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Abstract 
 
Open pit mining results in large pit voids at the completion of operation, and when mining 

occurs below the water table, this results in the formation of large pit lakes due to 

groundwater inflow. In semi-arid climates, where net evaporation greatly exceeds 

precipitation and where the contribution of other inflows are small, there is the potential for 

the formation of brine water bodies.  Such a situation occurs at the Mt Goldsworthy mine void 

in the Pilbara which operated from 1966 to 1982 and was mined to approximately 177 metres 

below the original water table.  The major objective of this project is to construct a simulation 

of the dynamic evolution of the Mount Goldsworthy pit using the one dimensional 

hydrodynamic model DYRESM in order to make long term predictions of water quantity and 

quality. 

 

DYRESM was used to first determine the yearly water budget of the pit lake, initially 

ignoring the contribution of groundwater. This was achieved from the construction of a 

typical 1 yearly cycle of meteorological forcing on a daily basis (i.e. using daily data) in 

conjunction with bathymetric and inflow information.  The model was then used to hind cast 

the evolution of water levels, temperatures and salinities in the water body from 1982 to the  

present day, comparing simulation results to available field data to test and evaluate model 

performance.  This was then used to determine a groundwater forcing function, modelling the 

input of groundwater through time from the cessation of mining operations till now.  From 

this total water balance, the DYRESM model was used to forecast the future behaviour and 

outcome of the water body by making long term predictions of the evolution of water levels, 

temperatures and salinities. 

 

Simulations of water volume and quality indicated the importance of wind sheltering and 

more importantly groundwater to the system, in terms of both groundwater quality and 

quantity.  Tuning of the model for groundwater volume and temperature, and an atypical 

salinity function enabled the successful emulation of the limited field data that exists relating 

to water levels and quality.  Equilibrium water depths were found to be approximately 138m, 

while salinity in the pit was found to be increasing logarithmically with time due to the 

definition of a negative exponential groundwater salinity function.  No other major water 

quality issues are prevalent in the water body. 
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1 Introduction 

1.1 Motivations 

Open pit mining in Western Australia has resulted in large pit voids which, by the completion 

of operation, extend below the water table.  This can result in the formation of large pit lakes 

due to groundwater inflow, within which significant geochemical and hydrological processes 

occur that evolve over time.  Pit water quality is dependent on numerous factors, including 

hydrogeological inputs, wall composition, local meteorology, evapoconcentration, pH and 

oxygen status of the lake (Johnson and Wright 2003).  In semi-arid climates, where net 

evaporation greatly exceeds precipitation and where the contribution of other inflows are 

small, one of the most significant environmental issues is the potential for formation of hyper 

saline water bodies.   

 

Such a situation occurs at the BHP operated Mount Goldsworthy Mine void in the Pilbara 

region of WA, which operated from 1966 to 1982 and was mined to approximately 177 

metres below the original water table.  Evaporation levels exceed precipitation by a factor of 

20 in the region, and previous monitoring of the void has confirmed an increase in salinity of 

pit water.  As mine lakes are rarely isolated from the surrounding area, the most significant 

environmental risk from the formation of hypersaline water bodies is potential for 

contamination of local groundwater resources (Johnson and Wright 2003).  As a result, the 

issue is vitally important to both the Government and mining industry as neither wishes to be 

liable for rehabilitation of a mine lake or its regional surroundings. 

 

BHP has made a commitment to utilise the Mount Goldsworthy mine void for research 

monitoring as it is the only open cut mine mined below the water table in the Pilbara to have 

been closed for a long period of time (more than 20 years) and as such creates an opportunity 

to monitor the long term environmental impacts and recharge conditions of a mine lake 

(Manning 2004). 

 

The commitment to research Mount Goldsworthy was made as part of the Yarrie mining 

lease, as is stated in the Consultative Environmental Review (1992) Commitment 7.25: 
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“BHP will continue to monitor the salinity of water in the Goldsworthy pit for several 

years to determine the future likelihood of saline water seeping from the pit into the 

De Grey River aquifer.  The results of this monitoring will be used to formulate 

management strategies for the Yarrie pit if necessary.” (as cited in Manning 2004) 

 

The current body of knowledge on the evolution of pit water quality in arid regions is limited.  

Thus the findings of this report are important in developing an understanding of such water 

bodies and in developing methodologies for predicting their long term evolution.  If 

conditions at Mount Goldsworthy are found to be analogous to other mines in the Pilbara then 

the findings of this study may be utilised in mine closure planning for the future. 

 

1.2 Aim 

The aim of this study is to increase the understanding of the hydrology and water balance that 

occurs within Mount Goldsworthy pit void.  By understanding the salinisation processes 

within the pit, and the interaction with groundwater on both local and regional scales, any 

potential environmental risk will be better understood.   

 

A combination of historical data, proposed field measurements in the Mount Goldsworthy pit 

in 2005 and numerical modelling using DYRESM (DYnamic REservoir Simulation Model) 

will be used to predict the evolution of the water body in both the short term (looking at an 

annual timescale) and the long term (from 1982 onwards). 

 

1.3 Specific objectives 

To achieve this aim, the following objectives are defined: 

 

1. Review the current body of knowledge regarding the pit, its interaction with regional 

groundwater, and of relevant pit void and pit lake processes. 

 

2. Emulate the evolution of the void through use of the one dimensional hydrodynamic 

model DYRESM.  This will involve:  

 



Introduction   3 
 

 

a. Construction of a typical 1 yearly cycle of meteorological forcing on a daily 

basis (i.e. using daily data), combined with bathymetric and inflow information 

to provide forcing for the model. 

 

b. Use the model to hind cast the evolution water levels, temperatures and 

salinities in the water body from 1982 to present day, comparing simulation 

results to available field data to test and evaluate model performance.   

 

c. Use the model for forecasting the future behaviour and outcome of the water 

body by making long term predictions of water levels, temperatures and 

salinities. 

 

3. Make recommendations for future management of the void, and suggest directions for 

future research. 

 

1.4 Report structure 

Chapter 2 provides an introduction to mine lake formation, the potential environmental issues 

they represent and a summary of the study site.  Chapter 3 contains a review of the relevant 

literature in two parts; section 1 presents a critical discussion of the research undertaken on 

the Mount Goldsworthy pit void, while section 2 contains a critical review of the known body 

of knowledge dealing with mine lakes, lakes in general and relevant mine void processes.  

Chapter 4 is a discussion of the methodology employed by this study; the field methods 

employed to characterise the pertinent conditions at the pit lake with respect to water quality 

and wind sheltering, and the development of the DYRESM model used to first hind cast, and 

then forecast void water quality and quantity.  The results of the study are presented in 

Chapter 5, while discussion of the major findings is presented in Chapter 6.  Conclusions and 

recommendations for the future are addressed in Chapters 7 and 8 respectively. 
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2 Background 

2.1 Mine pit lakes 

2.1.1 Formation 

Open cut mining is common throughout Western Australia with many mine voids extending 

below the watertable.  During operation, such mines require dewatering- the extraction and 

disposal of large volumes of groundwater- which has the effect of lowering the local 

watertable to below the base of the excavation to permit dry-floor mining.  Once dewatering 

ceases, the water level recovers and exposure of the water table has the effect of creating an 

artificial lake, initiating geochemical and hydrological processes that evolve with time.  The 

infilling of the void with water may potentially take centuries, with chemical evolution via 

evaporation continuing much longer (Johnson and Wright 2003). 

 

2.1.2 Types of pit lakes 

Commander et al. (1994) defined three broad types mine voids in terms of their interaction 

with local hydrogeology (Figure 1): 

 

• Groundwater sink – evaporation exceeds the rate of groundwater inflow.  

Groundwater levels recover slowly to a lower level than that of the pre-mining water 

table.  The absence of outflows combined with continued evaporation leads to a 

progressive salinity increase. 

• Groundwater throughflow – the rate of groundwater inflow exceeds evaporation, with 

the void acting as a throughflow body.   

• Groundwater recharge – inflow to the ppit exceeds evaporation from the pit lake 

surface, with water levels recovering rapidly (years) to pre-mining levels.  This is most 

likely to occur in areas of high rainfall., or where surface water is diverted into the 

void. 
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Figure 1: Pit lake definitions as defined in Commander et al (1994) (as cited by Johnson and Wright 2003) 
 

As a rule, most mine voids in the Pilbara fall into the first two categories.  Mine voids that 

exhibit throughflow characteristics are an environmental concern in the Pilbara.  From limited 

information regarding pre-existing water tables at the void, the Mount Goldsworthy void has 

been classified as being of the throughflow type (Johnson and Wright 2003). 

 

2.1.3 Pit lake water quality 

The final water quality in the pit lake is dependent on a host of factors including the oxygen 

status of the lake, pH, hydrogeological flow system, composition of wall rock, 

evapoconcentration, biological activity and hydrothermal inputs.  During mining, the rocks in 

the pit wall and floor are exposed to the atmosphere.  On the exposure of surrounding rock to 

air, reduced surfaces can be oxidized and generate soluble metal-bearing salts (Johnson and 

Wright 2003). 

 

In a semi-arid climate, the concentration of all constituents in a pit lake increases due to 

evapoconcentration.  In situations where net evaporation greatly exceeds precipitation, it can 

result in dramatic increases in total dissolved solids content producing saline to brine water 

bodies, particularly where surface inflow to the pit is limited to direct precipitation.  The 

generation of relatively dense, saline water at depth and periodic addition of fresh rainwater to 

the surface layers can result in a stratified water body (Johnson and Wright 2003). 

 

2.1.4 Prediction of long term water quality 

The prediction of final water quality and quantity in mine voids is a relatively new challenge.  

Water quantity, by way of basic water balance modelling, can be predicted accurately.  The 
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length of time needed for the lake to reach final depth is dependant on bathymetry of the lake, 

the nett inflows from groundwater, surface waters and precipitation, and outflows through 

evaporation.  However, long term modelling of water quality is more difficult given the 

complex nature of the limnological processes occurring within the lake, and the complex 

hydrogeological interactions occurring between the water body and the surroundings.  Further 

impeding modelling is that due to the relatively young age of most mine pits, there is 

insufficient data available to support the testing and validation of available computer models. 

 

2.2 Study site 

2.2.1 Regional location 

Mount Goldsworthy is in the Pilbara region of Western Australia, located approximately 

110km east of Port Hedland, at 20 20S, 119 31E and 1730km north of the state capital Perth.  

The pre-mining elevation was approximately 132m AHD.  The area falls within the semi-

desert (tropical) meteorological climatic zone, which experiences high evaporation (3000 

mm/yr) relative to rainfall (150 mm/yr).  Rainfall is concentrated in the summer months from 

January to March and derived from isolated storms or large cyclonic disturbances (Johnson 

and Wright 2003).  The region is also characterized by low generally low groundwater 

salinities, in the order of 2000 mgL-1 (Waterhouse & Davidge 1999; AGC Woodward Clyde 

1992). 

 

Mount Goldsworthy is located within the Ellarine Range, which divides the alluvial plains 

extending south to the De Grey River and north to the Indian Ocean.  The De Grey River is a 

major seasonal drainage system with important alluvial aquifers that supply potable water to 

Port Hedland.  The smaller Pardoo Creek, which flows to the west of Mount Goldsworthy and 

across the northern plain, has no interconnected aquifers.  The old Goldsworthy bore field was 

hydraulically linked with the De Grey system (Johnson & Wright 2003).   

 

2.2.2 Pit void 

The first large-scale iron ore mine in the Pilbara was operated at Mount Goldsworthy by The 

Mount Goldsworthy Mining Company (Manning 2004).  The mine operated from 1966 

through to 1982.  Open cut mining resulted in a final void with approximate dimensions 

1200m x 500m, with a depth from the final pit perimeter of about 200m (Waterhouse & 

Davidge 1999).  The entire mine area, as depicted in Figure 3, was rehabilitated by BHP and 
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there is little evidence of the town site, mine infrastructure and bore field.  The waste dumps 

have been reshaped, ripped and seeded.  The pit was surrounded by a safety bund and fenced 

off to ensure that the public and livestock do not have access to the final void (Johnson & 

Wright 2003). 

 

 
Figure 2. Aerial photograph of Mount Goldsworthy pit void, taken in 2005 (BHP, 2005) 

 

The mine void extended 177m below the pre-mining water table at the time mining was 

discontinued and it is now progressively filling with water (Waterhouse & Davidge 1999).  

Water in the void has since recovered to a height of approximately 134m.

1:20000 
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3 Literature review 
Considerable work has gone into characterizing the prevalent conditions at the Mount 

Goldsworthy pit lake, as well as attempting to predict the evolution of the lake.  Four 

consultants’ reports were prepared from 1992-96, two by AGC Woodward-Clyde in 1992, 

one by Graeme Campbell and Associates in 1994, and one by Golder Associates in 1996.  

Further reports, essentially reviews of the information prepared by the consultants, were 

written in 1999 and 2003 by representatives from Golder Associates.  Also, in preparation for 

this project, a thorough review of all existing data relevant to the void was collated by Martina 

Manning in 2004.  A brief summary of each of these works is followed by a detailed 

discussion of the major findings.  This is followed by a discussion of relevant scientific 

literature addressing processes occurring at the void and within the pit lake. 

 

3.1 Review of past Mount Goldsworthy work 

3.1.1 Chronological summary 

3.1.1.1 June 1992 

In 1992, BHP Iron Ore engaged AGC Woodward-Clyde to investigate the water quality of 

Goldsworthy Pit and to asses the likely future quality of the water in the pit (AGC 

Woodward-Clyde 1992).  The June 1992 report prepared entitled Goldsworthy Pit Water 

Quality Study is the most thorough attempt to identify all relevant information with regards to 

the pit lake.  In addition to sampling of water quality in the lake, the report performs a 

complete review of all existing information with regard to local and regional geology and 

hydrology, obtained from the limited information available from the time the mine was in 

operation.  Estimations were made of groundwater inflows from this information through 

separate salt and water balance methods, as well as an attempt to predict the rate of salinity 

increase. 

 

3.1.1.2 November 1992 

Goldsworthy Pit Water Quality Study Stage 2, the November 1992 report prepared by AGC 

Woodward Clyde is essentially a follow-up study to that performed in May 1992.  Further 
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water quality sampling was undertaken and used comparatively with the earlier study in order 

to make further conclusions about the pit processes occurring at the void. 

 

3.1.1.3 August 1994 

Graeme Campbell and Associates performed a follow up study of pit water quality in the void 

in August 1994.  Sampling and profiling of water quality parameters in the lake was 

undertaken, and a measurement of the water level was made.  A panoramic photo was also 

taken of the pit void for future reference.  A comparison with earlier data collected at the void 

was also performed. 

 

3.1.1.4 June 1996 

Golder Associates completed a water sampling programme at the pit in June 1996, which was 

published in its report Goldsworthy Abandoned Pit Water Quality Study – 1996 Resampling 

and Review.  A review of previous data and a comparison with collected data were performed.  

A thorough risk assessment of the potential environmental risk factors at the void was also 

undertaken, with particular emphasis on the prospect of a hypersaline plume eventually 

emanating from the pit. 

 

3.1.1.5 Manning, 2004 

In preparation for this study, BHP Billiton employed Martina Manning, an engineering 

honours student, to undertake a period of vacation work to undertake a data search, 

preparation of a database and verification of existing groundwater models.  The resulting 

report, Mt Goldsworthy Pit Status Report, collates and details all known information and data 

sources regarding the pit and its surroundings.  An attempt to quantify the rate of groundwater 

inflow was also performed, using a refinement of the models used by AGC Woodward-Clyde 

in their May 1992 report. 

 

3.1.2 Evolution of water levels 

The evolution of the pit water levels since closure is shown in Figure 3.  The water level in 

the pit has increased following an approximately logarithmic profile since 1982.  When the 

Goldsworthy Pit was mined out its base was at RL -140m AHD (AHD is believed to be 

analogous to mean sea level) (AGC Woodward-Clyde 1992).  By May 1992, the water level 
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had recovered to approximately RL -26.5 m AHD.  Few records of the rate of filling until this 

time have been kept (AGC Woodward-Clyde 1992).  During the site visit of 15 October 1992, 

an inverted survey staff for measuring water levels in the pit was installed at the bottom of the 

main access road to the pit (AGC Woodward-Clyde 1992).  Pit water level was recorded at 

RL -25.47m AHD (AGC Woodward-Clyde 1992).  By August 1994, the water level had 

recovered to RL -22m AHD, found to be consistent with a panoramic photograph of the pit-

water body (Graeme Campbell & Associates 1994).  The water level in November 1996 was 

RL -16.75 AHD, again consistent with a panoramic photograph of the pit-water body.  

Waterhouse and Wright (2003) used photographs taken at the site to estimate the water level 

to have recovered to RL -8m AHD. 
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Figure 3. Measured and inferred water heights of Mount Goldsworthy pit lake, 1992-2003 

 

3.1.3 Pit water chemistry 

Water quality sampling has been performed at the pit on each of the four field trips to the pit.  

Water quality profiling and sample collection methodologies were similar for each trip.  On 

each occasion prior to 1996, a YeoKal Submersible Multisensor Logger was used for the 

profiling of temperature, conductivity, dissolved oxygen and pH, over 3 sites on the lake.  

Approximate site locations are shown in Figure 4.  Measurements were recorded at selected 

depths after allowing the readings to stabilise (AGC Woodward-Clyde 1992).  1996 sampling 

involved the lowering of a Niskin bottle sampler to recover discrete parcels of water at 

various depths, returning them to the surface and taking in situ measurements of temperature, 

conductivity and pH. 
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A range of surface water samples at each site were collected by hand whilst subsurface water 

samples were collected by lowering a Van Dorn-type sampler to the selected depth and 

activating the sealing mechanism by way of a messenger weight (AGC Woodward-Clyde 

1992).  Samples of seepage water emanating from the walls in the north-west corner of the pit 

were also collected.  Analyses of water samples were conducted in various laboratories 

depending on the consultancy preparing the report. 

 

 
Figure 4: Aerial photograph showing approximate site locations from 1992-1996 sampling 

 

3
2

1

3.1.3.1 Temperature 

Measured temperature values are presented in Figure 5. 
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Figure 5: Temperature vs depth profiles at Mount Goldsworthy, 1992-1996 

 

May, October and November data all indicate the presence of a thermocline, with a maximum 

slope of 1°C every 3-4m reported in May 1992 (AGC Woodward-Clyde 1992).  This was 

reported as being consistent with expectations of winter turnover of the lake, due to density 
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increases in the epilimnion from cooling and evapoconcentration (AGC Woodward-Clyde 

1992).   

 

3.1.3.2 Conductivity 

The change in field conductivity values as measured in the 4 previous sampling rounds is 

presented in Figure 6.   
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Figure 6: Field measured electrical conductivity vs. depth profile at Mount Goldsworthy, 1992-1994 

 

Values at depth show an increase in conductivity of approximately 400µScm-1 between May 

1992 and August 1994. 

 

1992 profiles, and to a lesser extent the 1994 conductivity profile, indicate a decrease in 

conductivity consistent with a decrease in temperature.  Golder Associates (1996) doubt the 

validity of these profiles, given the large decrease in conductivities (up to 1000µScm-1) and 

laboratory measured conductivities showing homogeneity with depth.  It was surmised that 

the conductivity probe within the YeoKal probe used was not temperature compensated 

(Golder Associates 1996) and as a result, these values may to be erroneous. 

 

3.1.3.3 Salinity 

Pit water salinity soon after mine closure was measured to be approximately 2500 mg/L, 

measured as total dissolved solids (TDS) (AGC Woodward-Clyde 1992).  Laboratory 

measured pit salinity values from 1992-1996 are presented in Figure 7.   
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Figure 7. Salinity (TDS) vs depth profiles at Mount Goldsworthy, 1992-1996 

 

3.1.3.4 Other parameters 

pH throughout all analyses remained in the neutral-semi alkaline range of 7.5 to 8.5.  

Analyses conducted for the presence of metal ions and nutrients indicated that most metals all 

both nitrogen and phosphorus were under detectable limits on each occasion.  Golder 

Associates (1996) concluded on this basis that the major pit water quality issue was the 

increase in salinity. 

 

3.1.4 Groundwater characterisation 

3.1.4.1 Historical information 

A report prepared in February 1974 (Golder Moss 1974, as cited in AGC Woodward-Clyde 

1992) indicated that the pre-mining water level was approximately RL 120ft. 

 
Water Inflow Quantity 

Much of the following information is sourced from AGC Woodward Clyde (1992), unless 

otherwise stated. 

 

Limited information exists regarding the inflow of water into the pit, both before and after the 

cessation of mining.  A summary of the known information regarding groundwater flow rates 

is presented below. 

 

• The water control requirements never seem to have been large, given that it was never 

found necessary to approach mine water control as a major study (AGC Woodward-

Clyde 1992).  Sumping seems to have been sufficient for removal of influent 
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groundwater, probably with total pumping rates of the order of a few thousand kL/day.  

Some horizontal drainage holes are known to have been installed to improve slope 

stability and enhance groundwater inflows. 

 

• A report by GML Development in 1972, when the pit had reached a depth of RL 40ft, 

estimated that pumping rates in the order of 650 to 1300 kL/d were required at the 

time. 

 

• An internal GML memorandum in 1974 indicates that the groundwater inflow rate 

was approximately 2300kL/d, corresponding to a pit floor depth of approximately RL 

-120 ft. 

 

• Much later, a report of a visit by BHP staff indicated that similar pumping rates were 

required when the pit was near its final depth. 

 

• There is only one available record of water levels in monitor bores in the host rocks 

outside the ore body (Golder Moss 1974), which shows that groundwater levels fell 

slightly within the host rocks in response to mining. 

 

• When first sampled in 1992, the walls of the Goldsworthy pit were observed as being 

dry everywhere but for a small seepage which extended approximately 5m above the 

water level in the north-west corner of the pit. 

 

Water Quality 

In general, the iron ores of the Pilbara form good aquifers with potable or near-potable water 

quality (AGC Woodward-Clyde 1992).  Little information is available directly for 

Goldsworthy Pit. 

 

Salinity data for dewatering water from 1978-1980, reported in terms of total dissolved solids 

(TDS), is provided by AGC Woodward-Clyde (1992).  It is the only available record of 

salinity of groundwater entering the void prior to sampling of seepage water in 1992.  Values 

range from 1420 mg/L in February 1978 to 2060mg/L in April 1980. 
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Sampling of seepage water emanating from the walls of the pit in the north west corner of the 

pit were conducted in 1992 and 1996.  Salinity values increased from a value of 4400mg/L 

TDS in 1992 to a value of 4900mg/L TDS.   

 

3.1.4.2 Regional hydrogeology 

Groundwater occurs in the area mainly within two distinct hydrogeological units.  One is the 

narrow strips of the alluvial deposits of the major drainages, notably the De Grey River, and 

the other the Archaean bedrock which underlies the region and forms the ranges such as 

Mount Goldsworthy.  Groundwater in the area, both in the fractured rocks and alluvium, 

would be recharged by infiltration of summer rains, particularly along drainage lines such as 

the De Grey River (AGC Woodward-Clyde 1992).   

 

Archaean bedrock 

The Archaean rocks are expected to have low to moderate permeability due to discontinuities 

and fracture systems (AGC Woodward-Clyde 1992).  Davidson (1974) considered that the De 

Grey alluvials constituted the only worthwhile aquifer in the region.  However, the 

mineralized banded iron formations, such as the Goldsworthy orebody, may form aquifers 

where they occur. 

 

The basic conclusions which have be drawn are that: 

 The orebody was moderately transmissive; and 

 The host rocks are less transmissive than the orebody. 

 

These conclusions are based on the low (inferred) pumping rates for the large size and depth 

of the excavation and the relatively high water levels measured near the orebody within the 

host rocks.  They support the general conclusions concerning the low potential for major 

aquifers within the Archaean rocks. 

 

De Grey River 

The De Grey River is a major drainage with an associated alluvial deposit incised into 

bedrock.  Davidson (1972) included the following interpretations concerning the alluvial 

aquifer: 

 Salinities range from 200 to 2000 mg/L, rising away from the river; 

 The probable rate of groundwater flow through the system is about 6,000kL/d; and 
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 Recharge occurs from intermittent river flows. 

 

3.1.5 Hydrological modelling 

Modelling of the final water level in the pit requires detailed characterisation of the rate of 

groundwater inflow into the pit.  Two independent methods of calculating the groundwater 

inflow have been performed- a salt balance and a water balance.  Both of these methods 

require a calculation of the volume of the pit void, in order to determine the volume of water 

in the pit and its change with time (Manning 2004). 

 

3.1.5.1 Pit void volume calculations 

The following calculations are derived from Manning (2004). 

 

Figure 8 is an illustration of an approximated cross-section of Mount Goldsworthy pit void.   

 

 
Figure 8: Approximation of volume within Mount Goldsworthy pit void (Manning 2004) 

 

The dimensions of the pit floor are approximately 55m (w0) by 860m (L0) (Manning 2004) 

The average bench height (hb) is 12m and the average bench width (wb) is 10m (AGC 

Woodward Clyde 1992).  Thus, as the height of the water body increases by each bench 

height (12m) the width of the water body increases by 20m (twice the bench width). 
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Pit volume can be approximated by calculating the width and length of the water body at each 

bench height. 

 

For each bench level the width increases by 20m as shown: 

1021 ×+= −nn ww  [m]. 

Where 

n is the number of benches the water body covers. 

w0 is the width of the water body at the bottom of the pit. 

wn is the width of the water body at bench number n.   

 

The length of the water body changes by a similar definition: 

1021 ×+= −nn LL  [m]. 

Where  

Lo is the length of the pit bottom. 

Ln is the length of the water body at bench number n. 

 

Therefore the volume of each ‘block’ is defined as follows. 

nbnnn Lhwvv ××+=+1   [m3] 

Where 

v1 is the volume of the first bench block. 

hb is the height of the bench block, equal to 12m. 

vn+1 is the additive volume of each bench including bench number n. 

 

The total volume for up to each bench level is equal to the volume calculated for that block, 

plus the calculated volume of the bench before it. 

nn vvVol += −1    [m3] 

 
Table 1: Example calculation of surface area and volume in the pit void (Manning 2004) 

h (m) n w (m) L (m) Surface Area (m2) Volume (m3) 

12 1 wo = 55 L0 =860 SA0=w0 L0 v1 = 55×12×860 

24 2 w1 = wo + 2×10 L1 =  L0 + 2×10 SA1=w1 L1 v2 = w1×12×L1 + v1

36 3 w2 =  w1 + 2×10 L2 = L1 + 2×10 SA0=w2 L2 v3 = w2×12× L2 + v2
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When quantifying the water volume of partially filled benches, the height of the water above 

the last bench level is multiplied by the surface area, and added to the previous bench level 

volume. 

 

3.1.5.2 Estimation of groundwater inflows 

Salt Balance 

The salt balance calculated the inflow of groundwater using the volume and salinity of water 

in the pit.  The model is simplistic, using only the mass of salt and volume of water to 

determine the groundwater inflow rate.  Thus rates of evaporation and precipitation are not 

taken into consideration.  The estimated salinity of the groundwater is important in these 

calculations, the accuracy of which has a significant effect on the calculated groundwater 

inflow. 

 

The total mass of salt in the pit lake is equal to the volume of the water body multiplied by the 

salinity of the water body (AGC Woodward Clyde, 1992).   

yearyearyear VcM =    [g] 

Where, 

M is the total salt mass in the water body [g] 

c is the salinity of the water body TDS   [mg/L] 

V is the volume of the water body [m3] 

 

Based on the depth profiling and sampling, the total mass of salt in the pit water was deemed 

to be 19000 tonnes. 

 

The groundwater inflow rate was estimated using the total mass of salt in the water body and 

the salinity of the inflow.   

 

The groundwater inflow is calculated annually using the mass of salt in the water body for 

each year. 

ST
MQ
×

=     [kL/day] 

Where, 

Q is the groundwater flow rate [kL/day] 

M is the mass of salt [g] 
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T is the duration of the inflow [days] 

S is the salinity of the groundwater inflow [g/kL] 

 

An estimate of the salinity of the groundwater inflow was necessary.  Assuming an average 

groundwater salinity of 1800 mg/L from dewatering data, the total rate of inflow was found to 

be approximately 3500 kL/d, higher than the best information about inflow rates during 

mining. 

 

Manning (2004) uses the same method, but with 2 other estimates of salinity in addition to 

that used previously.  To cover a range of possible values the groundwater inflow has been 

calculated using a salinity of 1500 mg/L, 1800 mg/L and seepage water salinity in 1992 of 

4400 mg/L (AGC Woodward Clyde, 1992). 

 

Potential issues with this methodology include 

- Approximation of the volume increase with time 

- Uncertainty of salinity of the pit water body 

- Uncertainty of the groundwater salinity 

 

There is a large difference in the calculated mass of salt influx, between the AGC Woodward-

Clyde (1992) report and the Manning (2004) review, as presented in Table 2. 

 
Table 2: Salt balance calculation differences between AGC Woodward-Clyde (1992) and Manning (2004) 

(Manning 2004) 
Calculated Value AGC W-C (1992) Manning (2004) 

Mass of salt 19 000 T 66 000 T 

GW inflow 1 600-3 200 kL/d 4 000-12 000 kL/d 

Salt influx 5.8 T/d 12 – 20 T/d 

 

The mass of salt and groundwater inflow calculated in this review was approximately two to 

four times larger than that in the AGC Woodward-Clyde (1992) report.  This is due to the 

larger volume approximated by Manning and the use of 1500 mg/L as the lower range of 

groundwater salinity in this review, as compared to 1800 mg/L in the 1992 paper. 

 

The model fairly accurately represents the changing pressure head between the external 

groundwater levels and pit water body through the change in groundwater inflow over time.  

The groundwater inflow increased over the first 14 years of inflow in the model, the increase 
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slows with time, until in 1994 the groundwater inflow decreased, indicating that in the model 

the groundwater inflow will continue to decrease until equilibrium is reached between 

precipitation, evaporation and inflow (AGC Woodward-Clyde 1992).  This suggests that the 

model isn’t ideal, as groundwater flow into the pit in expected to be at its highest initially, and 

slowing with time thereafter. 

 

Water Balance 

As an alternative to salt balance, a water balance was calculated and reported in the AGC 

Woodward-Clyde reports of 1992.  The methodology was then refined by Manning (2004), 

and is presented below. 

 

The water balance used evaporation, precipitation and water level data to estimate the rate of 

groundwater inflow.  From groundwater inflow the salt influx was estimated.  It was assumed 

the only volume flux into the pit was groundwater and precipitation and the only outflow was 

through evaporation.  The only flux of salinity into or out of the pit was through groundwater 

(thus precipitation was assumed to have negligible salt concentration).  These three factors, 

groundwater inflow, precipitation and evaporation form the water balance for the pit. 

 

AGC Woodward-Clyde (1992) estimates the input due to precipitation by multiplying the 

average annual wet season rainfall by the 47ha area of the open top of the pit.  This produces 

a yearly input of 108 000 kL, which is equivalent to 300 kL/day. 

 

An approximation of the rate of evaporation was made by the adoption of Class A Pan data 

(3300 mm/yr for Port Hedland and 4200 mm/yr for Newman) and a pan factor of 0.7.  The 

average annual evaporation was estimated to about 2300 mm/yr for Port Hedland (6mm/d) 

and 2900 mm/yr for Newman (8mm/d). 

 

An approximate estimate of the average rate of inflow was calculated on the basis of a 

number of assumptions and a water balance equation: 

Inflows = Outflow ± change in Storage 

 

An iterative process was then applied by assuming a constant rate of inflow throughout the 

nine years since closure and a constant average evaporation rate from the gradually expanding 

water surface.  A constant rate of inflow would, on account of the shape of the pit, result in a 

progressively decreasing rate of rise to the water level whilst the surface area of the water 
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body would increase progressively.  Whenever the water level overlapped a bench, there 

would be an incremental effect on the reducing rate of water level rise and on the increasing 

water area.  However, this effect due to benches and batters was ignored, for simplicity, in the 

pit depth-volume curve and in calculations to estimate the average rate of inflow. 

 

Briefly, the process involved allowing one month’s assumed inflow, followed by calculation 

first of the resultant surface area and then the loss by evaporation for one month.  The 

resultant lower volume was then the starting point for the next iteration.  A number of 

different inflow rates were applied until a value was found for which nine years’ inflow 

reached a water level of RL -36m AHD. 

 

For Port Hedland evaporation data, this yielded the estimate that an average inflow of 1800 

kL/d would have been necessary to raise the water level to approximately RL -36m AHD 

since 1982; i.e. 1500 kL/d groundwater and 300 kL/d from rainfall.  This is close to the salt 

balance value from groundwater inflow based on the salinity of the seepage in the north-west 

corner of the pit (4400 mg/L). 

 

The methodology used by Manning (2004) differs from that in the 1992 AGC Woodward-

Clyde study as it was assumed in that study that 

- The evaporation rate was constant from 1982-1992.  A pan evaporation factor of 0.7 

was used. 

- Evaporation was approximated from Newman, 8mm/d and from Pt Hedland   6 mm/d. 

- The precipitation rate was assumed constant at 300 kL/d from 1982-1992. 

- The groundwater inflow was constant from 1982-1992. 

- The volume calculations were highly approximated and smoothed, bench levels were 

not considered. 

 

In Manning (2004), it was assumed that  

- The groundwater inflow decreases as the pressure head between the water levels 

inside and outside the pit are reduced. 

- The volume change is not linear with time. 

- The evaporation is approximated using Port Hedland evaporation data and a pan factor 

of 0.7. 

- The rainfall from Mt Goldsworthy is used from 1982-1992.  After this period the 

precipitation from Port Hedland is used as an approximate value. 
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The closest evaporation measurements to Mt Goldsworthy are taken from Port Hedland.  The 

pan evaporation was multiplied by a factor of 0.7 to represent actual conditions, however this 

factor may differ quite substantially as it was taken from ordinary lake conditions and the 

evaporative conditions at Mt Goldsworthy are very different as the water body is substantially 

sunk beneath the surrounding landscape. 

 

The total volume of rainfall entering and evaporative losses was calculated by multiplying the 

surface area by the total precipitation/evaporation each.  The new volume was calculated as 

follows:  

evapprecyx VVVV −+=+1  

Where,  

Vn+1 is the new volume calculated 

Vy is the volume calculated for that year 

Vprec is the volume of water added to the pit through precipitation 

Vevap is the volume of water removed from the pit through evaporation 

 

Using the previously calculated volume for the next year the depth of the water was 

calculated. 

  

The volume of groundwater inflow for the previous year was calculated using difference 

between the new years water volume and the old years water volume. 

yyrgroundwate VVV −= +1  

 

Daily groundwater inflow rates were calculated by dividing the annual groundwater inflow by 

365.  From this inflow rate the daily salt influx was estimated, by multiplying the volume of 

groundwater inflow by the salinity of the groundwater.  The groundwater salinity is 

considered an estimate – the estimates range from 1500 mg/L to 1800 mg/L to the seepage 

salinity of 4400 mg/L, creating a best and worst case salinity scenario (AGC Woodward 

Clyde 1992). 

 

The biggest source of uncertainty in this model is the evaporation rate at Mt Goldsworthy – 

the pan evaporation has never been measured and therefore no comparison between Port 

Hedland and Mt Goldsworthy can be made.  Also the pan factor of 0.7 may vary due to the 

unusual conditions experienced at a mine lake. 
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The groundwater inflow in 1992 is calculated at 3300 mg/L, approximately 2.5 times that of 

the AGC Woodward-Clyde (1992) report.  The salt influx ranges from 5-14.6 t/d for the range 

of groundwater salinities used.  The water balance shows very clearly the change in 

groundwater inflow with time.  The groundwater inflow is greatest in the first year, where the 

volume of water is nil and then decreases with time over the 20-year period.   

 

3.1.5.3 Prediction of salinity increase 

From observations and limited records, it is recognised that the pit-water salinity has 

increased from about 1800 mg/L immediately after the cessation of mining (1982) to about 

4900 mg/L (1996). 

 

These dissolved salts would principally be derived from groundwater seeping into the pit.  

One method to estimate the salt flux is by the water balance method described earlier, 

whereby the groundwater inflow was estimated to be in the approximate range 1500 to 1800 

kL/d, combined with groundwater salinity (1800 mg/L).  For a groundwater salinity of 4400 

mg/L, the salt flux would be in the range of 6.6 to 7.9 t/d (as compared to a flux of 2.7 to 3.2 

t/d when using 1800 mg/L).  Another method is to integrate salinity profile results with water 

body volume estimates from which an average salt influx of 5.8t/d can be calculated from a 

total inflow of 19000 t over nine years.  There is reasonably close correspondence between 

the influx estimate assuming 4400 mg/L as in inflow salinity (6.6 to 7.9 t/d) and that based on 

the accumulated mass of salt (5.8 t/d). 

 

This suggests that the salinity of the inflowing groundwater would be better estimated by the 

north-west seepage, i.e. 4400 mg/L than by the historical value of 1800 mg/L. 

 

3.2 Review of scientific literature 

 

3.2.1 Thermal Stratification 

Lakes in semi-arid climates go through pronounced annual temperature cycles, as a result of 

heat exchange between them and the atmosphere (Vant 1987, as cited in Bilinska 2004).  Heat 

exchange occurs through longwave radiation, shortwave radiation, conduction and 

evaporation; as well as temperature exchanges between the different vertical layers in the lake 

and the sediments (Jolly & Brown 1975). 
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Lakes are regarded as being stratified, when they have the following thermally isolated 

horizontal layers in the vertical plane: the epilimnion, metalimnion and hypolimnion (Bilinska 

2004), as depicted in Figure 9. 

 
Figure 9: Depiction of thermally stratified layers in a lake (Bilinska 2004) 

 

The epilimnion is the upper layer, well lit, well-mixed and relatively warm and identifiable by 

a very small variation in temperature with depth.  The middle layer, the metalimnion, is the 

plane of maximum decrease in temperature, referred to commonly as the thermocline. The 

bottom layer, extending from the thermocline to the bottom of the lake, is defined as the 

hypolimnion and experiences a very slow temperature decline with depth (Parshley and 

Bowell 2003). 

 

In Northern Australia, where the climate is characterised by a wet and dry season, lake 

stratification can occur.  Stratification of a lake occurs during the summer ‘wet’ season, where 

warmer, fresher waters sit atop colder, more saline waters in a lake.  With the onset of the 

winter ‘dry’ season, the fresher top layer increases in salinity due to evapoconcentration, and 

the water also cools due to a decrease in temperature.  This results in denser upper layer water 

mixing with water below (Boland and Padovan 2002) 

 

3.2.2 Modelling of pit water volume 

Stone and Fontaine (1998) identified knowledge of groundwater fluxes as a critical 

component in determining post-mining pit water quality, both as the pit fills and after steady 

state conditions have been reached.  Simulations of the filling of an open pit showed that the 

water table recovery is most rapid immediately after pumping stops, when the hydraulic 

gradients are steepest.  The authors suggest that as the lake reaches equilibrium, all of the 
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water flowing into the lake is removed by evaporation, so there is no flow out of the lake to 

groundwater.  Under steady-state conditions, the lake stage is lower than the elevation of the 

water table in the pit area prior to mining, and groundwater flow is directed toward the pit 

lake, because evaporation from the lake surface causes it to act as a groundwater sink.   

 

Commander et. al (1994), looking specifically at mine voids in the Pilbara region, supports 

the notion that the equilibrium water height in a mine lake is lower than the elevation of the 

water table.  It is argued that high temperatures in the region cause evaporative losses in 

excess of any potential groundwater replenishment, when both lake height and water table are 

approaching one another. 

 

This is also supported by Barr and Turner (2000) who performed a comparison of the long 

term chemical composition of mine water bodies in the Pilbara and the Goldfields regions of 

Western Australia.  It was found through a coupled water and salt balance model that the 

maximum water levels in both cases never reach the water table. 
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4 Methodology 
The methodology employed in this study can be divided into two distinct stages.  Firstly, field 

sampling at the void in May and August 2005 for water quality measurements and wind 

characterisation.  Secondly, the creation of a DYRESM simulation accurately emulating the 

evolution of water levels and salinity from 1982 to present day, and making predictions into 

the future as to pit water quality.  This stage includes the creation of an annual meteorological 

forcing function consisting of daily values to provide forcing for the model and also the 

creation of a daily groundwater inflow function tuned for input volume, temperature and 

salinity.  The final stage consists of using the model to make 5, 10, 20 and 50 year predictions 

of salinity, temperature and water levels in the lake. 

 

4.1 Field methodology 

Two sampling expeditions were undertaken in 2005: one in May (9th to 13th) and one in 

August (15th to 17th), in order to determine unavailable parameters for input into DYRESM 

and to provide a data set for verification with outputs from DYRESM.  Two trips were 

required as opposed to one in order to test for seasonal variability in conditions at the void, 

and also to provide consistency with work that has been completed previously at the void 

during similar times of the year.  The major objectives of the field trips were: 

1. Gathering information about water quality parameters within the pit lake, in terms of 

horizontal and vertical distribution; 

2. Gaining an understanding of the extent of wind sheltering from the mine walls 

occurring at the water surface. 

3. Determining the extent of light extinction within the water body; 

4. Determining any other unique water chemistry conditions that may influence the 

model; 

5. Identifying any large-scale conditions prevalent at the void. 

 

4.1.1 Dates and conditions 

May 

The author travelled to Mount Goldsworthy pit void accompanied by 2 EcoWise 

Environmental Services staff, and 2 staff from BHP Billiton.  Two days of sampling were 



Methodology   27 
 

 

completed on the 11th and 12th May.  Conditions at the pit were clear for the entirety of the 

two days, with air temperatures in the pit at the water surface estimated by those on site to be 

at least 45°C.  The author was accompanied by 2 EcoWise Environmental Services staff, and 

2 staff from BHP Billiton. 

 

August 

The author again travelled to the pit void accompanied by 2 EcoWise Environmental Services 

staff and 2 staff from BHP Billiton.  Two days of sampling were completed on the 15th and 

16th August.  Conditions at the pit varied between the two days, with overcast conditions 

prevalent for the 1st day and for the morning of the 2nd day, while patchy cloud persisted for 

the afternoon.  Air temperatures were estimated by those on site to be approximately 25°C in 

the pit at the water surface. 

 

4.1.2 Water quality parameters 

May 

In-situ measurements of temperature, pH and conductivity were made at a 6 sites across the 

void, at various depths.  Figure 10 shows the distribution of sites across the void.  Due to 

significant wind drift affecting the boat, there was often variation in the exact location of 

sampling at each site by up to ±20m during profiling.  Sites 1, 2, and 5 were defined as close 

as possible to Sites 2, 3 and 1 as employed in the AGC Woodward-Clyde (1992) 

investigations.  These sites were relocated ‘by eye’ from a map published in the July 1992 

report. 

 

 
Figure 10: Distribution of sampling sites across Mount Goldsworthy pit void 

 

A Van Dorn Vertical PVC Water Bottle - Type Alpha 2.2L was used to collect water samples 

at various depths at each site.  Measurements were made where possible at the surface, and at 
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depths of 3m, 6m, 10m, 20m, 40m, 60m, 80m and 100m.  Sites 1 and 6 were deemed to be 

directly above bench levels and so no attempt was made to sample below 60m at these 

locations.  The samples were then brought back to the surface and analysed using a Horiba D-

24 Water Quality meter. 

 

The same Van Dorn-type sampler was used to collect water samples at a variety of depths at 

each of the sites for laboratory assessment of water quality.  Table 3 shows the depths at 

which samples were taken at each site.  Site 3 was also analysed for nutrients in addition to 

the standard suite of water quality parameters.  Samples were again taken by EcoWise 

Environmental staff and sent to SGS Environmental Services for analysis.  All samples were 

treated, stored and preserved in accordance with Australia Standard AS 2031.1 (1986) which 

details the selection of containers and preservation of samples for chemical and 

microbiological analysis. 

 
Table 3: May 2005 sampling depths at each site 

Depth (m) Site 1 Site 2 Site 3* Site 4 Site 5 Site 6 

0       

3  X X    

6    X  X 

10   X   X 

20  X X    

40 X  X   X 

60    X  X 

80   X    

100  X X    

* Also analysed for nutrients 

 

August 

Measurements of temperature, pH, conductivity, turbidity and dissolved oxygen were made 

using a YeoKal 750 Submersible Multisensor Logger.  Sampling was limited to 4 of the 6 

sites visited during the May trip: Sites 2, 3, 5 and 6, though it is likely that due to wind drift 

and the rough estimation made of the exact location of each site, there was up to a 30m 

difference in sites between the May and August visits.  Like in the May trip, there was 

considerable wind drift from the initial sampling point at each site as the probe was 

progressively lowered.  However, as the boat was powered on this trip by a motor rather than 
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by oars operated by those on the boat, the wind drift is likely to have been not more than 

±10m.  The probe was lowered into the water, and after allowing the reading for each 

parameter to settle, measurements were taken at the surface, at 1m intervals to 6m, and then at 

8m, 10m, 13m, 16m, 20m, 25m, 30m, 40m, 50m, 70m and 90m.  Sites 2 and 6 were deemed 

to be directly above benches and so measurements were only taken to a depth of 70m and 

60m respectively. 

 

As in the May trip, a Van Dorn-type sampler was used to collect water samples at a variety of 

depths at each of the sites for laboratory assessment of water quality.  The same procedure for 

the handling, collection, storage and preparation was employed as in the May trip.  Table 4 

shows the depths at which samples were taken at each site. 

 
Table 4: August sampling depths at each site 

Depth Site 2 Site 3 Site 5 

 Standard Nutrients Standard Nutrients Standard Nutrients 

0 X  X  X  

3 X X X X X  

6 X  X    

10 X X X X X  

15 X  X    

20 X X X X X  

40 X  X    

60 X X X X X  

80 X  X    

100     X X 

 

4.1.3 Light attenuation 

Light attenuation was calculated from irradiance, measured with a Licor LI-192SA quantum 

sensor.  Profiling occurred at Sites 1, 3 and 5 in May, where clear conditions were prevalent.  

However patchy cloud was persistent during the August trip, and impacted upon profiling at 

Sites 1 and 3.  Profiling at Site 5 though occurred under clear conditions. 

 

The sensor was calibrated in air and one measurement taken just above the surface.  The 

sensor was recalibrated for underwater measurement and then lowered progressively down the 
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water column.  Measurements were taken just below the surface and at depths of 0, 0.5, 1, 1.5, 

2, 2.5, 3, 4, 5, and 6m.  Most of the attenuation occurs in the upper part of the water column 

(Derham 2004), hence the higher resolution for depth less than 3m. 

 

Measurements at depth (IZ) are compared to measurements at the surface (I0) during analysis, 

so it is important that light conditions are constant for the profile.  A Licor LI-193SA 

spherical quantum sensor was used to confirm constancy; it was left just under the surface and 

measurements were taken simultaneously to depth measurements to ensure light conditions at 

the surface were stable.  Where large deviation occurred from the initial measurement under 

the surface, measurements were retaken. 

 
Irradiance is assumed to exhibit a negative exponential decrease with increasing depth, 

according to the equation: 
kz

Z eII −= 0  

where  IZ = irradiance at a depth of z metres 

 I0 = irradiance at the surface 

 k = light extinction against depth  

 

Using the above equation, k may be estimated from 
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⎛

ZI
I 0ln  was plotted against depth and a linear regression applied to the data.  The 

gradient of the regression was recorded as the light extinction coefficient, k. 

 

4.1.4 Wind measurements 

To gain an understanding of the extent of wind sheltering at the void, two anemometers were 

stationed at the void, one at the water surface, and one at the top of the void.  Exact locations 

are shown in Figure 11, represented by yellow squares.  Both stations consisted of a Vaisala 

WMS301 anemometer used in conjunction with a Star Logger Model 6004B logging 

apparatus.  Both anemometers were positioned approximately 2m above the ground surface.  

Simultaneous readings of wind speed at 5 second intervals were made over a 21 hour period 
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from 12:00 pm on 25th August 2005.  Minimum, mean and maximum wind speeds at one 

minute intervals were collected by data loggers. 

 

Figure 11: August 2005 anemometer locations, shown in ye

 

Mean wind speeds at the top of the void were then plotted again

measured at the bottom of the void.  A linear line of best fit was

passing through the origin, in order to produce an approximate sh

sets were taken at the same height relative to the ground, a corr

determine the wind speed at 10m was deemed to be not required. 
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4.2.1 DYRESM hydrodynamic model 

DYRESM (Dynamic Reservoir Simulation Model) is a one-dimensional model used to 

simulate the hydrodynamics of lakes and reservoirs.  It can be used to predict the variation 

in water temperature and salinity over depth and time (Antenucci and Imerito 2002).  

Development of DYRESM dates back to 1978 with a first successful application on 

Wellington Reservoir in Western Australia (Imberger & Patterson 1981; Imberger et al. 

1978). The individual processes in DYRESM have been validated through extensive 

experimental, field and theoretical studies. (Hornung 2002) 

The model is based on an assumption of one dimensionality; that is, the hydrodynamic 

variations in a vertical direction are much more important than horizontal variations, and thus 

there is no lateral or longitudinal variation across a water body (Antenucci and Imerito 2002).  

The horizontal transport in stratified lakes and reservoirs are typically several orders of 

magnitude greater than the vertical transport rates which is no surprise since most lakes are 

laterally homogenous but vertically stratified (Yeates and Imberger 2004).  Consequently, the 

distribution of biogeochemical species such as nutrients and dissolved oxygen are largely 

controlled by vertical flux mechanisms (Yeates and Imberger 2004).  This validates the use of 

one dimensional models such as DYRESM on mining lakes whose horizontal variation in 

temperature, density and salinity are often not important when compared to the vertical 

(Nguyen 2004).  It is however necessary to check the validity of the horizontal homogeneity 

assumption before using DYRESM.   

 

In the model, mixing is simulated using the principles of conservation of mass and 

momentum.  Calculations are applied to each layer, starting at the surface, determining layer 

by layer whether there is enough free energy for two interfacing layers to mix.  Fully three-

dimensional mixing processes are represented parametrically, but only their effect on vertical 

stratification is retained in the calculations (Antenucci and Imerito 2002). 

 

DYRESM can well describe the dynamics of lakes and reservoirs given that the time scales of 

extreme events such as floods and storms are small.  It can help predict the seasonal and 

annual variability of lakes and reservoirs.  Furthermore, the model is capable of testing the 

sensitivity of a lake to long term changes in environmental factors (Nguyen 2004). 

 

DYRESM is not computationally demanding and can easily simulate tens of years worth of 

data without any problems.  It parameterizes the major physical processes that give rise to 
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temporal changes in temperature, density and salinity distributions in lakes and reservoirs 

(Antenucci and Imerito 2002).  The model requires substantial and accurate input data files, 

including: meteorological data, lake morphology, initial water profiles, inflows and outflows. 

 

4.2.2 Model construction 

As discussed earlier, DYRESM can determine evaporative losses from the void, thus leaving 

the groundwater input as the major unknown when determining changes in water levels in the 

void.  In order to quantify the evaporation from the pit void, DYRESM was used to emulate 

the evolution of water quality and quantity in the lake between 1992 and 2005, with the 

assumption that there was no groundwater input into the void.  This required the creation of 

DYRESM input files in order to run the model, where bathymetric, meteorologic and lake 

water quality data are defined.  This includes the construction of an annual meteorological 

forcing to drive the model, based on available meteorological data from the site.   

 

After determining the extent of evaporation, the daily groundwater input was then estimated 

from the difference between known water levels and water levels predicted by DYRESM.   

 

4.2.3 Input files 

In order to run simulations using DYRESM, at least 7 text input files are needed.  These files 

are specially developed for the site itself and contain all the forcing data that DYRESM uses 

to develop the simulations.  DYRESM creates a reference in netCDF data format by using 

information on the lake’s bathymetry, meteorological data, and inflow and outflow 

characteristics.  This reference file then combines with the initial profile and parameter files to 

form the simulation netCDF file.  DYRESM then uses the simulation file, along with the 

reference and configuration file to extract all the necessary information it needs to run 

DYRESM.  DYRESM performs the necessary calculations and functions and returns the 

output information into the original simulation file, which then contains both the input and 

output information.  The DYRESM simulations can be visualized using Modeller Graphic 

User Interface (GUI).  A schematic diagram of how DYRESM works is summarized by 

Figure 12 below (Antenucci & Imerito 2002). 
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Figure 12: Flow diagram of the simulation process in DYRESM (Antenucci & Imerito 2002) 

 

An explanation of the development of each file follows.   

 

4.2.3.1 Physical Data and Lake Morphometry File (.stg) 

The lake morphometry file contains information of the surface area (m2) relative to depth (m) 

of the lake to be simulated, and also specifies the number and locations of inflows and 

outflows to and from the lake.  The volume approximations by Manning (2004) presented in 

Chapter 3 were used to simulate the bathymetry of the pit void.  Despite there being no 

outflows specified as emanating from the lake, the minimum value of 1 outflow was chosen, 

with null values specified in the outflow file.  As groundwater is initially set as zero, the same 

minimum 1 inflow was set, with null values specified in the inflow file.  When adding in an 

inflow, the following are detailed: inflow height above base of the lake, streambed half angle, 

streambed slope, streambed drag coefficient and stream inflow name.  The file also specifies 

the latitude and height above mean sea level of the lake.  The latitude was obtained from a 

Bureau of Meteorology record of short–wave radiation at Mount Goldsworthy, while height 

above mean sea level of the top of the water level was calculated from information presented 

in the November 1992 AGC Woodward-Clyde report. 

 



Methodology   35 
 

 

4.2.3.2 Initial Profile (.pro) 

The initial simulation period is from 14th November 1992 to 31st December 2005.  The 

starting date coincides with the 2nd run of profiling performed at the lake by AGC Woodward-

Clyde.  As discussed earlier, there are doubts as to the validity of salinity results from the 

May 1992 sampling run, and as a result the results from the November 1992 run were chosen 

as a more appropriate dataset for the initial profile.  The initial profile file requires 

temperature and salinity profiles from the surface to the bottom of the lake.  As 3 sites were 

profiled, the site with the largest number of values and the deepest profile, in this case Site 1,  

was chosen.   Measurements were made down to a depth of 70.8m, but as the lake was 

deemed to be approximately 115m in depth at this stage in time, it was assumed that the 

temperature and salinity at this depth was the same as at a depth of 70.8m. 
 

4.2.3.3 Meteorological File (.met) 

The meteorological forcing file is the most important input file, as the values here determine 

the extent of surface fluxes of heat, mass and momentum which drive DYRESM.  The 

meteorological data required by the model consists of daily time-series of: 

• wind speed (ms-1), averaged over 24 hours; 

• incoming shortwave radiation (Wm-2), averaged over 24 hours; 

• cloud cover (fraction), or incoming long wave radiation, averaged over 24 hours; 

• air temperature (°C), averaged over 24 hours; 

• vapour pressure (mbar), measured as wet and dry bulb temperature or relative 

humidity and averaged over 24 hours; and 

• precipitation (m), over 24 hours. 

 

Much of this data was obtained from the Goldsworthy Meteorological Station, located 

approximately 2km away from the pit near the Goldsworthy town site.  The exact location is 

shown in Figure 13.  The wind vane was located approximately 15m WSW of the weather 

station, on top of the Town/Rail Administration Building (Bob Ridley pers. comm. 2005).  

The weather station operated from 4 October 1966 through to 17 May 1992. 

 

 



Methodology   36 
 

 

 
Figure 13:  Aerial photograph showing the location of the historical Goldsworthy meterological station (in 

yellow), in relation to the Mount Goldsworthy pit lake (BHP 2005). 
 

An annual data set consisting of daily averages for each of the variables above were produced.  

Each variable and the methods with which data sets for them were constructed are discussed 

in turn below. 
 

Short-wave Radiation 

Incoming short-wave radiation was obtained from the Bureau of Meteorology, in units of 

megajoules per square metre per day.  Daily data was only available from 25 October 1990 

through to 31 December 1991, and there are significant periods where there is no data within 

this date range.  As a result, data for many of the days is taken from 1 value in the available 

period of data, while the remainder are simply averages of 2 data points.  In the case where no 

data existed for a particular day, values of short-wave radiation from the Port Hedland 

meteorological station were used.  Concurrent values from both stations were correlated, and 

are presented in Figure 14.  Port Hedland daily values from 25 October 1990 through to 31 

December 1994 were then averaged, and with the identified correlation, used to determine 

values for the missing data points at Mount Goldsworthy.  Values were then converted to 

units of watts per square metre.  The annual data set is presented graphically in Figure 15. 

 

1:25000 
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Figure 15: Mount Goldsworthy; Short-Wave Radiation, Annual representative data set 

 
 

Cloud cover 

Cloud cover can be used as a proxy for long-wave radiation, when such data is unavailable.  

Cloud cover data was measured at Mount Goldsworthy twice a day between October 4 1966 

to 30 September 1988 at 9am and 3pm, and 4 times a day thereafter with additional 

measurements at 6am and 12pm until the station was decommissioned.  Units of cloud cover 

were provided by the Bureau of Meteorology as octal coverage of the sky, where 1 octal 

represents one-eighth of the sky being covered by cloud.  Available readings were averaged to 

provide daily values and converted to a fraction of sky coverage, and then averaged to provide 

an annual data set, which is presented in Figure 16. 
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Figure 16: Mount Goldsworthy; Cloud cover,  

Annual Percentage Data Set 
 

Air Temperature 

Minimum, mean and maximum daily temperature data was obtained from the Goldsworthy 

meteorological station.  Daily mean values from 1966 to 1992 were averaged and are 

presented in Figure 17. As discussed previously, the location of the weather station some 

500m away from the pit results in uncertainty as to whether temperature in the pit itself at the 

water surface is accurately represented. 

 

0

5

10

15

20

25

30

35

40

1-Jan 1-Apr 1-Jul 30-Sep 30-Dec

Day of Year

M
ea

n 
Te

m
pe

ra
tu

re
 (°

C
)

Daily Averaged Mean Temperature  
Figure 17: Mount Goldsworthy; Mean Temperature,  

Annual Percentage Data Set 
 

Vapour Pressure 

Vapour pressure is calculated from relative humidity and air temperature data from the 

Goldsworthy weather station, with data set for relative humidity prepared in the same manner 

as mean air temperature discussed earlier.  The following equation defines the calculation of 

vapour pressure form these two parameters: 
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Where: 

 ea = vapour pressure (mb) 

 h = relative humidity of air (%) 

 qD = dry bulb air temperature (°C) 

 a = 7.5 

 b = 237.3 

 c = 0.7858 

 

The daily averaged annual data set of vapour pressure is presented in Figure 18. 
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Figure 18: Mount Goldsworthy; Vapour Pressure,  

Annual Representative Data Set 
 

Wind Speed 

Mean daily wind speed was obtained from the Goldsworthy weather station, and an annual 

data set of averaged daily values was constructed in the same manner as mean temperature.  

Initially, these values were inserted as is into the met file for the initial DYRESM run.  They 

were then corrected by the sheltering coefficient discussed in an earlier section and reinserted 

into the file, and DYRESM was run again, in order to determine the sensitivity of the model 

to sheltering at the void.  All subsequent model runs were completed with corrected values of 

wind speed.  The daily averaged annual data set of wind speed (pre sheltering) is presented in 

Figure 19. 
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Figure 19: Mount Goldsworthy; Average Wind Speed, 

Annual Representative Data Set 
 

The wind data is to be treated with a degree of uncertainty as to its accuracy, as the difference 

in topography and sheltering effects between wind readings and those occurring at the water 

surface may be more than those allowed for my the sheltering coefficient.  Furthermore, as the 

lake has filled, the extent of sheltering effects due to the steep walls would have been variable 

as the height of the surface had increased upon filling. 

 

Rainfall 

Daily rainfall data from 1966 to 1992 was obtained from the Goldsworthy metrological 

station, and an annual date set of averaged daily values was constructed in the same manner as 

mean temperature and wind speed.  The daily averaged annual data set of rainfall is presented 

in Figure 20. 
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Annual Representative Data Set 
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4.2.3.4 Outflow File (.wdl) 

For the purpose of running DYRESM a least one outlet elevation is required.  Though the 

mining void has no outlets, a minimum of one must be specified, and so one was specified 

over the simulation length with zero volumes in the withdrawal file. 
 

4.2.3.5 Inflow File (.inf) 

DYRESM requires daily inflow data of each inflow source for the duration of the simulation, 

consisting of: 

• daily mean inflow (m3); 

• mean temperature (°C), averaged over 24 hours; and 

• mean salinity (psu), averaged over 24 hours. 

 

The only inflow into the void is assumed to be groundwater, but as discussed earlier, the 

initial simulation assumed there to be no groundwater input, and so a single inflow was 

specified with zero volumes.   

 

Discussion of the changes made to the inflow file when calibrating the model for groundwater 

input is presented in Chapter 8.1.   

 

4.2.3.6 Parameters File (.par) 

This highly important file contains the parameters of the simulation.  Some of the values 

inside the parameter file are factual such as the mean albedo of water, and some are values 

that validations from other lakes around the world have come up with.  DYRESM has been 

applied to Lake Kinneret in Israel, Crystal Lake in the United States and several other lakes in 

Australia (Yeates and Imberger 2004), and through DYRESM development arise some of the 

parameters that appear in this file.  None of the parameters were changed for the purposes of 

this modelling exercise. Table 5 shows the origin of these parameters. 
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Table 5: DYRESM parameter file variables and their sources 

Coefficient/Variable Value Unit Source 

Bulk aerodynamic momentum 

transport coefficient 

1.3 x 10-3  Stull 1998 (as cited in 

Bilinska 2004) 

Mean albedo of water 0.08  Patten et.al. 1975 (as cited in 

Bilinska 2004) 

Emissivity of a water surface 0.96  Imberger & Patterson 1981 

(as cited in Bilinska 2004) 

Critical wind speed 3.00 ms-1 Spiegel et al. 1986 (as cited 

in Bilinska 2004) 

Time of day for output (s from 12am) 54000 s default 

Buoyant plume entrainment 

coefficient constant 

0.083  default 

Shear production efficiency 0.08  Spiegel et al. 1986 (as cited 

in Bilinska 2004) 

Potential energy mixing efficiency 0.20  default 

Wind-stirring efficiency 0.06  default 

 

4.2.3.7 Configuration File (.cfg) 

The configuration file contains configuration information for the simulation.  All values 

except the light extinction coefficient (see Chapter 5) were left at the default values as 

presented in the DYRESM User Manual (Antenucci & Imerito 2002). 

 

Non neutral atmospheric stability refers to the air column stability above the water surface 

with respect to the stability of the upper layer of the water in the lake.  Activating the non 

neutral atmospheric stability means that fluxes across the air-water interface are promoted, 

allowing heat loss out of the water and into the atmosphere.  The non neutral atmospheric 

stability was activated in each of the runs.  It was at one stage deactivated, but this resulted in 

errors in simulation, which indicates that the temperature of the upper layer of the epilimnion 

was most likely too hot when simulated using original parameters. 
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4.2.4 Sensitivity to sheltering 

To determine the sensitivity of DYRESM to wind sheltering, two simulations were run.  The 

first run was performed with all files prepared as discussed above.  To then simulate the 

effects of wind sheltering, wind speed values contained in the meteorological file were 

multiplied by a wind sheltering coefficient, determined from wind measurements conducted at 

the void (described earlier in this chapter).  DYRESM was rerun and outputs of water level, 

temperature and salinity generated in order to quantify wind sheltering effects on these 

parameters. 

 

4.3 Tuning for groundwater input  

4.3.1 Volume 

As discussed in the previous section, DYRESM was initially run with the groundwater input 

volume assumed to be zero, producing outputs of temperature, salinity, density and water 

level from 1992 to 2005.  From the water heights produced in DYRESM, water volume at 

each time step (1 day) was calculated, using the assumed bathymetry of the void as presented 

in Chapter 3.  Daily figures were then subtracted from those produced by an interpolated 

logarithmic plot of water increase over time based on known water height measurements.  The 

daily change in water volumes in DYRESM were then subtracted from those produced by an 

interpolated logarithmic plot of water increase over time based on known water height 

measurement to produce the daily groundwater input.  This is represented by the following 

equation: 

 

( ) ( )11 −− −−−= TTTTIN DDIIGW  

 

Where  GWIN = volume of groundwater flowing into the void (m3) 

 IT = interpolated water volume in the pit at time t  

 IT-1 = interpolated water volume in the pit at time t-1 

 DT = DYRESM predicted water level in the pit at time t 

 DT-1 = DYRESM predicted water level in the pit at time t-1 

 

This left an approximation of the groundwater input at each time step over time.  These values 

were then plotted and an exponential line of best fit added to produce an approximate 

groundwater inflow function.  An iterative procedure using this initial groundwater inflow 
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function was then employed, tuning the function for both Q and k, until a function which fit 

the logarithmic function was found.  Daily volumes based on this function were then found, 

and used to create an inflow in DYRESM.  Each daily volume point was split into 18 inflows, 

each flowing into the lake at 5m intervals from 5m above the floor of the lake to 90m from the 

lake bottom.  DYRESM water levels were then again compared to the estimated logarithmic 

fit of groundwater inflow from known data, and tuned for the input volume through adjusting 

the value of the initial value.  Exact derivation is discussed in Chapter 8. 

 

4.3.2 Tuning for salinity increase 

Once groundwater inflow rates were determined, the model required calibration for the 

salinity of the inflowing groundwater.  With limited information available regarding salinity 

of both regional groundwater and the salinity of groundwater in the near vicinity of the void, 3 

scenarios were tested.  Firstly, a constant value of 4900mg/L, coinciding with the highest 

measured value of seepage into the void in 1996 is assumed.  Secondly, a linearly increasing 

groundwater inflow salinity based on measured seepage values of 4400mg/L in 1994 and 

4900mg/L in 1996 is employed.  Thirdly, an exponentially increasing groundwater inflow 

salinity based on the same 2 numbers is employed.  Due to the various inadequacies of these 

methods, a negative exponential plot was derived to represent the salinity of groundwater over 

time entering the pit.  The derivation of this function is discussed in full in Chapter 5. 

 

4.4 Long term prediction 

With an accurate prediction having been made of water levels, temperature and salinities from 

1992 through to 2005, long term prediction is possible.  In terms of DYRESM model 

logistics, this is a straightforward task.  The major source of temporal variability in the model, 

which thus requires data from the future, is driven by the parameters in the meteorological 

file.  The meteorological file used thus far in this study is essentially an annual data set 

repeated for each year, and so this procedure can be continued to create a meteorological file 

for the desired duration of simulation. 

 

DYRESM was used to predict water levels, temperatures and salinities 10 years (2015), 20 

years (2025) and 50 years (2055) from present day.  The meteorological and inflow files 

require the most significant changes when performing long term modelling.  The 

meteorological file was updated to include the additional years of simulation, while additional 
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daily groundwater inflows, with their corresponding salinity values were inputted into the 

inflow file. 

 

The intricacy with long term modelling on Mount Goldsworthy is a result of the complexity 

of the groundwater inflow function defined to fit field data.  As described earlier, groundwater 

inflow volume is defined as a negative exponential function.  The salinity of the inflowing 

water is also modelled by the same type of function.  Thus, there is the potential for a point in 

the future where lake level reaches equilibrium, and later as groundwater inflow continues to 

subside, lake water levels decrease.  This groundwater input at the maxima is thus the input 

volume whereby evaporative losses and inputs from precipitation are balanced by 

groundwater input.  After running DYRESM for each simulation period, groundwater input to 

the void at the point at which water levels decreased was applied as the input for each day 

forward up to the end of the 50 year simulation period.  No change was applied to 

groundwater salinity modelling despite the change in groundwater inflow rates.  Simulations 

which included the maxima were then rerun. 
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5 Results 
The results of the study are presented in two sections.  Firstly, section 5.1 in which the major 

results from the two field sampling trips to Mount Goldsworthy and subsequent laboratory 

testing of void water quality at the void.  Then in section 5.2 results of DYRESM modelling 

of the evolution of the pit, including long term predictions, are presented. 

 

5.1 Field sampling 

5.1.1 Water quality  

5.1.1.1 Temperature 

Temperature data varied across each site in May (Figure 21), with no apparent trends with 

increasing depth.  This differs from past sampling in the month of May in 1992 (Figure 22) 

which indicated temperature stratification of the water column at about 20m, with the 

thermocline between the epilimnion and hypolimnion sharp at 1°C/m over 3 to 4m.  

Horizontal variation in surface temperature was also limited to 1°C, as opposed to 3.5°C in 

May 2005.  Surface values are consistent with May 1992 values relative to temperatures 

measured at other times of the year, with surface values currently between 26.4°C and 29.9°C 

comparable to values of 26.67°C to 27.72°C in May 1992.  This suggests that the accuracy of 

results was compromised by the methodology used.  That is, use of a Van Dorn bottle sampler 

to bring samples at discrete points to the surface for measurement of temperature is likely to 

have resulted in changes to the true temperature of samples, from either surface warming 

while sampled or contamination with surface waters used to rinse the bottle sampler before 

each sample is collected. 
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Figure 21: Temperature vs depth profiles at 6 sites, May 2005  

 

 
August temperature data (Figure 23) indicated small variation in the horizontal, with surface 

temperatures varying by, at most 0.5°C and temperatures variation at depth at most 0.1°C.  

Temperatures decreased by on average 0.2°C over the first 30m of depth, before settling 

between 20.9 and 21°C.  Much of this decline occurs between after a depth of 5m, indicating 

the initial stages of a stratified layer in the upper 5m of the water profile.  Profiles are 

comparable to results from August 1994 (Figure 22).  Surface water temperatures are 

comparable, though there is a less pronounced decrease in temperature with depth in May 

2005.  Also evident is an increase in temperatures at depth of about 1°C between the two 

sampling periods. 
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Figure 22: Site 1*-Temperature Change vs Depth 
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Figure 23: Temperature vs Depth Profile at 4 sites 

 

5.1.1.2 Conductivity 

Field and laboratory measured electrical conductivity was homogenous in both the horizontal 

and vertical on both trips.  Field conductivities in May were measured between 9800 and 

9900 uScm-1, while August conductivities were consistently at or near 10400 µScm-1 across 

each site and with increasing depth.  However, laboratory measured values for both May and 

August were both 400-500 µScm-1 below field measured values.  A similar difference was 

reported in the Golder Associates (1996) report, and was deemed to be inconsistent.  

However, as there is no definite reason known for this difference, both sets of results have 

been included in this study. 

 

 

 
Figure 24: Electrical Conductivity vs Depth Profile at 6 sites, May 2005 

 

An increase in conductivity is evident when comparing both field (Figure 25) and laboratory 

(Figure 26) results to past data, conforming to past trends and predictions.  A large jump is 
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evident for 2005 values from 1996 data, consistent with a linear increase of conductivities 

within the pit with time; while laboratory measured values indicate a logarithmic increase in 

conductivities with time. 

 

0

20

40

60

80

100

120

6500 7000 7500 8000 8500 9000 9500 10000 10500 11000

Electrical Conductivity (µScm-1)

D
ep

th
 b

el
ow

 S
ur

fa
ce

 (m
)

May-92 Oct-92 Aug-94 May-05 Aug-05  
Figure 25: Electical conductivity vs depth profiles at Site 1*, field measured data 
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Figure 26: Electrical conductivity vs depth profiles at Site 1*, laboratory measured data  

 

5.1.1.3 Salinity 

Field salinities were unavailable from the May trip, though laboratory values showed no 

heterogeneity in either the horizontal or vertical directions.  Measured in terms of total 

dissolved solids (calculated as NaCl), all values were found to be 5800 or 5900 mg/L. 

 

Field measured salinities in August (Figure 27) were homogenous in both the horizontal and 

vertical, with most values between 5.85 and 5.88ppt.  Site 6 exhibited some variation from 

these values, with a salinity of 5.80ppt recorded at a depth of 6, though this is most likely 

attributable to measurement error as the salinity reading on the YeoKal probe was not allowed 
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to cease fluctuation before readings were recorded.  Laboratory measured values showed 

similar homogeneity, with all values either 5600 or 5700 mg/L TDS.  The decrease in salinity 

from the May trip is not consistent with past data or trends, and the reasons for this are not 

immediately apparent. 
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Figure 27: Salinity vs Depth Profile at 4 sites – August 2005; field data 

 

August field results are consistent with past profiling in the month of August (Graeme 

Campbell and Associates 1994) in terms of the homogeneity of salinity with increasing depth 

(Figure 28).  Like the conductivities discussed previously, field data indicates a linear increase 

in salinity over time, while laboratory measured data (ignoring August 2005 data) shows a 

logarithmic increase in salinity over time (Figure 29). 
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Figure 28: Site 1*- Salinity Change vs Depth; field data 
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Figure 29: Site 1* - Salinity Change vs Depth; laboratory data 

 

5.1.1.4 Other parameters 

pH 

Field and laboratory measured pit water pH in both May and August was homogenous across 

each site and with increasing depth.  The pit water is neutral-to-alkaline with pH values 

between approximately 7.8 (August) and 8.2 (May).  The homogeneity with depth evident in 

August is consistent with previous sampling in the month of August (Graeme Campbell and 

Associates 1994). 

 

Metals and nutrients 

Concentrations of metals and nutrients (viz P and N forms) are very low, consistent with past 

data.  All samples had total phosphorus concentrations below detectable limits, while total 

nitrogen is present in the order of 1mg/L in each sample.  Calcium and magnesium 

concentrations are both in the order of 200-300mg/L, with similar concentrations detected in 

May and August.  Interestingly, while sampling in May did not reveal any other detectable 

metal concentrations, the August round of sampling showed iron, cadmium chromium and 

copper concentrations above detectable limits.  Iron is present in concentrations in the order of 

1mg/L, with no heterogeneity evident with increasing depth or across sites.  This is an 

increase on previously recorded concentrations of 0.6mg/L.  Chromium, copper and cadmium 

is also present at above detection limits, with concentrations of 0.01mg/L recorded.  There are 

no trends with any of these parameters in terms of distribution across the void or with 

increasing depth. 
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5.1.2 Light attenuation 

Irradiance measurement results are presented in Figure 30.  While 5 profiles were completed 

on the two field trips, only those profiles completed under completely sunny conditions are 

presented.  Light attenuation coefficients, taken as the gradient of the linear regression applied 

to each set of data points, vary between 0.1659 and 0.2583.  As there is little horizontal 

variation in all the water quality parameters sampled thus far, there is no expected change in 

light attenuation across different sites.  Thus the mean of the 3 coefficients, 0.1985, is deemed 

the average light attenuation coefficient, and this value will be used in as the input parameter 

in DYRESM for light attenuation. 
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Figure 30: Plots of ln(IO/IZ) vs Depth, Site 3 (May 2005), Site 5 (May 2005), Site 5 (August 2005) 

 

5.1.3 Wind measurements 

Wind data at the top of the void compared to simultaneous wind measurements from the water 

surface are plotted in Figure 31.  A weak correlation coefficient of 0.228 exists between the 

two datasets, with the wind speed at the lake surface being lower than those at the top of the 

void by a factor of approximately 0.72.  The accuracy of this figure is debated in chapter 6.  
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Figure 31:August 2005 Wind Sheltering Characterisation,  

Wind Speed at Top of Void vs Wind Speed at Lake Surface 
 

5.2 DYRESM Modelling Results 

5.2.1 Modelling Groundwater 

5.2.1.1 Assuming no groundwater inflows 

The initial simulation results in DYRESM, neglecting groundwater inflows is described in 

Figures 33 to 36.  Figure 32 depicts the change in free surface height with respect to time, and 

shows a linear decrease in height.  Water levels in 2005 are predicted to be approximately 

85m, which is 50m less than the observed height at the pit lake.  This implies that the 

contribution of groundwater to lake volume, especially given the exponential increase in 

volume with increasing height, is significant. 

 

 
Figure 32: Change in water level with time, assuming no groundwater inflow, 1992-2005 
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Temperature distribution (Figure 33) indicates the presence of a seasonal temperature 

stratified layer occurring between the months of September and May.  Surface temperatures 

reach 34 °C in February at the peak of the stratified layer.  Temperatures increase in the lower 

layers by 0.5 °C.  This compares to a field measured temperature increase of approximately 1 

°C (see Chapter 7).  Such an increase confirms that the temperature of inflowing groundwater, 

being in the order of 25 to 30°C has a considerable influence on the model. 

 

Salinity within the pit void increases within the pit void with time, in keeping with measured 

field data (Figure 34).  Salinity increases in the top 20m of the water column through 

evapoconcentration, until turning over before the winter.  Salinities at depth increase from 

4.22psu (comparable to ppt) to 5.77psu, which is comparable to the increase in field measured 

salinity which show a value of 5.88ppt in August 2005.  However, DYRESM predicted 

salinities in August 1994 and November 1996 are both less than field measured data.  This 

suggests that the salinity of incoming groundwater is decreasing with time, with initial values 

(confirmed by field results) greater than pit measured salinities.  It is apparent that the 

sensitivity of the model to the definition of the groundwater quality and quantity is 

considerable. 

 

Densities within the pit confirm to the distributions of temperature and salinity profiles 

produced by DYRESM and field data.  A density stratified layer is evident coinciding with 

temperature stratification between August and May, with warmer freshwaters from summer 

rainfall overlying cooler waters.  These waters increase in salinity through 

evapoconcentration, and combined with the cooling of surface waters in the winter, the 

resultant increase in density causes the water to overturn with deeper layers.  Densities 

increase with time and increasing depth, due to the higher concentration of salt in the water 

from evapoconcentration and lower temperatures of the water in the lower reaches of the 

water body. 
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Figure 33: Change in pit lake temperature vs. depth with time, assuming no groundwater inflow, 1992-

2005 
 

 
Figure 34: Change in pit lake salinity vs. depth, assuming no groundwater inflow, 1992–2005 
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Figure 35: Change in pit lake density vs. depth with time, assuming no groundwater inflow– 1992-2005 

 

5.2.1.2 Sensitivity to sheltering effects 

Figures 23 through to 25 show the pre and post sheltering evolution of the pit water from 

1992 to 2005.  The plots show the change in temperatures, salinities and water levels over 

time, with left hand side plots representing conditions where sheltering effects are ignored, 

while right hand side plots represent simulations where sheltering has been accounted for (as 

described in Chapter 4).  Application of the wind sheltering coefficient has an effect on each 

parameter, though the impacts are small given the time scales over which modelling occurs.  

Water level in the pit is approximately 2m greater at the end of 2005 with the sheltering 

coefficient applied.  This is considerable considering the volume of water that this height 

difference represents.  However temperatures remain similar with final temperatures at depth 

within 0.25°C.  Salinity shows a similarly small change as a result of sheltering, though a less 

rapid increase in salinity over time is evidence when the sheltering coefficient is applied. 

 

        
(a) (b) 
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Figure 36.(a)  Pit water level with no sheltering coefficient, 1992-2005; (b) Water levels with sheltering 
coefficient of 0.7 applied, 1992-2005 
 

        
(a) (b) 

Figure 37.(a) Pit temperature with no sheltering coefficient, 1992-2005; (b) Pit temperature with 
sheltering coefficient of 0.7 applied, 1992-2005 
 

         
(a) (b) 

Figure 38.(a)  Pit salinity with no sheltering coefficient, 1992-2005; (b) Pit salinity with sheltering 
coefficient of 0.7 applied, 1992-2005 
 

5.2.1.3 Groundwater function 

As described in the methodology, the difference in free surface heights predicted by 

DYRESM in the absence of groundwater inflow were compared with free surface heights 

interpolated from field measured water levels at Mount Goldsworthy.  Figure 39 is a plot of 

groundwater levels vs. time obtained by this method. 
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Figure 39: Approximated Groundwater Input vs Time 

 

The groundwater data reflects the seasonality expected in the calculation of water volumes by 

DYRESM from meteorological data.  What is significant is the apparent decreasing 

exponential nature of the groundwater inputs through time when looking at an annual 

timescale.  Intuitively, this is to be expected given that the groundwater inputs would be 

expected to decrease exponentially as the lake surface moves towards the water table.  The 

increased surface area of the lake with increase water height leads to a logarithmic volume 

change with height.  Given evaporation and precipitation are linear functions with time on an 

annual timescale (due to replication of the annual meteorological forcing file), an exponential 

groundwater is to be expected. 

 

Given confirmation of the negative exponential nature of the input volume, an approximate 

groundwater function of the form is to be modelled.  An iterative process was 

employed to model the groundwater.  Values of Q

kT
OT eQQ −=

O were changed, the new groundwater input 

loaded into DYRESM and DYRESM rerun until the desired fit was obtained.  Given that the 

DYRESM derived water volumes underestimate evaporation from the pit (as water levels are 

decreasing due to the lack of groundwater input and crossing below bench heights), a QO 

larger than the 3850m3 derived from the exponential fit to data in Figure 30 is required.  QO 

was thus set to 4000m3, with the k value left at approximately 0.03, also obtained from the 

exponential fit in Figure 30.  QO and not k was chosen as the unfixed parameter as the change 

in QO was deemed as more likely to have a more significant influence on the model, given the 

small value of k.  A summary of the iterations is contained in Table 6. 
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Table 6. Groundwater model iterations performed 
Iteration # QO (m3) k Result 

1 4000 0.03 Lake overtopped by 1997 – QO much too high 
2 2500 0.03 Lake overtopped by 2000 – QO still much too high 
3 1000 0.03 Lake height predicted to be 147m in 2005 
4 750 0.03 Lake heights close to field measured values 

 

A plot of DYRESM predicted water levels using the function in iteration 4, compared with 

field measured water levels is presented in Figure 31.  The DYRESM predicted values fit 

field data extremely well.  As a result, this function was deemed as most suitable to replicate 

inflow in all forecasting simulations. 
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Figure 40: DYRESM predicted water levels vs. field measured water levels 

 

5.2.1.4 Tuning for salinity 

As discussed in Chapter 6, an iterative procedure similar to that used to determine 

groundwater input volumes was employed to determine the salinity of inflowing groundwater.  

Previous salinities of incoming groundwater (discussed in Chapter 3) range from 

approximately 2000 mg/L immediately prior to the lake forming, to the seepage water 

salinities of 4400 and 4900 mg/L measured in 1992 and 1996.  Three approaches were 

employed in an attempt to model the input of groundwater.  Firstly, a linear salinity of 

4,900mg/L coinciding with the highest measured value at the pit was applied to each day of 

input.   

 

This resulted in salinities being under predicted compared to each field data set, with an 

August 2005 salinity of 5100mg/L significantly less than field measured salinities of 

approximately 5880mg/L along the water column.  As an improvement, an exponential 

increase in salinity was modelled, with seepage water salinities in 1992 (4400mg/L) and 1996 
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(4900mg/L) used to define the salinity of groundwater flowing into the void.  This resulted in 

final salinities of 5400mg/L in August 2005. Salinities in 1992, 1994 and 1996 were also all 

underestimated by a larger relative amount than those in 2005.  This indicated that a larger 

salt influx was required in the early years of simulation to conform with field estimates in 

1992, 1994 and 1996.  Thus an unconventional approach was employed, with salinities 

decreasing exponentially with time from 1992.  After numerous iterations, the best observed 

fit of field data was obtained by a salinity function as defined in the following equation: 

 

txeS
5105.87500
−−=  

 

Where S = salinity 

 t = time since pit formed (years) 

 

Thus, with all parameters tuned, DYRESM outputs of temperature, salinity, density and water 

level were generated. 

 

5.2.1.5 Water levels 

Water levels (see Figure 41 below) increase logarithmically with time since 1992, consistent 

with field measurements.  Fluctuations due to seasonal effects, though relatively small, can be 

seen in the changing water level with time.  A water level at the end of 2005 of approximately 

134.5m is expected. 

 
Figure 41: Change in water level with time, 1992-2005 
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5.2.1.6 Temperature 

Figure 42 depicts the changing distribution of temperature over time in the pit lake from 192 

to 2005.  Temperatures at depth increase by approximately 1°C in the period of simulation, 

consistent with data collected from the void.  The change in extent of temperature 

stratification is worth mentioning, with the thermocline extending up to 5m more in 2005 than 

is predicted in 1992. 

 
Figure 42: Change in temperature with time, 1992-2005 

 

5.2.1.7 Salinity 

Salinity change from 1992 to 2005 is shown in Figure 43.  As the input of salinity through 

groundwater was modelled to fit field data, the fit of the DYRESM output to field data is 

expected.  Salinity in the stratified layer increases from approximately 4.8ppt in 1992 to 

6.6ppt in 2005.  The depth extent of the density stratified layer in the summer months remains 

similar throughout the simulation period. 
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Figure 43: Change in salinity with time, 1992-2005 

 

5.2.1.8 Density 

Simulation of density within the void, as shown in Figure 44, shows an increase in density 

with time and with increasing depth.  Density within the seasonally stratified layer increases 

with time, and there is little change in the depth extent of stratification in the lake in the 13 

years of simulation.  Density increases linearly with time in the lower layers of the lake, at a 

rate of about 0.07 kg/m3 per year. 

 
Figure 44: Change in density with time, 1992-2005 
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5.2.2 Long term predictions 

Long term simulations were made as described in the methods over the following time 

periods: 5 years, 10 years, 20 years, and 50 years.  Simulations for 5 and 10 and 20 year runs 

are presented in Appendix I.  Results of the 50 year simulation are presented below. 

 

5.2.2.1 Evolution of water levels 

Figure 45 shows the predicted evolution of water levels in the Mount Goldsworthy pit lake.  

An increase in water level consistent with measured field values from 1992 to 2003 is 

evidenced.  Water levels increase logarithmically until approximately 2014.  In the 10 year 

analysis (see Appendix I), the water level reached a peak in 2014, and groundwater inflows 

from this point forward were made constant (as described in Chapter 4).  As a result, water 

levels increase by approximately 1.8m over the next 40 years from this point forward, which 

is unexpected given that a constant water level was expected past 2014.  Possible reasons are 

discussed in chapter 6.   

 
Figure 45. Evolution of Mount Goldsworthy pit lake water levels, 1992-2055 

 

5.2.2.2 Evolution of temperature 

The evolution of temperature within the lake is shown in Figure 46.  No great change in 

temperature is observed through time, with temperatures in the vertical direction similar from 

year to year after 1996.  The depth of the thermocline evolves to between 20 and 25 metres 

below the surface, slightly more than the 15-20 metres currently observed at the pit lake. 
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Figure 46: Evolution of Mount Goldsworthy pit lake temperature, 1992-2055 

 

5.2.2.3 Evolution of salinity 

Figure 47 depicts the change in salinity over the 63 years of simulation between 1992 and 

2055.  Pit salinity reaches a peak in the stratified layer prior to mixing of approximately 

8.9ppt, while at depth the value is approximately 8ppt.  A deceleration in the rate of salinity 

increase is observed, consistent with the definition of groundwater salinity function.  This 

further confirms the sensitivity of the model to the specification of groundwater salinity. 
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Figure 47. Evolution of Mount Goldsworthy pit lake salinity, 1992-2055 

 

5.2.2.4 Evolution of density 

Figure 48 shows the evolution of density within the pit during the 50year simulation.  As 

expected, densities continue to increase with time and depth, consistent with previous trends.  

The increase in density in the void at depth through time is linear, ranging from 

approximately 1001.5kg/m3 in 1992 to 1004kg/m3 in 2055.  Interestingly the depth extent of 

density stratification in the surface layers decreases slightly with time.  Also, density of the 

surface layers in the periods of high rainfall is greater in the later years of simulation than 

initially. 
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Figure 48: Evolution of Mount Goldsworthy pit lake density, 1992-2055 
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6 Discussion 
Observations from field sampling and more significantly from modelling with DYRESM 

reveal a number of potentially important findings for these mine lakes and their processes.  In 

terms of Mount Goldsworthy void itself, the most pertinent findings relate to the evolution of 

salinities and water levels in the pit, discussed in detail in sections 6.1 and 6.2 respectively.  

The modelling methodology employed presents interesting points of discussion in terms of 

the suitability of DYRESM for modelling the processes occurring at these lakes, and the 

potential applicability to other mine voids in the region.  These two points will be discussed in 

sections 6.3 and 6.4 respectively. 

 

6.1 Final water levels 

Water levels in the pit are successfully emulated between 1992 and 2005, and the model has 

been successfully used to predict water levels in the long run.  A final water level of 

approximately 138m is predicted; a level which is expected to be reached in 2014.  While 

DYRESM outputs show the water level to increase by approximately 1.8m in the 40 years 

from 2014, this is most likely due to errors in the definition of the equilibrium groundwater 

inflow rate.  Fluctuations in the daily groundwater input required, due to daily variation in 

meteorological data driving evaporation, could be such that the maximum water level in 2014 

occurs in a period of time where losses due to evaporation are lower than on average 

throughout the year. 

 

The final water level is approximately RL 0m AHD.  The pre-existing groundwater table 

existed 37m above this height, confirming assertions by Stone and Fontaine (1998) that the 

water level in such mine lakes do not recover to pre-existing water table levels.  The 

permanent head difference, assuming water levels recover to an extent in surrounding rock 

towards the water table, will result in a permanent inflow of groundwater to balance losses 

through evaporation.  

 

6.2 Long term water quality 

The long term salinity within the void has previously been identified as the primary 

environmental issue of concern, and results of this study confirm that assertion.  Salinity rise 
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due to evapoconcentration still remains the predominant issue of concern, though this study 

has also brought a number of other water quality issues to the fore. 

 

The rate of salinity increase in the pit decreases with time, both till present day and as 

predicted in the future by the simulation performed in this study.  In one sense, this is to be 

expected as the volume of water in the void increases and the effects of evapoconcentration 

are less pronounced (in concentration terms) over a larger volume of water.  However once 

water levels (and thus surface area) reach equilibrium, which is predicted to occur in 2014, an 

acceleration in the rate of salinity increase would be expected.  The influx of salt through 

groundwater inflow, combined with evapoconcentration would be expected to cause a nett 

flux of salt into the water body with no change in water height.  This is not consistent with 

what has been predicted in this study. 

 

In terms of the timescales for formation of a brine water body in the void, and potential 

regional impacts from the outflow of a density driven plum from the void, the lower salinities 

imply that the timescales predicted by AGC Woodward-Clyde (1992) for this to occur are 

gross underestimates.  From the limited information available and presented in AGC 

Woodward-Clyde (1992), the likelihood of this occurring is even more remote than initially 

thought. 

 

The inconsistencies discussed above are most likely due to the definition of the salinity of 

groundwater.  The modelling of salinity in the void is limited by the quality of information 

regarding pit and ground water conductivities and salinities.  As described in the results 

(Chapter 5), the definition of the groundwater salinity as a decreasing exponential function 

with time in order to fit the field data is not supported by known literature.  Use of 

groundwater salinities (from seepage waters and dewatering water during the latter stages of 

mining) was not able to replicate salinity conditions within the void, and so the accuracy of 

such measurements must be questioned.  More information regarding the salinity of 

groundwater flowing into the pit void is required in order to refine the model and produce 

more accurate simulations of the evolution of salinity within the void.  This is one of the 

major recommendations from this project, and shall be discussed in Chapter 8. 

 

Water quality sampling within the void in 2005 indicates concentrations of most metals and 

nutrients in the pit below detectable limits, consistent with previous sampling.  August 2005 

sampling revealed the presence of iron, cadmium and chromium at low concentrations.  The 
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presence of these metals is likely due to dissolution of trace metals remaining in the pit void 

after extraction of the ore.  However, other than an expected increase in the concentration of 

such species due to evapoconcentration, the long term evolution of exact concentrations of 

such species is unknown and DYRESM is currently unable to make predictions of such 

processes.  Continued monitoring of the extent of these species is required to ensure that there 

are no other environmental risks from the presence of these ions.  Also, use of a geochemical 

model such as one currently being developed at the Centre for Water Research and which is 

coupled to DYRESM, would be a viable option in order to monitor the evolution of 

geochemical water quality parameters. 

 

6.3 Importance of wind sheltering characterisation 

While results showed relatively small changes in water level, temperature and salinity in the 

pit lake when determining the impact of wind sheltering, the potential impact over larger 

timescales is likely to be considerable.  A 2m decrease in water level at the end of 13 years of 

simulation in 2005, when translated to a 50 years simulation is significant, especially 

considering the volume that this height difference represents.  Given that this figure was in the 

absence of groundwater inputs, which contribute to higher rates of evaporation from the 

greater volumes and thus surface areas of lakes, the decrease in water levels due to sheltering 

is likely to be greater than what has been predicted.   

 

Also of significance is the expected change in the extent of sheltering with increasing depth.  

Sheltering effects are likely to be greater in the early years of mine lake formation, where the 

distance from the top of the void to water surface is greater.  Thus predictions made on mine 

lakes with earlier in mine evolution that at Mount Goldsworthy 

 

The importance of correctly characterising the extent of wind sheltering, especially in large 

mine lakes with large distances from the water surface to the top of the void is an important 

step prior to using DYRESM.  The accuracy of the wind sheltering coefficient applied in this 

study is questionable for a number of reasons.  Firstly simultaneous measurements do not 

account for the time lag for a certain parcel of wind crossing at the top of the void to reach the 

water surface, within which the wind speed can potentially have changed due to the 

geological surrounds.  Secondly, no wind direction measurements were taken.  This is 

important as there is no indication as to whether wind speeds recorded at each site are 

orientated in the same direction, or whether there are differences brought about by processes 
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within the void e.g. wind reflection off the walls.  Another cause for uncertainty in the 

correlation is the location of the two anemometers relative to each other.  Ideally the 

anemometer at the water surface would be directly downwind of the anemometer positioned 

at the top of the void.  During the two days of sampling in August, winds were observed at the 

water surface acting in a north-easterly direction in the western part of the pit.  Assuming that 

the wind measured at the water surface was not impacted by internal flow effects, the 

anemometer at the water surface was thus located in an appropriate location.  However, the 

anemometer at the top of the void was not located directly upwind of this in the south-west 

corner of the pit, but due to unavoidable accessibility issues, was situated in the north-west 

corner of the pit.  Thus there is potential for winds at the water surface to be impacted upon 

by internal wind processes which may compromise the accuracy of the correlation. 

 

Application of DYRESM to other mine voids is dependant on the successful characterisation 

of wind sheltering, a point which will be addressed in future recommendations in chapter 8. 

 

6.4 Reproducibility issues for other mine lakes 

The methodology developed in this study to determine the long term evolution of Mount 

Goldsworthy can be applied to other mine lakes.  Despite limited information regarding 

temperature and salinity profiles within Mount Goldsworthy, and similarly limited 

groundwater information, long term predictions using DYRESM are still possible.  DYRESM 

is a far more useful tool for predicting the long term evolution of pit water bodies than the 

simple mass balance methods used thus far (AGC Woodward-Clyde 1992; Manning 2004).  It 

is a dynamic model relying on parameterizations derived from detailed process studies and so 

fluxes of heat and energy at the lake surface, which are important in quantifying evaporation 

and stratification processes, are accurately modelled.   

 

The data requirements for running DYRESM are small, with bathymetric and meteorological 

information required.  However the accuracy of the model is determined by the accuracy and 

frequency of data, and so any mine lake which may be potentially modelled requires a full and 

accurate meteorological, bathymetric and water quality data set.  As evidenced in this study, a 

lack of information regarding groundwater salinity resulted in an unusual groundwater input 

function, which was not supported by literature.   
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Wind sheltering is the other major issue affecting the reproducibility of the DYRESM 

methodology to other mine lakes.  As has been evidenced in this study, it is important to 

characterise the extent of wind sheltering occurring, as it can have a considerable effect on 

water levels and temperature and salinity distributions occurring at a void.  Obtaining an 

approximate wind sheltering coefficient can be simple as was described in this study, and is 

important in characterising unique conditions at a pit lake. 
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7 Conclusions 
The aim of this study was to increase the understanding of the hydrology and water balance 

that occurs within Mount Goldsworthy pit void.  Previous attempts to characterise water 

quality and quantity in the lake have relied on limited data sources, and have involved basic 

box model mass balance approximations of conditions in the lake.  The methodology 

employed by this study involved the use of the hydrodynamic model DYRESM to first 

emulate the evolution of the pit void from 1992 to present day, and then fore cast the 

evolution of the void into the future. 

 

Analyses of pit water quality reveal that increasing salinity remains the primary 

environmental risk, consistent with previous work.  The presence of dissolved metal species 

in August 2005 at greater than detection limits is a cause for concern and requires further 

monitoring. 

 

DYRESM proved extremely successful in predicting water levels at Mount Goldsworthy, 

with equilibrium between evaporation, precipitation and groundwater inflow expected to 

occur in 2014, corresponding to a water height of 138m.  The salinity of groundwater inflow 

was approximated using an exponential fit decreasing with time, in order to successfully 

emulate field measured salinities.  Long term predictions of salinity were considerably less 

than previous consultants reports and it is believed that the definition of groundwater salinity 

requires more clarification as a result.  Thus the importance of accurate characterisation of 

groundwater is clear to the effectiveness of the model. 

 

Extension of the methodology employed in this study to other mine lakes in the Pilbara is 

viable given the lack of complex data required to drive the DYRESM model.  The results 

obtained in this study were good despite limited accurate field data; the results can be 

improved by further water quality sampling and void characterisation.  It would not take too 

much effort to apply this methodology to other voids in the region in order to make long term 

predictions of water quality and quantity. 
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8 Recommendations 
 

Characterisation of groundwater 

Though the model was able to accurately emulate the evolution of the void between 1992 and 

2005, further characterisation of the groundwater in the near vicinity of the pit would enable a 

refinement of the model.  As groundwater is shown to have a considerable impact on the pit 

lake even as the lake height approaches equilibrium, accurate knowledge of groundwater 

salinities and their change in time would enable a more accurate groundwater salinity function 

to be defined.  

 

It is recommended that further work be done in order to characterise groundwater conditions 

in the near vicinity of Mount Goldsworthy pit lake.  Better understanding of the interaction of 

the pit with groundwater, in terms of water fluxes and especially in terms of their salinity and 

temperature, would enable better predictions. 

 

Water quality monitoring 

Sampling in the pit indicates that salinity remains the major environmental issues of concern, 

the presence of heavy metals in low concentrations could potentially be hazardous in future 

years, as evapoconcentration within the pit increases. 

 

It is recommended that water quality testing occur at the pit at least every two years at a 

minimum of one site, with water samples taken at discrete depths and analysed for metals and 

nutrients, in conjunction with profiling for temperature, salinity and conductivity.  This would 

be in addition to quarterly sampling at the void currently conducted by EcoWise 

Environmental Services. 
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Monitoring of geochemical species 

The presence of heavy metals in low concentrations in August 2005 is an issue of note.  

Concentrations could potentially be hazardous in future years, as evapoconcentration within 

the pit increases. 

 

It is recommended that the use of a geochemical modeller to track the evolution of metals and 

ions in the water body, such as that currently being trialled at the Centre for Water Research 

as an addition to DYRESM would enable the time between monitoring visits to increase.  
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Appendix I 

10 year prediction 

 
 

Figure 1: 23 year simulation of free surface height, 1992-2015 
 

 
Figure 2: 23 year simulation of pit water temperature, 1992-2015 

 



 

 
Figure 3: 23 year simulation of salinity, 1992-2015. 

 

 
Figure 4: 23 year simulation of density, 1992-2015. 

 

 

 

 

 



 

20 year prediction 

 
Figure 5: 33 year simulation of water levels, 1992-2015 

 
 

 
Figure 6: 33 year simulation of density, 1992-2015 

 



 

 
Figure 7: 33 year simulation of salinity, 1992-2015 

 
 

 
Figure 8: 33 year simulation of temperature, 1992-2015 
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