.5 0.0 
26/6/91 32.0 9.0 13.5 0.64 0.16 7.4 0.0 
27/6/91 30.0 8.0 14.0 0.76 0.37 3.7 0.0 
28/6/91 29.0 10.0 14.0 0.69 0.40 0.0 0.0 
29/6/91 30.0 11.0 13.8 0.64 0.31 3.7 0.0 
30/6/91 30.0 13.0 14.2 0.77 0.40 5.6 0.0 
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