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5 NUMERICAL WATER AND LOAD BALANCE MODEL 

5.1 MODEL OBJECTIVES AND APPROACH 
A site-wide numerical water and load balance model (WLBM) was developed to:  

• Validate simulated SO4 and Cu loads from the groundwater model to the EBFR from 2010 to 

2018 (current conditions).   

• Simulate flows to the water treatment system and the EBFR during the construction phase of 

rehabilitation.  

• Provide preliminary predictions of the timing and degree of future improvement in EBFR water 

quality post-rehabilitation.  

 Specific modelling objectives were to: 

• Simulate streamflow in the EBFR at gauging stations GS8150200, GS8150327 and 

GS8150097 from 2009 to 2018. 

• Simulate SO4 and Cu loads and concentrations in the EBFR at gauging stations GS8150200, 

GS8150327 and GS8150097 from mid-2009 to the end of 2017. 

• Simulate flows to be managed during implementation of the proposed rehabilitation plan. 

• Predict sulphate and copper loads and concentrations in the EBFR 5- and 30-years post-

rehabilitation. 

The flow-related objectives were achieved using a combination of a hydrological simulation model and 

historical records of rainfall and evaporation to derive runoff estimates for the model domain and 

simulate EBFR streamflow patterns. Objectives related to water quality were accomplished through the 

aggregation of site contaminant sources, including groundwater model discharge outputs to the EBFR 

and assumed contaminant loading from site surface features. 

5.2 ESTIMATED CONTAMINANT LOADS IN THE EBFR 

5.2.1 Approach  

The proposed rehabilitation plan will be evaluated on its estimated effectiveness in improving the water 

quality of the EBFR, particularly along the EFDC and downstream of the mine lease. This section 

describes the derivation of contaminant loads in the EBFR for current conditions by patching 

concentration records for SO4 and Cu at stations GS8150200, GS8150327 and GS8150097. Each 

station is equipped with a streamflow gauging station and there is a substantial database of water 

quality observations for each. Two additional streamflow gauging stations, located further from the Rum 

Jungle property, were assembled for the analysis to provide a basis for estimating missing data in the 

daily discharge records of the local monitoring stations (see Figure 5-1). This is referred to as 

“patching”, which is shorthand for the process by which sensible estimates are made for data gaps in 
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a record. Patching was done in an open-source programming language known as R, which contains 

several packages that allowed for efficient processing of the chemistry database, including the 

“loadflex” package developed by the United States Geological Survey (USGS) (Appling et al., 2015). 

The “tidyverse” package in R (see Wickham et al., 2017) was also used to manipulate the chemistry 

data into a form suitable for input to the loadflex package and to create graphs of the concentration-

discharge relationships that were used to gain insights into hydrological and geochemical processes 

that are active in the EBFR catchment. 

The assessment of contaminant loads in the EBFR involved the following tasks: 

• Explore relationships between concentration and discharge; 

• Patch discharge records; 

• Patch concentration records; and, 

• Compute monthly SO4 and Cu flux estimates. 

Each of these tasks is described below under a separate heading. 

5.2.2 Relationships between Concentration and Discharge 

SO4 and metal concentrations in river water are often highly correlated to variations in discharge.  

Examination of the concentration-discharge (C-Q) relationships at a given station therefore provides 

insight into hydrological and geochemical processes occurring in the catchment upstream of the 

station. For example, C-Q relationships often have inverse slopes, with concentration tending to 

decrease as discharge increases. This pattern can be indicative of the mixing of a subdued, high-

concentration stream, e.g. groundwater discharge, with a highly-variable, clean stream, such as 

unimpacted catchment runoff. A positive relationship between concentration and discharge, on the 

other hand, may suggest sediment transport processes, particularly if a large proportion of the 

constituent in question is in a particulate form. Increases in flow tend to increase erosive forces, which 

in turn may result in an increase in concentration of particulate suspended by the stream, provided 

there is no supply limitation. The lack of a strong relationship between concentration and discharge 

can also be informative.  For example, if the concentration determinations tend to fall in a narrow range 

and are essentially independent of variations in discharge, then this may indicate the constituent has 

reached its saturation level. In addition to gaining insights into processes that affect chemistry of 

streams, the creation of C-Q relationships can also be valuable in patching concentration records. 

At each of the three key monitoring stations along the EBFR, C-Q relationships were prepared for 

sulphate (SO4), dissolved copper (Cu_f) and the sum of dissolved and particulate copper (Cu_t). The 

C-Q relationships were based on data with different time-averaging periods. The discharge values 

represented the average flow over a day, while the concentration values represented, effectively, an 

instantaneous measurement.  The tacit assumption was made that a single grab sample of water 
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quality provides a reasonably good approximation of the average concentration over the full day in 

which the sample was taken. To minimize the chances of introducing errors into the analysis and to 

expedite the creation of the relationships, all commands used in R were written to a text file known as 

a script.  The script was designed to: 

• Extract the full set of concentration values from the historical chemical database for a specified 

constituent. As there have been different monitoring programs conducted over the years, this 

step entailed gathering data from multiple columns in the database and for different location 

codes representing the same point on the stream, e.g. GS8150327 and EB@GS327. 

• Import the patched daily discharge record for the given station. 

• Identify concentration determinations that were below detection limit and strip the “<” symbol 

from the data entry and represent the concentration value as equaling the detection limit. 

• Document corrections made to the record after manually screening the concentration records 

for suspect data. Most corrections involved removal of results for blank samples sent to the 

laboratory for quality control purposes. Also, in a few cases, the chemical determinations were 

presented as a range of values. These ranges were replaced by a value representing the 

midpoint of the range. 

• Replace multiple grab samples taken on the same day with a single row representing the 

average concentration of all the grab samples taken on that day. 

• Join the chemistry and discharge records to create a file with all observed concentration values 

and their associated daily average discharge.  For each observation, identify month in which 

sample was taken. 

• Create a series of scatter plots and regression analyses that illustrate how concentration varies 

with discharge and month of year. 

• Apply loadflex package to patch the concentration record and compute a monthly loading 

record (see below for an expanded description on how the package was applied to patch 

concentration records). 

The script was set up to generate two figures for each combination of constituent and monitoring 

station. The first figure presents scatter plots of the raw concentration/discharge pairings, while the 

second figure focuses on power regressions fitted to the data for each calendar month.  The term 

“sulphate concentration” will be abbreviated in this report using the chemical formula enclosed in 

square brackets, i.e., [SO4]. 

Details on C-Q relationships for the different stations are provided below. 

• [SO4] – Q Relationship at GS8150200  
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o The top plot on Figure 5-2 shows the relationship between [SO4] and discharge on a 

log-log plot. The full database is presented on the plot, including grab samples taken 

during the dry season when the river discharge is zero and samples may have been 

collected from a stagnant pool near the station. Any chemical determinations 

associated with a zero discharge are lined up on the left edge of the plot. A power 

regression is fitted (blue line) to all data pairings except those associated with zero 

discharge. Confidence intervals are represented by grey shading and indicate one 

standard error above and below the line of best fit.  

o [SO4] at GS8150200 exhibits an inverse relationship with discharge. The relationship 

between concentration and discharge can change throughout the year for a wide range 

of potential reasons, including a mismatch between timing of groundwater and surface 

discharges. The bottom graphic in Figure 5-2 is aimed at identifying such changes in 

the EBFR chemistry.  The [SO4] and discharge data pairings were grouped by calendar 

month and then plotted on a series of log-log plots. As can be seen, the individual plots 

demonstrate that the inverse relationship between [SO4] and discharge is observed 

during all months when the river is typically flowing (December through June).  Power 

regressions were fitted to each grouping of monthly data.  A series of high outliers are 

noted for the month of February and are discussed below. 

o Figure 5-3 assembles the monthly power regressions on one plot to facilitate their 

comparison. Colour coding is employed to identify what month each line represents.  

For a given flow rate, December tends to experience higher concentrations than the 

subsequent months in the wet season.  This suggests [SO4] is influenced by a process 

known as the “first flush” effect.  When the river flow ceases during the dry season, 

groundwater discharge to the channel may evaporate, leaving behind its sulphate 

content as a deposit within the channel.  This deposit is subsequently flushed from the 

channel when the flow of the river returns in the wet season. 

o The relatively high concentrations observed near the end of the wet season (e.g., see 

line for June) may be a result of the seasonal lag of groundwater discharge relative to 

the overall hydrograph of the river.  For a given flow rate in the river, groundwater may 

represent a higher proportion of the flow in June than experienced in the earlier months 

of the year.  

• [Cu_t] – Q Relationship at GS8150200  

o Total copper concentration exhibits an inverse relationship with discharge at this 

station (Figure 5-4). However, the slope of the relationship is milder than one observed 

for SO4. Furthermore, the scatter about the best-fit line is greater for copper than for 

sulphate. This may indicate that the dissolved component of the copper loading is 
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dominant at this point in the river, but sediment transport processes may be affecting 

the distribution of the concentration of the particulate Cu, (i.e., particulate is deposited 

in low flow conditions and re-suspended in high flow conditions). 

o The comparison of monthly best-fit lines for [Cu_t] is consistent with behaviour 

observed for sulphate (Figure 5-5).  For a given flow rate, the [Cu_t] in December tends 

to be higher than in the following three months, which might suggest a “first flush” 

effect.  Furthermore, the concentrations in June are increased over preceding months, 

which might reflect fact that groundwater tables are high at end of wet season and the 

flow in river comprises a higher proportion of groundwater discharge than in previous 

months. 

• [Cu_f] – Q Relationship at GS8150200 

o Dissolved copper concentration exhibits an inverse relationship with discharge at this 

station (Figure 5-6). Monthly best-fit lines for dissolved copper are provided in Figure 

5-7. Concentrations for December are not elevated relative to other months in the wet 

season. This suggests that, if a “first flush” effect is indeed operating in the river, then 

the solute deposited over the dry season is primarily returned to the river as a 

particulate metal, rather than in a dissolved form.  

• [SO4] – Q Relationship at GS8150327 

o Sulphate exhibits an inverse relationship with discharge at GS8150327 (Figure 5-8 
and Figure 5-9) as it does at GS8150200. The power regressions for individual months 

follow a distinct seasonal variation.  For a given flow rate, sulphate concentrations tend 

to decrease from December through March, which provides some evidence of the 

postulated “first flush” effect at the beginning of the wet season.  

o Concentrations then increase from April through to July, which might be caused by a 

lag in the seasonal pattern of groundwater relative to the stream’s overall hydrograph 

shape (i.e., for a given river discharge rate, the proportion of the discharge originating 

from contaminated groundwater may increase through the wet season and into the dry 

season). 

• [Cu_t] – Q Relationship at GS8150327 

o The [Cu_t] – Q relationship at GS8150327 has a positive slope (Figure 5-10), which 

stands in stark contrast to the conditions at GS8150200, where the slope is negative.  

This suggests copper may be subject to different physical and/or chemical processes 

in the river reach immediately above GS8150327 than are experienced in vicinity of 

the upstream station, or at least subject to these processes to different degrees. One 

hypothesis is that flux of particulate copper is influenced by sediment transport 
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processes to a greater degree at GS8150327 than at GS8150200. Erosive forces and 

the amount of particulate matter maintained in suspension tends to increase with 

discharge, which would be expressed on a scatter plot as a positive relationship 

between concentration and discharge.  As will be discussed later in the report, the 

contrast in the [Cu_t] – Q relationships at the two stations had a large influence on the 

way controls on copper chemistry were conceptualized in the GoldSim model, 

particularly in the reach of the EBFR immediately downstream of the mine.  

• [Cu_f] – Q Relationship at GS8150327 

o The plot of monthly power regressions provides insights into the behaviour of dissolved 

copper in the reach of the river just upstream of GS8150327 (Figure 5-11).  The C-Q 

relationships for the wet season months generally exhibit an inverse (negative) slope, 

which is the same behaviour as sulphate, but opposite to the behaviour of total copper.  

This result is expected; the dissolved component of any metal should mimic the 

behaviour of a highly soluble constituent such as sulphate.  Differences in slope of C-

Q relationships for total metal (dissolved plus particulate) and just dissolved metal are 

possible because of the complex processes involved in the transport of the particulate 

component through a stream system, which involves deposition and erosion. 

o For the months April to July, inclusive, the slopes of the [Cu_f] – Q relationships are 

positive, or opposite to situation for the months December to March.  It is unclear why 

this is the case but may be suggestive of solubility controls.  It is interesting to note 

that the lowest dissolved concentrations tend to be associated with low and zero flow 

conditions in the river at this station.  This is in sharp contrast with the pattern of 

dissolved copper concentration at the upstream station (GS8150200) where low and 

zero flow concentrations tend to be associated with the highest dissolved 

concentrations. 

o The range in dissolved copper concentrations at GS8150327 (5 ug/L – 110 ug/L) is 

much narrower than the range observed at GS8150200 (10 ug/L – 3000 ug/L).  In 

addition to mechanisms described above, this difference may also be partially due to 

mixing zone issues.  Grab samples taken at the upstream location may be biased 

towards a high-concentration source entering just upstream of the monitoring point, 

resulting in an overestimation of the true flow-weighted average concentration of the 

stream on the day of sampling.  Being further downstream from the mine, GS8150327 

benefits from turbulent mixing along the reach between the monitoring stations.  This 

likely results in a more uniform distribution of concentration throughout the stream’s 

wetted cross section at GS8150327 than at GS8150200.  Thus, grab samples of water 

quality at GS8150327 are likely less prone to being biased. 
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• [SO4] – Q Relationship at GS8150097 

o Sulphate concentration tends to decrease with increasing discharge at GS8150097, 

as observed at the two other stations discussed above (Figure 5-12). Figure 5-13 

compares power regressions fitted to pairings of sulphate concentration and discharge 

for individual months of the year.  Similar to patterns observed at the upstream two 

monitoring stations, December tends to experience the highest concentrations for a 

given flow rate.   

o Sulphate concentrations tend to decrease through to April and then start to increase 

again through to June.  Sampling of water quality outside period December to June is 

rare at this site, with only one sample taken in each of the months July and August, 

and no samples in period September to November. 

• [Cu_t] – Q Relationship at GS8150097 

o This relationship (Figure 5-14) is comparable to the one at GS8150327 but remarkably 

different than the one at GS8150200. This observation suggests that copper sources 

in the reach between GS8150327 and GS8150097 are likely not significant. Certainly, 

the chemical mechanism acting on copper within the lower reach between GS8150327 

and GS8150097 is not as impactful as that acting within the upper reach between the 

mine development and GS8150327. 

• [Cu_f] – Q Relationship at GS8150097 

o The regressions conducted on data grouped by month exhibit similar patterns (Figure 

5-15) as observed for the monitoring station immediately upstream (i.e., GS8150327). 

For the months December through March, dissolved copper concentration is virtually 

independent of discharge. The dissolved copper concentrations in period April to June 

are generally less than observed in the earlier period December through March. 
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Figure 5-1. Adopted Monitoring Stations for Assessment of EBFR SO4 and Cu Fluxes  
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Figure 5-2. [SO4] - Discharge Relationship at GS8150200, All Data (top) and By Month (bottom) 
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Figure 5-3. [SO4] - Discharge Relationship at GS8150200, Power Regressions Fitted to Data for 
Individual Months  
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Figure 5-4. [Cu_t] - Discharge Relationship at GS8150200, All Data (top) and By Month (bottom) 
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Figure 5-5. [Cu_t] - Discharge Relationship at GS8150200, Power Regressions Fitted to Data 
for Individual Months 

 

 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A  Page 164 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

 

 

Figure 5-6. [Cu_f] - Discharge Relationship at GS8150200, All Data (top) and By Month (bottom) 
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Figure 5-7. [Cu_f] - Discharge Relationships at GS8150200, Power Regressions Fitted to Data 
for Individual Months 
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Figure 5-8. [SO4] - Discharge Relationship at GS8150327, All Data (top) and By Month (bottom) 
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Figure 5-9. [SO4] - Discharge Relationships at GS8150327, Power Regressions Fitted to Data 
for Individual Months 
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Figure 5-10. [Cu_t] - Discharge Relationship at GS8150327, All Data (top) and By Month (bottom) 
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Figure 5-11. [Cu_f] - Discharge Relationships at GS8150327, Power Regressions Fitted to Data 

for Individual Months 
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Figure 5-12. [SO4] - Discharge Relationship at GS8150097, All Data (top) and By Month (bottom) 
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Figure 5-13. [SO4] - Discharge Relationships at GS8150097, Power Regressions Fitted to Data 
for Individual Months 
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Figure 5-14. [Cu_t] - Discharge Relationship at GS8150097, All Data (top) and By Month (bottom) 
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Figure 5-15. [Cu_f] - Discharge Relationships at GS8150097, Power Regressions Fitted to Data 
for Individual Months 

 

5.2.3 Patched EBFR Daily Discharge Records 

As mentioned above, the three main water quality monitoring sites located on the EBFR are equipped 

with streamflow gauging stations. These are typically operated on a seasonal basis, being active 

primarily during the wet season (December to May). Gaps in the records periodically occur in the wet 

season. In some years, the stations were operated throughout the dry season. Table 5-1 presents the 

monthly average flow record for GS8150097, the most downstream station on the EBFR and the one 

with the longest discharge record. Months with the entry #N/A have incomplete daily discharge records 

and may be missing data for anywhere from one day to the complete month.  

Given that flux is the product of concentration and discharge rate, the assessment of chemical fluxes 

in the EBFR required complete records of daily average discharge for at least the period of overlap 

with the record of historical concentration determinations (2010 to 2018). Estimates for gaps in these 

records were facilitated by correlations with two long-term streamflow gauging stations operated on the 

Finniss River, one above the confluence with the EBFR (G8150010 - Finniss River at Batchelor Dam 

Site) and one below (G8150180 - Finniss River at Gitchams Crossing). Both stations are operated 

year-round and have daily average flow records with few gaps. 
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Table 5-1. Raw Monthly Average Streamflow Record for GS8150097 
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Table 5-2. Patched Monthly Average Streamflow Record for GS8150097 
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Two linear regressions (not shown) were developed for making flow estimates at each gauging station 

on the EBFR, one using G8150010 daily flows as the independent variable and the other using 

GS8150180 daily flows. To estimate flows for gaps in the record, the regression with the higher 

coefficient of determination (R2) was applied. Table 5-2 presents the monthly average discharge record 

for GS8150097 after estimates were made for all gaps in the daily discharge record. 

The mean annual runoff (MAR) for GS8150097 is 1.17 m3/s, or 36.9 million m3/y. Expressed as a depth 

spread uniformly over the 71 km2 catchment, the mean annual runoff is 520 mm. The driest calendar 

year on record (1990) had an annual average flow of 0.183 m3/s, or 16% of MAR. The wettest year on 

record (2011), which included the occurrence of Tropical Cyclone Carlos, had an annual average flow 

of 3.64 m3/s, or 311% of MAR. 

The gauging station at GS8150097 was periodically operated year-round, or nearly so. Examination of 

those years with substantial monitoring of flows during the dry season reveals that the river has an 

intermittent seasonal regime. In all cases, the river’s flow dropped to zero at some point during the dry 

season. A glance at the monthly discharge table suggests 1974 may be an exception to this trend, but 

reference to the daily record confirms that the river did indeed have zero flow for lengthy stretches in 

the months of August to November, inclusive, of that year. For years where the gauging station was 

only operated during the wet season, the patched estimates of flow for the dry season turned out to be 

consistent with a stream that completely dries up most years. 

The characterization of the EBFR as an intermittent stream is less clear when examining the streamflow 

records at the two upstream gauging stations. The most upstream of the three gauging stations, 

GS8150200 has the most complete record, which should also make it the easiest to classify in terms 

of hydrological regime. If the evaluation is restricted to the period from 1982 to 2011, the flow record 

appears to be consistent with an intermittent seasonal stream. However, the computed flows for 2012 

onwards give the (likely false) impression that the stream is perennial at GS8150200. Evidence will be 

provided later in this report that suggests the recent GS8150200 flow record displays small, non-zero 

flows in some dry season months where the true flow was likely zero. The reason for overestimation of 

dry season flows, if this is indeed the case, is not known. A plausible cause can be speculated: the 

sensor used to measure stream water level may be experiencing drift and this may not have been 

picked up in the quality review of the computed flows from 2012 onwards. Further investigation into the 

recent dry season flows at GS8150200 is the subject of a recommendation presented later in this 

report. 

While reviewing the computed loadings at the three monitoring stations, as described later in this report, 

some anomalous flows were indirectly uncovered in the streamflow record of the middle gauging 

station, GS8150327. For three years running from 2012 to 2014, the July average flows at GS8150327 

(ranging from 0.118 m3/s to 0.201 m3/s) were observed to be substantially greater than the 

corresponding flows at the upstream station (0.014 m3/s to 0.028 m3/s) and the downstream station (0 
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m3/s to 0.003 m3/s). A similar inconsistency was identified for the months of August of the Years 2012 

and 2013. The approach used in interpreting the computed river fluxes based on these anomalous 

flows at GS8150327 are discussed later in the report. 

5.2.4 Patched EBFR Concentration Records 

A campaign was conducted over the period 2010 to 2017 to sample the water quality of the EBFR at a 

high frequency, particularly during the wet seasons. For these data to be employed in computing daily 

records of river flux, estimates of concentration had to be derived for those days when no water quality 

sample was taken. A wide range of techniques are available for accomplishing this task, from simple 

interpolation to multiple regression analysis to composite methods. The USGS package “loadflex” 

implements many of the most popular techniques for patching concentration records. This package 

was adopted for this study because it allowed for ready experimentation with several of the available 

techniques and also allowed for the assessment to be carried out in an expeditious manner. 

The step-by-step application of loadflex to the EBFR concentration records is fully documented in the 

R script first introduced in Section 5.2.2. After completing the preliminary processing steps described 

earlier, the following tasks were performed in the script: 

• Create a file of meta data to control application of loadflex, which included items such as 

constituent of interest, units of input variables, station ID, display units for computed loads and 

column headings to indicate where input variables reside in database. 

• Fit the pairings of observed concentration and discharge data to four selected models available 

in loadflex (rectangular interpolation, power regression with discharge, rloadest and 

composite). 

• Apply the models to derive four different sets of concentration estimates for gaps in the 

observed concentration record. 

• For each model, create a figure that can be used to visually check the quality of estimates 

made for missing data. The figure comprises two plots, one showing the patched concentration 

record with superimposed grab sample determinations and another showing the daily average 

discharge record. 

• Call a routine to compute a record of daily flux by multiplying the patched discharge record by 

the patched concentration record. 

• Call a routine to aggregate the daily flux values into monthly values. 

• Export the monthly flux records to files that can be readily imported to a spreadsheet. 
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An initial experimentation with the loadflex package revealed that all the patching techniques resulted 

in comparable estimates of monthly SO4 loading at GS8150097. This was attributed to the fact that the 

water quality of the river was sampled on a frequent basis during the wet season, forcing all patching 

techniques to derive similar estimates for gaps between samplings. On the strength of this finding, a 

judgement was made to apply the simplest patching technique to all constituents and at all monitoring 

locations. The simplest technique is known as rectangular interpolation, which imparts a rectangular 

shape to the patched record over periods where sampling is infrequent (i.e., the dry season in the case 

of monitoring stations on the EBFR). 

The top plot on Figure 5-16 summarizes the application of loadflex to the [SO4] record at GS8150200. 

The black line represents the full daily concentration record after gaps were infilled with estimated 

values. The red dots denote observed concentrations obtained from the record of water quality grab 

samples. To apply the rectangular interpolation to a given gap of missing data, the concentration 

determined from the grab sample at the start of the gap is assumed to represent the river’s 

concentration for the first half of the period to the next grab sample. The second half of the period is 

assumed to have the same concentration as the grab sample taken at the end of the gap. The middle 

two plots illustrate application of loadflex to the dissolved and total copper concentration records. The 

bottom plot on the figure shows the coincidental daily average discharge record for the monitoring 

station. The discharge record is presented on this figure for two reasons. First, it provides a means of 

confirming that the sample density was the greatest during the most important period for determining 

river fluxes, namely the wet season when the vast bulk of the annual runoff volume occurs. Second, it 

provides a visual way of assessing how concentration varies with discharge, providing a 

complementary tool to the scatter plots presented earlier. As can be observed from Figure 5-16, [SO4] 

tends to be lowest during the highest flows. 

Figure 5-17 and Figure 5-18 present the patched concentration records for GS8150327 and 

GS8150097, respectively. As can be seen from these figures, sampling for total copper was undertaken 

on a frequent basis during the wet seasons in the period 2010 to 2017. The range in total copper 

concentrations for the two downstream stations is significantly less than observed at the most upstream 

station (GS8150200).  

The collection of filtered determinations of copper at the two downstream stations was only initiated in 

2013. The average concentration of dissolved copper is considerably less than the average 

concentration of total copper. 
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Figure 5-16. Patched SO4 and Cu Records for GS8150200 
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Figure 5-17. Patched SO4 and Cu Records for GS8150327 
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Figure 5-18. Patched SO4 and Cu Records for GS8150097 
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5.2.5 Computed River Fluxes of Sulphate and Copper 

All three monitoring stations examined above are located downstream of the primary sources of 

contamination within the EBFR catchment, namely: Rum Jungle and Browns mine developments. This 

arrangement of the monitoring stations relative to the main contaminant sources provides a level of 

redundancy, as all three stations should be measuring similar rates of river flux. This redundancy was 

exploited in this study to screen the monthly loading records for suspect data. If a large discrepancy 

was noted in one of the station’s monthly loadings relative to the computed values for the other two 

stations, then further investigation and possible correction of the anomalous loading was undertaken. 

In comparing the loadings at the three stations, recognition was given to three key considerations: 

• Hydraulic and chemical processes act in the reaches between the stations that may cause 

significant lag and dispersion of the contaminants as they’re being transported. 

• The most upstream station (GS8150200) is not located strictly downstream of all contaminant 

sources originating from the two mine developments. A portion of this loading enters EBFR 

between GS8150200 and GS8150327 as groundwater discharge and another portion in 

surface flows from a tributary where a tailings impoundment was once sited. Some 

groundwater impacted by the mine developments may even bypass GS8150327 and only 

discharge to the river in the reach between the two lower monitoring stations. 

• Tailings were historically eroded from the original tailings impoundment at Rum Jungle and 

conveyed into the EBFR. These legacy tailings may potentially be a significant component of 

total loading observed at the two downstream monitoring stations. 

Figure 5-19 illustrates the assessment undertaken to screen the SO4 flux estimates at the three 

stations. The top plot shows the three raw monthly loading records obtained from the loadflex package 

superimposed on one another. To gain visual resolution in the plot, the upper limit of the y-axis was set 

at a value that displayed all monthly load values except a set of anomalously high values for February 

2014. No load values are shown from January 2010 to November 2011 for GS8150327, as this station 

was only commissioned at the beginning of the 2011/2012 wet season. 

As can be seen from the plot, there are several periods where the computed loadings are not consistent 

amongst the stations. Letters A to D are marked on the plot to identify key months or sequences of 

months where the differences were large enough to warrant investigation. The key findings of these 

investigations are: 

• The raw records imply that an extreme spike in loading occurred in February 2014 (identified 

by letter A on the plot). This was attributed to multiple days in that month when extremely high 

sulphate concentrations were recorded at all three stations. The C-Q plots presented earlier in 

this report revealed that theses anomalous sulphate concentrations were an order of 

magnitude greater than expected given the corresponding flow rates. Examination of the 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A  Page 183 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

chemical database reveals that the high sulphate concentrations were not associated with 

elevated concentrations in other constituents, such as copper and zinc. Given these 

observations, the speculation was made that the high sulphate concentrations in February 

2014 are only apparent and may be the result of inadvertently omitting the decimal point when 

the values were entered into the database. On the strength of the evidence presented above, 

the computed monthly SO4 loads for February 2011 at all three stations were rejected and 

replaced with estimates using an empirical relationship derived from computed February 

loadings for all other years in the record. The empirical relationship was based on a linear 

regression between February loading and coincidental monthly discharge (not shown). 

• For January 2011, the computed loading at GS8150097 turned out to be roughly triple that at 

GS8150200 (see letter B). In the following month, a large discrepancy also occurred in the 

monthly loadings at the two stations but not at nearly the relative difference as experienced in 

January 2011. The loading at the downstream station for February 2011 was 144% of loading 

at the upstream station. These two months occurred in the single wettest year on record at the 

GS8150097 streamflow gauging station, which spans 52 years. A tropical cyclone (Carlos) 

tracked over the region in February 2011, which produced the highest daily discharge ever 

recorded on the EBFR. The flood peaks caused by this tropical cyclone were converted to unit 

discharge rates by dividing the absolute daily discharge by the contributing catchment area. 

These unit discharge rates were then compared to the corresponding daily rainfall totals 

observed at climate stations within and surrounding the EBFR catchment. The daily unit 

discharge rates turned out to be larger than the daily rainfall totals, which suggested that the 

rating curve for GS8150097 may overestimate extreme high flow values. With this evidence, 

the January and February 2011 loading values at GS8150097 were reduced by 30% to make 

them more in agreement with the loadings observed at GS8150200. The 30% factor was based 

on a determined minimum amount that the peak daily discharge rates would have to be 

reduced by to make them more consistent with the daily rainfall amounts observed during the 

tropical cyclone. 

• The computed GS8150327 loading record for 2012 showed a wave of SO4 flux in the dry 

season that occurred after the main wave associated with the wet season flows passed through 

the system (see letter C). This second wave was not replicated at the upstream and 

downstream monitoring stations. The apparent second wave of loading at GS8150327 was 

deemed doubly suspicious because it rivalled the magnitude of the total loading observed in 

the first wave, which was associated with orders of magnitude greater discharge volume. This 

anomalous behaviour was again observed in the dry seasons of 2013, 2014 and 2015. As 

described above in section on patching discharge rates, the monthly flow rates at GS8150327 

were identified as being significantly larger than at the other two gauging stations during these 
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periods. Given this discovery, the speculation was made that the dry season loadings at 

GS8150327 for these four years are in error and may be related to an overestimation of flow. 

The reason for the early dry season flows being overestimated, if this is indeed the case, is 

unclear. For purpose of this study, the suspect loadings were eliminated but not replaced with 

estimates. 

• The computed loading record for GS8150200 also showed apparent second waves of sulphate 

loading but delayed by an even greater length of time following the wet season. Letter D marks 

such a wave in the latter part of the dry season in 2016. As discussed above in Section 5.2.3, 

the flow record at the most upstream station implies the EBFR suddenly switched in 2012 to a 

perennial regime at the gauging site after a long history of intermittent seasonal behaviour. The 

apparent year-round flows observed from 2012 onwards are not matched at the long-term 

station GS8150097. For the purpose of this study, the apparent second waves of loading in 

the late dry season at GS8150200 (2012, 2013, 2015 and 2016) were assumed to be in error 

due to the river likely being dry over these periods, rather than experiencing the small, non-

zero flows suggested by the flow record. The suspect monthly loading values were deleted but 

not replaced with estimates. 

The second plot on Figure 5-19 shows the adopted monthly sulphate records after suspect data were 

eliminated or replaced with estimates. The resulting annual sulphate loadings for GS8150097 range 

from 970 tonnes in Water Year 2013 (July 1 to June 30) to 3400 tonnes in Water Year 2011. 

Figure 5-20 was used to compare the total copper loadings amongst the three stations on the EBFR. 

As done for sulphate, the top plot shows raw monthly values computed by the loadflex package, while 

the bottom plot presents the adopted monthly loadings after the data were screened. Comparing total 

copper loadings between stations is not as straightforward as making the comparison for a highly 

soluble constituent such as sulphate. Total copper comprises dissolved and particulate components. 

As described in the section above on C-Q relationships, evidence suggests that copper flux is 

significantly influenced by sediment transport processes in the EBFR downstream of the Rum Jungle 

property. 

After scrutinizing the computed loadings, only one set of corrections was made. As can be observed 

from the top plot of Figure 5-20, the total copper loadings at the most upstream station, GS8150200, 

exhibit waves of copper flux occurring in the dry season, long after the waves related to the wet season 

moved through the system (see letter A on top plot for the most prominent second wave). These second 

waves are likely not true representations of the behaviour of the river. Instead, they are likely spurious 

and caused by inaccuracies that cropped into the flow record during periods when the flow is hovering 

near or at zero. A low flow during the dry season can translate into a large loading estimate because 

the total copper concentrations at GS8150200 tend to be the highest during low and zero flows. A 

computed large loading estimate can be seriously misleading if the true flow of the river and the 
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associated load flux were both zero. The high concentrations associated with the late dry season are 

likely reflective of grab samples taken from a stagnant pond subject to evaporation losses. These 

apparent second waves of loading were eliminated from the record but not replaced with estimates. 

Besides the apparent second waves of loading at GS8150200, there are other differences in computed 

monthly loadings at the three stations. However, these differences could be caused by real phenomena 

and therefore no further adjustments were made to the total copper loading records. It is informative to 

track how the GS8150327 loadings vary from 2014 through to 2017. In 2014, GS8150327 experiences 

the highest flux of copper amongst the three stations. In the following year, the order is reversed with 

GS8150327 experiencing the lowest flux of the three stations. This alternating pattern continues 

through 2016 and 2017. This pattern is suggestive of a shunting process observed in sediment 

transport, where sediment in the river alternates between being in transport and being temporarily 

stored in bars in the channel. As a result of this shunting process, the average transport time of 

particulate metal through a river reach can be significantly longer than that of dissolved metal. 

The annual total copper loadings at GS8150097 ranged from 810 kg in Water Year 2013 to 8,800 kg 

in Water Year 2011 (although this latter value may be overestimated if the high flows at GS8150097 

are indeed overestimated as suggested by comparison with coincidental rainfall data). 

The dissolved copper loadings were screened with the aid of Figure 5-21. The monitoring of dissolved 

copper (based on filtered samples) commenced at the beginning of the 2012/2013 wet season at all 

three stations. The largest discrepancy in monthly loads between stations appears to be the existence 

of second waves of loading in the dry season at GS8150200, which are not replicated at the other two 

stations. These second waves are likely false on the basis that some rival the magnitude of loading 

observed during wet season. Also, evidence was provided earlier that questions validity of small, non-

zero flows in the flow record of GS8150200 in the late dry season. For purpose of the study, these 

loadings were eliminated from further consideration. No other corrections were made to the monthly 

records of dissolved copper flux. The annual dissolved loadings at the most downstream station 

(GS8150097) fell in the range from 340 kg in Water Year 2013 to 2100 kg in Water Year 2014. 
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Figure 5-19. Estimated Monthly Sulphate Fluxes in EBFR, Raw Values from Loadflex (top) and 
Adopted Values after Removal of Suspect Data (bottom) 
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Figure 5-20. Estimated Monthly Total Copper Fluxes in EBFR, Raw Values from Loadflex (top) 
and Adopted Values after Removal of Suspect Data (bottom) 
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Figure 5-21. Estimated Monthly Dissolved Copper Fluxes in EBFR, Raw Values from Loadflex 
(top) and Adopted Values after Removal of Suspect Data (bottom) 

 

5.2.6 Contaminant Loads in EBFR, 2010 to 2017 

Observed SO4 and Cu loads in the EBFR since 2010 are summarized in Table 5-3 and Table 5-4, 

respectively. Total rainfall and average annual streamflow in the EBFR for each water year (July 1st to 

June 30th) are also provided.  



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A  Page 189 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

Annual SO4 loads in the EBFR vary from year-to-year due in part to differences in rainfall. Since there 

are no major SO4 sources downstream of gauge GS8150200 it is not unexpected that the loads of the 

conservative SO4 are similar at the three downstream locations. While small differences in loads in the 

EBFR between the different gauges are evident, this is mainly due to the derivation of loads using 

streamflow and concentrations measured at each gauge, with each having its own intrinsic 

measurement “noise”. The average SO4 loads in the EBFR at GS8150327 and GS8150097 (where the 

stream is thoroughly mixed) are within 10% of one another. Average annual Cu loads in the EBFR are 

2.6 to 2.8 t/year, about two-thirds of which is the load related to particulate Cu.   

 

Table 5-3. Observed Annual Sulphate Loads in the EBFR, 2010 to 2017 

 

Table 5-4. Observed Annual Copper Loads in the EBFR, 2010 to 2017 
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5.3 MODEL SETUP AND STRUCTURE 

5.3.1 Model Concept  

The WLBM allows investigation of contaminant loads to the EBFR under present-day conditions and 

provides a means to estimate changes to water quality in the EBFR during future post-rehabilitation 

conditions. The WLBM couples a hydrological model with the simulation results of the groundwater 

model described in Section 4. To apply the hydrological model, the catchment of the EBFR was 

subdivided into many subcatchments as dictated by the locations of mine elements (e.g., waste rock 

dumps), tributaries, streamflow gauging stations and water quality monitoring stations. The role of the 

hydrological model was to estimate all runoff components from these subcatchments except the 

groundwater fluxes impacted by the former mining operation.  

The hydrological model was calibrated against an observed streamflow record from a long-term 

monitoring station near the mouth of the EBFR (GS8150097). The role of the groundwater model, on 

the other hand, was to characterize the main sources of contaminants that discharge perennially to the 

EBFR. Groundwater discharge (flow and contaminant loads) are incorporated into the WLBM to 

estimate sulphate and copper concentrations and loads within the EBFR under present-day and future 

conditions. The structure of the WLBM accounts for various contaminant sinks and sources at ground 

surface and from neighbouring mining activities; this includes the Main and Intermediate Pits, existing 

and future waste rock dumps, as well as the controlled discharge from Brown’s site. The proposed 

rehabilitation measures for the former Rum Jungle Mine Site are represented within both the 

groundwater model and WLBM to offer a reliable means of assessing how loadings from the aquifer to 

the EBFR could be reduced with time. To provide a full characterization of conditions during 

implementation of the rehabilitation plan, the WLBM incorporates a representation of a proposed water 

management plan to facilitate the pit backfilling operation and protect the water quality of the receiving 

environment. 

5.3.2 Code Selection 
The WLBM was constructed using GoldSim software. GoldSim is designed to perform both 

deterministic and probabilistic simulation and was selected over a spreadsheet model for the following 

reasons: 

• Facilitates the coding of realistic hydrological models for transforming precipitation into runoff. 

• Promotes concise coding because variables can be defined as arrays. 

• Provides coding tools that can be used to mathematically mimic complex operating rules, such 

as those that will be required to implement the proposed rehabilitation plan. 

• The software is highly graphical, which allows the model structure to be more easily understood 

and reduces the likelihood of errors while coding the water and load balances. 
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A version of the Australian Water Balance Model (AWBM) was built into the GoldSim model to simulate 

runoff within the EBFR catchment. This is a well-established hydrological model used in Australia and 

in other jurisdictions around the world (Broughton, 2004). It is particularly representative of settings 

where annual potential evaporation exceeds mean annual precipitation. Calibration of the AWBM was 

done external to the GoldSim model using an automated procedure available in a third-party version 

of the hydrological model (CRC, 2018). The simulated runoff from the AWBM was validated against 

local streamflow records not used in the calibration. 

As will be discussed later in this chapter, the simulation of concentrations in the EBFR had to consider 

physical and chemical processes occurring within the stream’s channel. Selection of the GoldSim 

software greatly facilitated the development of code to mathematically represent these processes, 

including formulation of a routine for simulating the build-up of groundwater contaminant loads as 

solutes throughout the dry season, followed by flushing of the accumulated solutes at the start of the 

wet season.   

5.3.3 Time Step and Simulation Period 
The WLBM was operated on a daily time step to capture the large variation in surface water flow 

observed in the EBFR catchment, particularly during the occurrence of tropical cyclones, tropical 

depressions and thunderstorms. 

The model was designed to simulate three states of the Rum Jungle property: present-day, 

rehabilitation and post-rehabilitation. At the beginning of each run, the user specifies the state to be 

represented and the simulation period. 

For present-day conditions, the simulation period of the WLBM was selected to completely overlap that 

of the groundwater model. The simulation period for assessing present-day conditions spanned a 

period of over nine years from 1 August 2009 to 31 December 2018. Presentation of model results is 

done in water years (1 July to 30 June) and focuses on the period from July 2010 to June 2017 to 

permit comparison with recent observed EBFR water quality data. 

The WLBM was designed to work with any sequence of climatic conditions available in the roughly 130 

years of historical climate record collected in the region. This feature allows the proposed rehabilitation 

plan to be tested under a wide range of potential climate sequences, ranging from droughts to a string 

of wet years. 

5.3.4 Model Inputs 
The prime inputs to the hydrological model of the WLBM are historical daily precipitation and potential 

evapotranspiration records. These records span from 1 January 1889 to 31 December 2018 and were 

obtained from the SILO database, a product of the Queensland Government and based on climate 

records maintained by the Bureau of Meteorology. SILO uses geostatistical interpolation to generate 
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long, continuous records of climate data for a given point of interest from observed climate records in 

the region (DES, 2019). To check its accuracy, the SILO database was correlated against the 

coincidental data from several of the closest climate stations to the Rum Jungle site; this confirmed the 

SILO rainfall record is an accurate reflection of the true rainfall regime of the site. 

Additional inputs to the WLBM are the flow and load records from the groundwater model. Monthly 

groundwater inputs were converted as required to average daily inputs to facilitate compatibility with 

the daily time step. Fluctuations in groundwater levels and concentrations generally occur at a slow 

rate, and thus conversion of monthly estimates to a daily average was deemed appropriate for the 

WLBM.  

5.3.5 Model Boundary  

The WLBM boundary encompasses the Rum Jungle Mine site and extends over the entire catchment 

area of the EBFR above GS8150097, located roughly 8 km downstream of the mine site. This station 

was selected as the outlet point of the model domain because it possesses a long-term streamflow 

record, which facilitated calibration of the AWBM. Gauging stations GS8150200 and GS8150327 were 

included as intermediate data output locations within both the WLBM and the groundwater model so 

that surface and groundwater sources could be coupled to properly estimate resulting flows and water 

quality at these locations. 

5.3.6 Model Structure 
The graphical nature of the GoldSim software was exploited to create figures to illustrate the general 

structure of the model. Figure 5-22 shows the opening screen of the WLBM and represents the top 

level of the model. The yellow boxes represent “Containers”, a component of GoldSim which allows 

the model to be constructed and organized in a hierarchical, top-down fashion. Within each container 

fundamental coding and inputs of the WLBM are stored. The contents of each container are explained 

below. 

• Climate_Data The climatic records for the hydrological model are found within this container. 

The data is comprised of historical daily records of precipitation and potential 

evapotranspiration obtained from the SILO database for the Rum Jungle site (coordinates 

13o00’S 131o00’E). This container also contains coding for shifting the climate records so that 

the simulations of future conditions can be matched with a specific climate sequence from the 

historical record. 

• AWBM. This container holds the hydrologic model that calculates runoff from the daily records 

of rainfall and potential evapotranspiration. The AWBM provides a conceptual representation 

of a hydrological process known as “variable source”, in which the effective catchment area 

progressively increases during rainstorms as storage in the soil profile and depressions fill. In 
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extreme events, the whole catchment is simulated to eventually contribute runoff to the stream. 

Model parameters dictate the overall magnitude and shape of the hydrographs simulated by 

the model. Model calibration was done against the daily streamflow record for the EBFR at 

GS8150097 for the period 1965 to 2009. Figure 5-23 shows an example of the fit obtained 

between the modelled and observed flows at GS8150097 for the 1990/1991 wet season. 

• Inputs. The inputs box contains a long list of user defined parameters that control the 

conditions to be simulated by the WLBM. This includes items such as: i) state of the mining 

operation being simulated; ii) start date for the climate sequence; iii) initial volume and loads 

in the pits; iv) calibration parameters for AWBM; v) concentrations for contaminant sources not 

accounted for by groundwater modelling; vi) parameters related to the rehabilitation plan, 

including rate of delivering waste rock to Main Pit and void ratio of deposited rock; vii) 

parameters related to the water management plan, including pump capacities and reservoir 

operating levels; and viii) parameters for simulating contaminant transport processes within the 

EBFR channel. 

• Water_Balance. This container holds the coding that simulates the movement and storage of 

water within the Rum Jungle site and the whole EBFR catchment above GS8150097. It also 

represents the net effect of the Brown’s site on the hydrology of the EBFR by simulating the 

controlled releases from this mine development (currently under care and maintenance). The 

contents of the Water_Balance container are presented in Figure 5-24. The icons on the figure 

represent specific mine elements, flow junctions and elements related to the rehabilitation plan. 

The blue arrows denote the flow of water along key reaches of the EBFR: i) river upstream of 

the Diversion Channel; ii) the Diversion Channel which conveys a portion of the river flow 

around the Main and Intermediate Pits; iii) river reach between GS8150200 and GS8150327; 

and iv) reach ending at GS8150097. The bold red arrows represent flows related to the main 

mine elements, comprising Main Pit, Intermediate Pit, waste rock dumps and the backfilled 

Dyson’s Pit. Other lines on the plot represent flow paths between the Copper Extraction Pad, 

proposed Water Treatment Plant, and proposed new waste rock storage facilities. 

• Load_Balance. This box contains a parallel set of coding to that described above in the Water 

balance container. This coding keeps track of the loadings associated with all flowlines and 

storage elements within the water balance model. Resulting loads are estimated at the key 

EBFR locations mentioned above. Both simulated streamflow and loads for these locations are 

exported to Excel, where the daily average concentration is computed and compared to the 

observed record. 

• Results. At the end of each simulation, key model results are compiled in this container and 

then exported to several Excel spreadsheets for further processing. 
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Figure 5-22. Opening Screen of the Rum Jungle WLBM 
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Figure 5-23. Comparison of Simulated and Observed Flows at GS8150097 for 1990/1991 Wet 
Season 
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Figure 5-24. Contents of the Water_Balance Container 
 

Two additional views of the WLBM are provided below to illustrate how the model is navigated and 

organized. Figure 5-25 shows a third level of the WLBM and is the view obtained by clicking on the 

Main_Pit container. The coding related to the Main Pit is organized in four containers. One contains 

the elevation-area-volume curve for the Main Pit and keeps track of the simulated pond level in the pit, 

as well as the surface elevations of material deposited in the pit (when the model is configured to 

simulate the rehabilitation plan). A second container keeps track of storage of water and material 

masses in the pit, together with most of the coding related to simulating implementation of the proposed 

pit backfilling operation. The remaining two containers hold coding for simulating inflows to and outflows 

from the pit. The three elements outlined with a green boundary are used to plot key results from the 

Main Pit simulation. 
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Figure 5-25. Contents of the Main_Pit Container 
 

Figure 5-26 shows the contents of the Outflows_Main_Pit container and represents a fourth level of 

the WLBM. The coding here handles the four outflows from the pit: evaporation, groundwater seepage, 

pumped flows and spill. Most of the coding is only active when simulating the pit backfilling operation 

and represents the operating rules for managing the pit pond level during this period. A full description 

of the individual coding elements shown on this figure is not provided in this report; however, it is 

interesting to point out a helpful feature of the GoldSim software. For a given calculation, the arrows 

show the precedents, or the variables that the calculation is dependent on. This feature facilitates 

debugging and checking of a model as it provides a visual representation of variable precedents and 

dependencies. 
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Figure 5-26. Contents of the Outflow_Main_Pit Container 
 

5.4 RECONSTRUCTED CURRENT CONDITIONS 

5.4.1 Model Development and Iteration 

The present-day conditions in the EBFR are well documented (in digital form) by the long-term 

streamflow and chemistry databases collected at the three monitoring stations: GS8150200, 

GS8150327 and GS8150097. As outlined in Section 5.2, these databases were combined to quantify 

sulphate and copper fluxes in the river and to gain insights into the hydrological and chemical processes 
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taking place in the EBFR catchment. To round out the information extracted from these databases, a 

model was required to help explain the mechanisms and conditions within the EBFR catchment that 

lead to the observed water quality regime of the river. The development of such an explanatory model 

was one of the main reasons for creating the GoldSim WLBM. When operated in its present-day mode, 

the WLBM was employed to: 

• Provide a means of combining results from the groundwater transport model with output from 

the hydrological model. 

• Make an inventory of the main sources of contamination contributing to total loading observed 

in the river. 

• Prepare mathematical representations of mechanisms that control transport of constituents 

within the river. 

A prerequisite to making credible predictions of the future water quality regime of the EBFR was a 

model that could reproduce present-day conditions. 

The starting point for assessing present-day conditions was to run the calibrated groundwater transport 

model to estimate groundwater conditions over the coincidental period of frequent water quality 

sampling at the EBFR monitoring stations (2009 to 2017). To faithfully reproduce the variations in 

groundwater flux within and between years, the recharge rates to the groundwater model were 

estimated using the site’s reconstructed historical rainfall record (i.e., the SILO record). To facilitate the 

estimation of concentrations at key points around the mine site and within the river system, the results 

from the groundwater model were compiled into a total of seven distinct flowlines: 

• inflow to and outflow from the Main Pit; 

• inflow to and outflow from the Intermediate Pit; 

• discharge to the EBFR above the diversion channel; 

• discharge to the diversion channel; and, 

• discharge to the EBFR between GS8150200 and GS8150327. 

After compilation of the flow and loading estimates for the groundwater flowlines, the rest of the 

reconstruction of current conditions was confined to the GoldSim software. As outlined earlier, the 

GoldSim model was designed to simulate three states of the Rum Jungle property: present-day, 

rehabilitation and post-rehabilitation. The coding of the model used to capture behaviour of the system 

under present-day conditions was relevant to the simulation of the two future states. In preparing the 

model to reproduce present-day conditions, the objective was to add just enough detail to the model 

representation to capture the main features of the sulphate and copper loadings conveyed by the 

EBFR. With this objective in mind, the structure of the model was developed in stages. 
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The first version of the model was set up to perform simple mass balance mixing to predict sulphate 

concentrations in the EBFR. In essence, the sulphate loadings from the groundwater transport model 

were diluted with the catchment runoff simulated by the AWBM. The model results were found to differ 

from the true behaviour of the system in two significant ways: 

1) sulphate loading in the EBFR was underestimated; and 

2) the river was simulated as being perennial, whereas its true behaviour is intermittent. 

The first issue suggested the model was missing an important loading source. The sulphate loadings 

from the groundwater model, together with background loading from the EBFR upstream of the mine, 

were insufficient to explain total loading in the river. The likely source of the missing loading was 

contributions from the waste rock dumps that are not captured by the groundwater transport model 

(i.e., not related to the water that percolates through the waste dumps and subsequently recharges the 

groundwater system). A portion of the percolated flows likely discharges to the EBFR in flow paths 

above the water table and include flows discharging at the toes of the waste rock dumps. This additional 

source of loading from the waste rock dumps was designated the “interflow source” and was assumed 

to have a flow pattern comparable to the observed river hydrograph. The interflow source was assigned 

the same source concentration adopted in the groundwater transport model to characterize loadings 

originating from the individual waste rock dumps. 

To remedy the second issue, a routine was built into the GoldSim model to simulate evaporation of the 

groundwater discharges that occur during periods when the river should be dry. The simulated 

hydrographs generated by the AWBM were used to determine when the flow of the river dropped to 

zero. Over these periods of zero flow, the routine assumed all groundwater discharge to the river was 

evaporated, leaving the solute content of this water as a deposit within the channel. The routine was 

applied to each reach of the EBFR and comprised the following two elements: 

• a reservoir that keeps track of the accumulated solute in the reach that resulted from the 

evaporation of groundwater during the dry season; and, 

• an empirical function that simulated the subsequent washoff of the accumulated solute once 

the river flows returned in the wet season. 

Washoff of the deposited solute was estimated using an equation commonly employed in water quality 

models for simulating the so-called “first flush” effect. The rate of washoff of solute (w in units of 

mass/time) was assumed to be proportional to the amount of solute accumulated in the channel (S in 

mass units) multiplied by the river discharge (Q in units of volume/time) raised to a power, as expressed 

in the equation: 

𝑤𝑤 = 𝑎𝑎 𝑆𝑆 𝑄𝑄𝑏𝑏 
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To apply this equation to the EBFR, the exponent (b) was set to 2, a typical value used in the U.S. 

EPA’s model for simulating storm water management (EPA, 2016). The proportionality coefficient (a) 

was determined by calibration of the GoldSim model. The objective of the calibration was to improve 

the fit between modelled and observed concentrations in the river at the beginning of the wet season. 

Each constituent examined by the model required a different value of the proportionality coefficient. 

The second version of the model incorporated coding to resolve the two deficiencies outlined above. 

In addition to determining suitable parameters for the washoff function, calibration of this second 

version of the model was required to estimate flow rates associated with the new contamination source 

built into the model, i.e., the interflow source from the waste rock dumps. To facilitate this calibration, 

the yield from each waste rock dump was assumed to comprise the following three components:  

i) proportion shed by cover as overland flow, which was assessed by difference given that 

the three proportions had to sum to 100% 

ii) proportion that percolates the waste rock dump and then recharges the groundwater 

system, which was already estimated during calibration of the groundwater transport 

model; the recharge rates from the waste rock dumps were a key unknown that had to be 

assessed during development of the groundwater model. 

iii) the proportion that percolates the waste rock dump and subsequently follows an interflow 

pathway to the surface drainage, which was estimated by calibration of the GoldSim model. 

Through a trial and error process, the proportion was adjusted until the simulated and 

observed loads in the EBFR matched reasonably well.  

Indirect evidence supports the inference that a portion of the loading from the waste rock dumps 

bypasses the groundwater system and, therefore, cannot be represented by the groundwater transport 

model. The simulated groundwater loadings to the EBFR are subdued and exhibit only moderate 

variation from year to year. In contrast, the loadings observed in the river vary significantly between 

years, mirroring the large variations in annual flow observed at the streamflow gauging stations. The 

addition of an interflow component improved the model’s ability to reproduce the observed fluxes in the 

river because its associated loading varies significantly from year to year, being large in wet years and 

small in dry years. Thus, the observed loading record suggests that the subdued loading from a 

groundwater system is unlikely to be the only significant sourcing of loading to the system. 

As will be demonstrated in the next sections, the second version of the GoldSim WLBM proved 

successful in reproducing sulphate concentrations at the three monitoring stations on the EBFR and 

copper concentrations at the most upstream station (GS8150200). However, it significantly 

overestimated copper concentrations during low flow periods at the two downstream stations. The C-

Q relationships presented in Section 5.2 offered clues as to what was causing copper to behave 

differently at GS8150327 than at GS8150200. Natural chemical processes in the river below the mine 
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development seem to cause a significant proportion of the dissolved copper entering the river to 

precipitate. The transport of the resulting particulate copper is then dependent on the level of turbulence 

in the river, tending to deposit on the channel bed during low flows and be eroded during high flows. 

To capture the effects of these additional processes in the WLBM, a third version of the model was 

created. The natural chemical processes were coarsely approximated in the model by specifying a 

solubility limit. With this in place, the copper loading was divided into dissolved and particulate 

components. Enough copper was assumed to precipitate such that the copper remaining in solution 

would cause the dissolved concentration in the river to be at the saturation level. No precipitation of 

copper was simulated if the total copper loading was insufficient to raise the river concentration to the 

solubility limit. To roughly match the proportions of dissolved and particulate copper observed in the 

river, the solubility limit for copper at GS8150327 was set to 0.05 mg/L. No solubility limit was assigned 

to the river system at GS8150200 or points further upstream. 

The physics of erosion and suspended sediment transport are complex; however, these processes can 

often be adequately represented in a model using a simplified, conceptual approach like that outlined 

above for simulating the washoff of solutes accumulated over the dry season. This simplified approach 

was adopted here. All copper precipitated by application of the solubility limit was assumed to report to 

a reservoir, which kept track of all particulate copper available to be subsequently transported. The 

erosion rate of this stored particulate copper was assumed to be proportional to the amount of copper 

stored multiplied by the river discharge raised to the second power. The proportionality coefficient for 

this relationship was selected to simulate a quasi-balanced system, in which the stored copper at the 

end of the simulation period, more or less, equalled that at the beginning of the simulation. No 

allowance was made for copper loading that could potentially be sourced from legacy tailings in the 

river’s channel that were scoured from a former tailings impoundment at the Rum Jungle site. As 

outlined below, the third version of the model proved adequate to reproduce present-day sulphate and 

copper concentrations in the East Branch of Finniss River at GS8150200, GS8150327 and 

GS8150097. 

5.4.2 Simulated Flows and Water Balance  

 Simulated Water Balance  

Figure 5-27 illustrates the average annual flows and net changes in water storage within the EBFR 

catchment, together with the linkages between the EBFR (yellow boxes), the local groundwater system 

(blue boxes) and the mine elements. Site surface features (grey) include the waste rock dumps and 

the Main and Intermediate Pits and represent contaminant sources. Groundwater is both a source of 

contaminant flow to the EBFR and a sink for waste rock seepage. Groundwater also infiltrates to/from 

the pits year-round. Note that the blue boxes do not provide a comprehensive representation of the 

water balance of the groundwater transport model and, therefore, the inflows to the blue boxes do not 
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match total groundwater discharge to the EBFR; some recharge components and groundwater inflow 

streams are missing from the representation.  

The average annual streamflow at GS8150097 is simulated to be 1179 L/s. Impacted groundwater 

from the Rum Jungle property comprises roughly 4.3% of the total flow at this station. Surface flows 

impacted by the property’s mine elements (waste rock dumps and pits) and controlled discharges from 

the neighbouring Browns site contribute roughly 3% of the average annual flow at GS8150097.  

Net percolation (NP) on the footprints of the waste rock dumps is assumed to either flow off dump 

covers as overland flow or pass through the waste rock dumps and recharge the groundwater system 

or be expressed as interflow (e.g., seepage emanating from toe of waste dump or discharge along 

bank of EBFR or the diversion channel). For current conditions, the fate of net precipitation (i.e., 

precipitation minus evapotranspiration) was determined by matching assumed groundwater recharge 

percentages of the WLBM to those of the groundwater model and ranged from 50 to 77% of NP. 

Remaining flow was then divided into the overland and interflow components based on calibration of 

required sulphate load to the EBFR.  

Runoff shed by the cover was assumed to be clean, while water percolating the waste rock dump was 

assumed to attain the same average concentration, no matter if the water subsequently recharged the 

groundwater system or travelled to the river as an interflow component. Both interflow and overland 

flow from waste rock dumps (and the Dyson’s backfilled pit) are assumed to reach the EBFR and are 

simulated to contribute an annual average of 5.9 L/s to the EBFR over the period of 2010 to 2018, 

which augments to less than 1% of flow in the EBFR. Water percolating through the waste rock dumps 

and then recharging the groundwater systems was estimated to have an average annual flow of 6.6 

L/s. Under future post-rehabilitation conditions, the impact of the waste rock dumps is significantly lower 

as waste rock material is relocated either to the Main Pit or to the new WSF that is assumed to allow 

only 15% of NP to recharge the groundwater system.  

There is little data on the movement of water through the Main and Intermediate Pits. Discharge is 

controlled by the combination of a weir at the inlet of the Diversion Channel and an inlet culvert to the 

Main Pit. Based on an approximate assessment of the hydraulics of these two hydraulic structures, the 

following algorithm was adopted to simulate how water is split between the pits and the Diversion 

Channel: 

• When EBFR flow is less than 70 L/s, all flow reports to the Diversion Channel; 

• When the river’s flow is between 70 L/s and 4070 L/s, then 70 L/s reports to the Diversion 

Channel and the remainder passes through the two pits; and, 
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• For river flows in excess of 4070 L/s, a flow of 4000 L/s is routed through the pits and the 

remainder is conveyed by the Diversion Channel. 

In developing this algorithm, the flow through the Main Pit culvert was assumed to always be governed 

by inlet control (or, in other words, independent of water level in Main Pit). A detailed assessment of 

the culvert hydraulics was not undertaken because a new system for creating the bifurcation of flows 

will likely be adopted during implementation of the rehabilitation plan. 

Additional inputs to the Main Pit are direct precipitation on the pond surface, local runoff from 

incremental catchment between pit perimeter and the inlet culvert, and groundwater. These additional 

inflow streams make up less than 2% of Main Pit inflows. The average annual contribution of EBFR 

flow to the Main Pit under current conditions is simulated to be 397 L/s, which equates to roughly 56% 

of the EBFR flows just upstream of the Diversion Channel. Once the Main Pit has reached full capacity, 

this water then overflows into the Intermediate Pit.  

Similar to the Main Pit, the additional inflows to the Intermediate Pit comprise direct precipitation, 

groundwater and local runoff. During the simulation period, the WLBM simulates a small net loss of 

water to groundwater, which is offset by runoff from the incremental catchment that can comprise 

overland and interflow components and may include a groundwater component not simulated by the 

groundwater model. Intermediate Pit water overflows back to the EBFR just upstream of GS8150200 

and result in 49% of the average annual flow for this location. Other inflows include controlled releases 

from Browns, overland flow and interflow from the Main and Intermediate WRDs and discharging 

groundwater. Downstream of the Rum Jungle site, inflows to the EBFR comprise catchment runoff (329 

L/s) and groundwater discharge (29 L/s).  
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Figure 5-27. Simulated Average Annual Water Balance, 2010 to 2018 (flows expressed in L/s) 
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 Simulated Streamflow in EBFR 

Model results related to flows of the EBFR are summarized below: 

• The hydrological model selected for this study (AWBM) adequately simulates the magnitude 

and timing of flows in the EBFR under most conditions, with the possible exception of annual 

peak flows. As described in Section 5.2, some evidence exists to suggest the highest daily 

flows in the GS8150097 streamflow record may be overestimated. When expressed as daily 

unit discharges (i.e., expressed in units of mm/day), the highest flows in the archived record 

are greater than the coincidental daily rainfall totals at local climate stations. Given this 

evidence, it is possible that the simulated annual flood peaks from the AWBM may provide a 

closer representation of the true flow rate than does the archived streamflow record. The 

AWBM provides generally good fits at all three streamflow gauging stations on the EBFR 

(Figure 5-28 and Figure 5-29).  

• Since flows through the pits are not routinely monitored, the split in flows between the EFDC 

and the pits cannot be derived empirically over the flow range. Instead, the split was simulated 

using an approximation of the hydraulics of the inlet culvert to the Main Pit. Reports made 

available to RGC did not contain the original hydraulic analysis of the inlet and outlet culverts 

installed at the Main and Intermediate Pits. However, a report describing the design of the 

original rehabilitation works undertaken in the mid-1980s suggested that the inlet culvert would 

pass a flow of 5 m3/s when the river was experiencing a 100-year peak instantaneous flood 

(see Cameron McNamara Consultants, 1985). This suggests that the approximate hydraulics 

used in the WLBM are a fairly close approximation of the true hydraulics of the culvert system. 

The simulated bifurcation of river flows to the Main Pit and the EFDC are presented in Figure 

5-30.  

• Model results suggest the river flows are partially routed to the pits for about 32% of the 

simulation period, predominantly between December and May when flows in the EFDC are 

generally greater than 70 L/s. The EFDC experiences significantly higher peak daily flows than 

do the two pits. However, the average annual volume of water passing through the pits is 

greater than that conveyed down the EFDC. The estimated split in annual flow is roughly 56% 

to the pits and 44% to the diversion channel. 
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Figure 5-28. Simulated and Observed Streamflow in EBFR at GS8150200, GS8150327, and 
GS8150097 (July 2010 to July 2017) 
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Figure 5-29. Simulated and Observed Streamflow in EBFR at GS8150200, GS8150327, and 
GS8150097 (July 2014 to July 2017)  
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Figure 5-30. Simulated Flows to the Main Pit and EFDC 
July 2010 to July 2017 (top) and July 1st, 2015, to July 1st, 2017 (bottom) 

 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A  Page 210 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

5.4.3 Simulated Loads and Concentrations in EBFR (Current Conditions) 

 Simulated Sulphate and Copper Loads in EBFR 

SO4 and Cu loads from the groundwater model were incorporated into the WLBM to simulate SO4 and 

Cu loads in the EBFR. Simulated loads in the EBFR represent the sum of loads from the groundwater 

model, loads (natural) from the EBFR upstream, and additional loads attributed to interflow from the 

historic WRDs. Average annual flowsheets are provided in Figure 5-31 and Figure 5-32 to illustrate the 

inter-connections between AMD sources and the EBFR in different reaches of the site. Loads of SO4 

and Cu in the EBFR from the WLBM are summarized in Table 5-5 and Table 5-6, respectively. 

Observed loads and associated relative percent difference (RPD) values are provided for reference. 

The average RPD values for SO4 loads range from 2 to 16%, with lower RPD values for gauges 

GS8150327 and GS8150097. RPD values for Cu are generally higher than RPD values for SO4 and 

the WLBM tends to over-estimate Cu loads in the EBFR. This is particularly evident for high rainfall 

years when the load from interflow is simulated to be much higher (as it is a fixed percentage of rainfall). 

For more typical years, e.g. 2014/2015 Water Year, RPD values are lower, suggesting a better fit 

between the simulated and observed loads. 

 

Table 5-5. Comparison of Observed and Simulated Sulphate Loads in the EBFR, 2010 to 2017 

 

 

 

 

 

 

 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A  Page 211 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

 
Table 5-6. Comparison of Observed and Simulated Copper Loads in the EBFR, 2010 to 2017 

 

Gauge Load Units 2010/2011 
Water Year

2011/2012 
Water Year

2012/2013 
Water Year

2013/2014 
Water Year

2014/2015 
Water Year

2015/2016 
Water Year

2016/2017 
Water Year

Average      
(2010 to 2017)

Observed t/year Cu-t 5.1 2.4 1.9 3.7 2.4 1.9 1.7 2.7
Simulated t/year Cu-t 4.1 2.3 2.1 2.8 1.9 1.9 2.5 2.5
RPD % 22% 2% 10% 28% 24% 1% 40% 8%
Observed t/year Cu-d - - - 1.1 1.1 0.8 1.4 1.1
Simulated t/year Cu-d - - - - - - - -
RPD % - - - - - - - -
Observed t/year Cu-d  -  - 0.5 2.6 0.6 0.7 1.7 1.2
Simulated t/year Cu-d 2.9 1.0 0.6 1.4 0.6 0.5 1.3 1.2
RPD % - - 24% 57% 6% 22% 27% 1%
Observed t/year Cu-t  - 2.2 1.5 5.7 1.4 2.6 2.4 2.6
Simulated t/year Cu-t 4.7 2.1 1.3 3.9 1.0 1.4 3.5 2.6
RPD % - 3% 13% 37% 33% 60% 39% 2%
Observed t/year Cu-d  -  - 0.3 2.1 0.6 0.6 1.4 1.0
Simulated t/year Cu-d 3.1 1.1 0.7 1.5 0.6 0.6 1.4 1.3
RPD % - - 64% 33% 0% 12% 1% 24%
Observed t/year Cu-t 7.1 2.0 0.8 3.5 1.6 1.7 3.2 2.8
Simulated t/year Cu-t 4.7 2.1 1.3 3.9 1.0 1.4 3.5 2.6
RPD % 40% 5% 49% 11% 44% 22% 8% 10%

GS8150200

GS8150327

GS8150097
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Figure 5-31. Simulated Average Annual Sulphate Load Balance for Current Conditions, 2010 to 2018 (loads expressed in tonnes/year) 
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Figure 5-32. Simulated Average Annual Copper Load Balance for Current Conditions, 2010 to 2018 (loads expressed in tonnes/year)
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 Simulated Sulphate and Copper Concentrations in EBFR 

Simulated SO4 and Cu concentrations in the EBFR at gauges GS8150200, GS8150327, and 

GS8150097 are shown in Figure 5-33, Figure 5-34, and Figure 5-35, respectively. Simulated SO4 and 

Cu concentrations are represented by a dashed line by convention, whereas observed concentrations 

appear as circles. SO4 and Cu concentrations were simulated by importing the simulated monthly SO4 

and Cu loads from the groundwater model into the WLBM. Monthly average loads were assigned to 

each day of a month unless streamflow in the EBFR decreased below 0.05 m3/s, which necessitated 

storing the load and releasing it when streamflow increased. Loads from interflow were also added and 

simulated Cu loads were slightly decreased in proportion to the load attributed to interflow. 

Simulated SO4 concentrations in the EBFR at GS8150200 are highest during the early wet season and 

at the end of the wet season when surface flows in the EBFR are receding. During the wet season, 

SO4 concentrations are at their lowest due to substantial dilution in the river. For most years, the 

magnitude and trends in SO4 concentrations are, in RGC’s opinion, simulated reasonably well by the 

WLBM. The WLBM also simulates Cu concentrations in the EBFR at GS8150200 reasonably well, as 

the magnitude of Cu concentrations during the wet season is consistent with observations, and 

changes at the beginning and end of the wet season are well represented by the model.  

In the EBFR at gauge GS8150327, the WLBM simulates SO4 concentrations reasonably well and the 

fit is comparable to the fit observed upstream at GS8150200. This is consistent with the likely near-

conservative behaviour of SO4 in the river and the lack of any substantial sources of SO4 downstream 

of GS8150200. Cu concentrations in the EBFR at GS8150327 are simulated to be much lower than in 

the EBFR at GS8150200 to match observed Cu concentrations. Lower Cu concentrations in the EBFR 

at GS8150327 are simulated by assuming a solubility limit of 0.05 mg/L Cu for the near-neutral pH 

conditions in the creek at GS8150327. Copper concentrations above this solubility limit are precipitated 

and assumed to be unavailable (given that the pH remains at or above pH 7 downstream) for re-

introduction to the EBFR as dissolved Cu, either by removal via floc formation or adhesion to river 

bottom sediments, or some other process. Once this equilibrium has been established the residual 

dissolved Cu is then conveyed downstream to GS8150097.  

The ratio of dissolved-to-particulate Cu in the EBFR at GS8150327 and GS8150097 varies seasonally, 

depending on flow dynamics and the net pH of the water. For most of the year, dissolved Cu loads 

exceed the particulate Cu load but particulate Cu loads can be higher during peak flow events at the 

start of the wet season when total Cu concentrations tend to be much higher. The key finding from 

these simulations is that the magnitude and trends in daily SO4 and Cu concentrations in the EBFR 

can be predicted with a reasonably high degree of confidence without over-parameterizing the 

groundwater model or the WLBM.  
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Figure 5-33. Simulated and Observed Copper and Sulphate Concentrations in the EBFR at 
Gauge GS8150200, 2010 to 2017 
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Figure 5-34. Simulated and Observed Copper and Sulphate Concentrations in the EBFR at 
Gauge GS8150327, 2010 to 2017 
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Figure 5-35. Simulated and Observed Copper and Sulphate Concentrations in the EBFR at 
Gauge GS8150097, 2010 to 2017 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A Page 218 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

5.5 PREDICTED CONDITIONS DURING CONSTRUCTION 

5.5.1 Overview – Rehabilitation Strategy 

RGC understands that waste rock will be deposited in the Main Pit by conveyor system that will extend 

onto the surface of the pit pond via a system of articulated pontoons. Waste rock will be discharged at 

the surface of the pond and drop through the water column to the bottom of the pit. To maximize the 

mass of rock placed in the pit, the ultimate deposit will be built to have a near struck level surface. The 

system of articulated pontoons will allow this configuration to be achieved by moving the discharge 

point of the conveyor around the pond in a systematic manner, allowing for an even distribution of 

waste rock.  

To prevent waste rock from punching into the legacy tailings in the pit, a bridging layer of sand will first 

be deposited over the existing tailings backfill to a thickness of about 5 m. A layer of clean sand will 

cap the completed deposit of waste rock in the pit. Construction of the bridging and capping sand layers 

will be achieved by subaqueous deposition and will take advantage of the floating conveyor system to 

create horizontal layers with near-uniform thickness. In addition to backfilling the pit, rehabilitation will 

also involve operating a series of recovery bores to reduce the extent of AMD-impacted groundwater 

near the WRD footprints and improve groundwater quality in the Copper Extraction Pad area and 

former ore stockpile area. The recovery bores will operate from Year 1 to 11 and recovered 

groundwater will be delivered to a water treatment plant (WTP). 

5.5.2 Main Features of Water Management Plan 

The overarching objectives of the water management plan during the construction phase will be to 

protect the water quality of the EBFR and to maintain the pond level in the Main Pit within a narrow 

range to facilitate operation of the floating conveyor system. These objectives will be achieved using 

the following strategy: 

• The inlet culvert to the Main Pit will be blocked at the outset of the rehabilitation phase to force 

the full flow of the EBFR down the existing diversion channel, thereby substantially reducing 

the effective drainage areas of the Main Pit and Intermediate Pit. With the complete diversion 

of the EBFR, the combined catchment area of the two pits will be about 0.65 km2, including the 

surface areas of the two pit ponds. For context, the EBFR catchment is 45 km2 in extent at the 

existing bifurcation where a portion of the river’s flow is routed through the open pits and the 

remainder directed to the diversion channel. 

• All excess flows generated on the incremental catchments of the open pits, together with the 

contaminated groundwater extracted by the SIS, will report to a WTP. Under normal 

operations, water will be fed to the WTP in the following order of priority: SIS extractions, Main 

Pit withdrawals and Intermediate Pit withdrawals. The WTP will operate year-round and 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A Page 219 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

discharge the treated effluent to the EBFR downstream of monitoring station GS8150200. The 

hydraulic capacity of the WTP will be sized to prevent spillage of untreated water from the 

Intermediate Pit to the EBFR, except during extremely wet years. For the purpose of the EIS, 

rainfall conditions that occurred during Water Year 2010/2011 were adopted as the design 

event for selecting a suitable WTP capacity. Based on it generating the largest annual runoff 

volume in the 52-year streamflow record of GS8150097, Water Year 2010/2011 can be roughly 

assigned an annual exceedance probability (AEP) of about 2%. 

• Storage will be required to regulate the inflows to the WTP. The groundwater system will 

effectively act as the storage for the SIS, allowing for the temporary interruption of bore 

extractions during upset conditions at the WTP or during extreme flooding events. For dealing 

with fluctuations in flows generated on the 0.65 km2 catchment, the open pits themselves will 

be exploited to meet storage requirements. Determination of an optimum storage capacity in 

the open pits is an iterative process because the simulation of surface and groundwater 

conditions during the rehabilitation phase are interdependent. To initiate the iterative process, 

a simple reservoir simulation model was run to estimate the live storage requirement to handle 

flooding on the 0.65 km2 catchment up to an event with an AEP of 2% (or return period of 50 

years). This resulted in a total storage requirement of 400,000 m3. To achieve this storage, the 

minimum operating levels in the Main Pit and Intermediate Pit were established at 58 m AHD 

and 49 m AHD, respectively. These levels are roughly 2 m and 8 m below the spill elevations 

of the respective pit’s outlet culvert. With the pit ponds drawn down to these target levels, the 

Main Pit would provide a live storage of about 160,000 m3 while the Intermediate Pit would 

provide a larger storage of 240,000 m3. To define realistic boundary conditions for the 

associated groundwater modelling, the levels of the pit ponds were assumed to remain static 

at the assigned minimum operating levels during pit backfilling. 

• The upper layers of the pit ponds tend to possess low contaminant concentrations during 

present-day conditions. Because of this, water pumped from the pits during the initial 

dewatering will report directly to the EBFR. Once the initial dewatering is completed, with the 

pit ponds drawn down to their target minimum operating levels, all subsequent dewatering will 

be directed to the WTP. Treatment of the water collecting in the pits will continue until just 

before the flow of the EBFR is reinstated through the pits. 

• To facilitate operation of the floating conveyor system, the pond level in the Main Pit will be 

closely monitored, with extractions being made as necessary to maintain the pond level within 

a tight range. To minimize interruptions of the pit backfilling operations, two destinations will 

be provided for the withdrawals from the Main Pit: the WTP and the Intermediate Pit. If the 

required dewatering rate is in excess of what can be handled by the WTP at the time, then the 

excess amount will be directed to the Intermediate Pit. With the flexibility provided by a second 
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destination for pit dewatering, the pit backfilling operation will effectively become independent 

of the operation of the WTP. For example, the conveyor system will be able to continue 

operations when the WTP is shutdown for scheduled maintenance. 

• With the objective of limiting the hydraulic capacity of the WTP, a special operating rule was 

introduced to take effect during episodes of extreme inflow to the open pits. If the pond level in 

the Intermediate Pit rose above a specified threshold (set at 54 m AHD for purpose of EIS), 

then operation of the SIS bores would be suspended, as would the operation of the conveyor 

system. The latter suspension would halt displacement of water caused by the subaqueous 

deposition. With these suspensions in place, the full capacity of the WTP could be devoted to 

treating flood inflows to the two pits. This emergency operating rule would continue until the 

water level in the Intermediate Pit was drawn back down to a level below the threshold level. 

Under extreme conditions, the pond level in the Main Pit would be allowed to rise to the crest 

of the outlet culvert. This would allow exploitation of the full live storage in the Main Pit to 

temporarily store a portion of the incoming flood waters. Any spill from the Main Pit would report 

to the Intermediate Pit. Spillage of untreated water from the system to the EBFR would only 

occur if the live storage of the Intermediate Pit becomes filled. 

• An erosion and sediment control plan would have to be implemented during the construction 

phase, being applied to both areas of excavation (existing waste rock dumps) and deposition 

(new waste rock storage facilities). For the purpose of the EIS, details of this plan did not have 

to be coded into the GoldSim model. However, it should be noted that the Main Pit could be 

employed as a sedimentation pond during construction of the western waste rock storage 

facility. If the Main Pit was designated for this role, then the reinstatement of the EBFR flow 

through the pits may have to be delayed until completion of the waste rock storage facility, 

including establishment of a vegetation cover. 

• For the purpose of the EIS, the routing of the EBFR through the pits was assumed to be 

restored shortly after completion of the pit backfilling. The diversion channel will be retained to 

allow for the EBFR flow to be split into two components, one through the pits and one along 

the diversion channel. This hydraulic arrangement will limit erosive forces in the shallow pond 

overlying the permanently submerged waste rock in the Main Pit, particularly during large flood 

events when the diversion channel can serve to convey a substantial proportion of the river’s 

total flow. 

5.5.3 Model Setup 

Simulation of the proposed rehabilitation plan involved, in effect, a coupling of the GoldSim WLBM and 

the groundwater transport model. The latter model provided information on all groundwater-related 

flowlines associated with site’s water and load balance, including: i) withdrawal rates of flow and 
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associated contaminant loads from the SIS; and ii) enhanced groundwater inflows caused by 

maintaining the pond levels in the two pits in a drawn-down state. The two models were operated in 

series, with the groundwater model being run first. To integrate the two models, coding was added to 

the GoldSim model to: 

• Import the results from the groundwater transport model and store this information in a format 

that accurately reflects what the data represent (e.g., a constant rate over a month). 

• Disaggregate monthly flows and loads provided by the groundwater transport model to daily 

values to be consistent with the daily time step adopted for the GoldSim model. 

• Make slight modifications to results from groundwater model, where necessary, to compensate 

for differences in defined boundary conditions between the GoldSim and groundwater models. 

The simulation of pit pond levels provides one example for the need to modify outputs from the 

groundwater transport model. For runs of the groundwater modelling, the pit pond levels were assumed 

to be static at the minimum operating levels throughout the pit backfilling period. This is an adequate 

assumption for the bulk of the simulation period but can lead to an overestimation of groundwater 

inflows for periods when the designated live storage in the Intermediate Pit partially fills during 

rainstorms. A routine was added to reduce imported inflow rates from the groundwater model whenever 

the simulated pit pond surface rose above the minimum operating level (i.e., when the conditions 

simulated in the groundwater model and GoldSim model were not identical). 

In addition to developing a way of coupling the groundwater and surface models together, the model 

setup entailed specifying parameters to control the simulation of the pit backfilling operation and 

implementation of the water management plan. Table 5-7 summarizes the values adopted for key 

parameters related to the simulation of the pit backfilling and site construction water balance. 

5.5.4 Water Balance Results 

For the purpose of the EIS, the GoldSim WLBM was used to explore the logistics of performing the pit 

backfilling during an extremely wet climate sequence. As indicated in Table 5-7, the model was run 

using a historical climate sequence that included Tropical Cyclone Carlos (TC Carlos), which tracked 

over the region in mid-February 2011. Based on the 52-year-long record of daily streamflow collected 

at GS8150097, this tropical cyclone generated the single largest daily discharge ever recorded on the 

EBFR. This event also coincided with the wettest water year on record, with an annual runoff volume 

over triple the long-term average. The inclusion of this tropical cyclone in the simulation provided a 

demanding test of the proposed water management plan for the construction phase. 
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Table 5-7. Model Setup for Simulating Construction Phase 

 

 

The GoldSim model was run for a six-year period to encompass key milestones in the rehabilitation 

plan, including initial blockage of the Main Pit’s inlet culvert to force the full flow of the EBFR around 

the open pits, and the completion of the pit backfilling operation. During the next phase of design, the 

Item Value Units Description
Simulation period 1 Sep 2019 to 31 Aug 2025 Datetime Simulation includes warm-up period so simulation results 

become nearly independent of initial conditions.  Selected period 
assumes rehabilitation plan will commence in late 2020.

Climate sequence 1 Sep 2008 to 1 Sep 2014 Datetime This historical sequence of daily rainfall and evaporation data 
includes the occurrence of Tropical Cyclone Carlos.

Production rates
Sand for bridging layer 2780 tonne/d Rate sand delivered by conveyor during construction of bridging 

layer.
Waste rock 3880 tonne/d Rate waste rock is deposited in Main Pit.
Clean fill 2780 tonne/d Rate sand delivered by conveyor during construction of capping 

layer.
Void ratio

Legacy tailings 0.9 Vv oids / Vsolids

Bridging layer 0.43 Assumed void ratio of sand placed by subaqueous deposition.
Waste rock 0.6 Assumed void ratio of waste rock placed by subaqueous 

deposition.
Clean fill 0.65 Assumed void ratio of clean fill placed by subaqueous 

deposition.
Window for pit backfilling Jan 18 to Dec 21 Datetime Assumed operated year-round except for four-week Christmas 

break
Ultimate surface elevation

Legacy tailings 15.5 m AHD Estimated average elevation of existing tailings deposit in Main 
Pit

Bridging layer 20.5 m AHD Assumed surface is struck level
Waste rock 54.7 m AHD Assumed surface is struck level
Clean fill 57 m AHD Assumed surface is struck level

Dead band Pumps turn on at low elevation and turn off at high elevation
Main Pit 58 to 59 m AHD Narrow target range of pit lake during subaqueous deposition
Intermediate Pit 49 to 50 m AHD Range for maintaining live storage during subaqueous deposition

WTP hydraulic capacity 100 L/s Selected capacity of water treatment plant
Pump capacities

Main Pit to EBFR 150 L/s Maximum pumping rate during initial pit dewatering
Intermediate Pit to EBFR 150 L/s Maximum pumping rate during initial pit dewatering
Main Pit to WTP 100 L/s Dictated by capacity of WTP
Main Pit to Inter Pit 130 L/s
Intermediate Pit to WTP 100 L/s Dictated by capacity of WTP

Milestone date
Main Pit culvert blocked 1 Nov 2020 Datetime Date inlet culvert to Main Pit is blocked to force all EBFR flow 

down the diversion channel.
Start pit dewatering 1 Dec 2020 Datetime Date the initial dewatering of the two open pits commences
Start pit backfilling 1 May 2021 Datetime Date the construction of the bridging layer commences

Days to dismantle conveyor 60 days Minimum time from completing sand cap to restoring flow of 
EBFR

Outlet crest elevation
Main Pit 59.95 m AHD Surveyed elevation at downstream end of existing outlet culvert 
Intermediate Pit 57.82 m AHD Surveyed elevation at downstream end of existing outlet culvert 
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model simulation will be extended to cover the full operational period of the SIS and will examine the 

behaviour of the system under a wider range of climatic conditions. 

As indicated earlier, GoldSim is a highly graphical software. This feature is exploited below to illustrate 

the key findings of the model simulation. Most of the presented graphs illustrate the time histories of 

important components of the site’s water balance. Others show material balances or water levels in 

the open pits. 

 Main Pit 

Figure 5-36 illustrates the material deposited in the Main Pit by the floating conveyor system. The 

deposition of the bridging layer, waste rock and capping layer is anticipated to take roughly three years. 

Operation of the conveyor system will occur year-round, except for an annual four-week break for the 

Christmas holiday. The green line on the figure tracks the rising surface of the deposited waste rock. 

Horizontal segments of this line mark times when the subaqueous deposition is interrupted. For 

example, the short, horizontal segments that intersect the graph’s vertical grid lines coincide with the 

four-week holiday. The reason for the other horizontal segments will be discussed later. 

As can be seen, the simulated pond level (blue line) is always above the rising surface of the deposited 

material and remains within a narrow range, a necessary condition to facilitate operation of the floating 

conveyor system. For the purpose of the EIS, the waste rock was assumed to be dumped into the pit 

pond at a rate of 3880 tonnes/d. Given a typical specific gravity of 2.7, this means the waste rock will 

be displacing pit water at a rate of about 1440 m3/d, or 17 L/s. The waste rock is expected to be 

deposited with a void ratio of roughly 0.6, which translates into an increase in the bulk volume of the 

deposit by roughly 2300 m3/d. If waste rock will be comingled with limestone, then the production rate 

represents the combined rate of waste rock and limestone deposition. At the next level of design, the 

possibility of stepped increases in the production rate will be investigated as the thickness of the waste 

rock deposit increases. 
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Figure 5-36. Simulated Deposition of Sand and Waste Rock during Backfilling of Main Pit 
 

Figure 5-37 shows the simulated variation in the surface elevation of the Main Pit pond, together with 

the simulated withdrawals required to maintain the pond surface within a narrow range. As discussed 

earlier, the Main Pit will be dewatered below the pit’s spill elevation to provide a buffer storage to handle 

flood events. As a first approximation of the dewatering operating rule, the pump was assumed to be 

turned on when the water level reaches 59 m and subsequently turned off when the water level is 

drawn down to 58 m. As much of the dewatering flows as possible will be routed to the WTP. Any 

excess will report to the Intermediate Pit. 
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Figure 5-37. Simulated Maintenance of Pond Surface Elevation during Backfilling of Main Pit 
 

The adopted starting point for the historical climate sequence resulted in the shifting of TC Carlos into 

the future to coincide with Water Year 2021/2022. As can be seen from the simulated pit water level 

(green line), the proposed water management plan managed to prevent spillage of water from the Main 

Pit to the Intermediate Pit during the tropical cyclone, although the pond level did rise above the 

maximum operating level set for the pump. The first episode of dewatering shown on Figure__ was 

simulated to bypass the WTP and discharge directly to the EBFR without treatment, an action that is 

justified on the basis of the current low contaminant concentrations in the upper layer of the pit pond. 

Figure 5-38 presents the simulated total daily inflows to the Main Pit and illustrates the dramatic impact 

of blocking the inlet culvert of the Main Pit. For the current simulation, the blockage was assumed to 

be initiated just prior to the 2020/2021 wet season to facilitate the pit backfilling operation. The blockage 

was then removed some five years later following the completion of the backfilling operation. Besides 

routed EBFR flows, the inflows to the pit comprise: i) direct precipitation on the pond surface; ii) runoff 

from pit walls; iii) runoff from local catchment above pit perimeter and below the inlet culvert; and iv) 

groundwater inflows (as simulated by groundwater model). 
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Figure 5-38. Simulated Total Inflows to Main Pit during Pit Backfilling 

 

Outflows from the Main Pit comprise groundwater, evaporation, dewatering and spill to the Intermediate 

Pit. As indicated above, the GoldSim model simulation suggests that the adopted water management 

plan would be successful in preventing spillage during the construction phase if rainfall amounts similar 

to those associated with TC Carlos occurred during pit backfilling.  The next three figures present the 

simulated dewatering of the Main Pit to maintain the pond level within a narrow range. Figure 5-39 

shows the water pumped directly to the EBFR during the initial dewatering of the pit to establish the 

required buffer storage. Following the initial dewatering, the pumped flows were directed either to the 

WTP (see Figure 5-40) or the Intermediate Pit (see Figure 5-41). 
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Figure 5-39. Simulated Flows Pumped Directly to the EBFR during Initial Dewatering of Main 
Pit 

 

 

Figure 5-40. Simulated Main Pit Dewatering Routed to WTP 
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Figure 5-41. Simulated Main Pit Dewatering Routed to Intermediate Pit 
 

 Intermediate Pit 

Figure 5-42 displays the simulated total daily inflows to the Intermediate Pit during the construction 

phase. The inflows comprise: i) direct precipitation on the pond surface; ii) runoff from exposed pit 

walls; iii) local runoff from incremental catchment between Main Pit outlet and perimeter of Intermediate 

Pit; iv) groundwater inflows, which are enhanced due to the pit being in a drawn-down state; v) pumped 

flows from Main Pit; and vi) spill from Main Pit, which only occurred when EBFR is routed through pits. 

On an annual volume basis, the single largest input to the Intermediate Pit during the construction 

phase was groundwater inflows (as estimated from the groundwater model, but with modifications 

related to differences in assumed boundary conditions between the groundwater model and the 

GoldSim model). Figure 5-43 presents the simulated groundwater inflows, which are highest when the 

pond level is drawn down to create live storage for handling variations in the inflow rate to the pit. By 

drawing down the pond level, the pit is acting as a tacit seepage interception system, resulting in the 

removal of more contaminants from the groundwater system than would be possible with the extraction 

bores alone. However, the maintenance of a live storage comes at the price of increased groundwater 

inflows, which in turn results in increased amounts of water that must be passed through the WTP. 
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Figure 5-42. Simulated Total Inflows to Intermediate Pit during Pit Backfilling Operation 

 

Figure 5-43. Simulated Groundwater inflows to Intermediate Pit during Pit Backfilling Operation 

 

Outflows from Intermediate Pit comprise evaporation, groundwater outflow, pumped flows and spill to 

EBFR. The next two figures illustrate the simulated dewatering of the Intermediate Pit for managing 

the live storage. Figure 5-44 shows the water withdrawn from the pit and discharged directly to the 

EBFR during the initial draining of the pit to the lower limit of the live storage (49 m AHD). Following 
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this initial drawdown of the pond surface, the assumption was made that all subsequent dewatering 

flows would have to be treated. Figure 5-45 presents the water pumped to the WTP in order to 

maximize the time that the full live storage (240,000 m3) is available to capture flood inflows. 

 

Figure 5-44. Flows Pumped Directly to the EBFR during Initial Dewatering of Intermediate Pit 
 

 

Figure 5-45. Water Pumped from Intermediate Pit to WTP during Pit Backfilling Operation 
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Figure 5-46 presents the simulated spills from the Intermediate Pit to the EBFR. Ideally, no water will 

be spilled during entire time that the full flow of EBFR is diverted around the open pits. However, with 

the adopted historical climate sequence, the model simulated the complete filling of the live storage, 

resulting in a simulated small spill of water from the Intermediate Pit for a duration of two days and 

averaging 60 L/s. This spill coincided with the wettest period in the extremely wet Water Year 

2010/2011 and is portrayed as a small blip on the simulated outflow record in the first quarter of 2022. 

This means the adopted water management plan may not quite prevent spillage from the Intermediate 

Pit during passage of an event of similar magnitude as TC Carlos. However, the following actions could 

remedy this situation: 

• excavation of diversion ditches to reduce the drainage areas of the two open pits; 

• slight increases to capacities of pumps and/or the WTP; 

• establish rule that allows full exploitation of the Main Pit’s live storage at an earlier point during 

extreme storms than currently simulated; and/or 

• initiate the shutdown of the SIS and conveyor system earlier in a storm event than currently 

simulated. 

The effectiveness of these various actions can be explored in more detail at the design phase of the 

rehabilitation plan. 

 

Figure 5-46. Simulated Spill from Intermediate Pit to the EBFR 
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Figure 5-47 displays the simulated water level in the Intermediate Pit superimposed on the simulated 

daily record of pumped withdrawals from the pit. The vertical increment in the pit from 49 m to 57.8 m 

was designated as the live storage and offers a total storage of about 240,000 m3.  As indicated above, 

this total volume was not quite adequate to prevent spillage to the EBFR during the construction phase. 

To manage the pit’s live storage, a tentative operating rule was coded into the GoldSim model that 

turned on the dewatering pump when the pond level reached 50 m and turned it off when the pond was 

drawn down to 49 m. As can be seen from the figure, the proposed operating rule for the pump kept 

the live storage empty, or nearly so, for most of the time while the pit backfilling operation was 

underway. Indeed, the live storage was only completely filled for two days over the full backfilling 

operation, and this was the result of a storm event with a return period of at least 50 years. 

 

 

Figure 5-47. Simulated Maintenance of Live Storage in Intermediate Pit 
 

 Water Treatment Plant 

The WTP was assumed to be commissioned immediately following the initial dewatering of the two 

pits. The hydraulic capacity of the WTP was determined by a trial and error process, with the objective 

of experiencing no or only minor spillage from the Intermediate Pit to the EBFR during the pit backfilling 
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operation. No spillage occurred when the WTP capacity was set at 110 L/s. The simulation presented 

in this report adopts a slightly smaller WTP capacity at 100 L/s to illustrate a case where the objective 

of no spillage was just barely missed. This slightly smaller WTP capacity was selected because 

promising options exist for improving the water management plan, which if implemented could likely 

eliminate the small spillage with a WTP capacity specified at the lesser value of 100 L/s. 

The WTP will be fed water from the following three sources, listed in their order of priority: extractions 

from SIS bores, Main Pit withdrawals and Intermediate Pit withdrawals. The WTP was assumed to run 

year-round and discharge its effluent to the EBFR. As can be seen from Figure 5-48, the inflows to the 

WTP are expected to range from about 10 to 100 L/s. An examination of the simulated WTP inflow 

record indicates that the WTP would be able to operate in stints of nearly constant flow for periods of 

no less than four days. The length of these stints could be modified by adopting a different combination 

of pump and WTP capacities than used in this simulation. For example, the stints of constant flow could 

be lengthened during the dry season by limiting the flow rate through the WTP at that time to something 

less than its nameplate capacity (e.g., 50 L/s). No allowance was made in the present model setup for 

the WTP to experience upset conditions or shutdown for maintenance. A shutdown could easily be 

accommodated during the dry season. 

 

Figure 5-48. Simulated Total Inflows to Water Treatment Plant 
 

Figure 5-49 shows the total SIS extractions reporting to the WTP. These are equal to the simulated 

values obtained from the groundwater transport model, but with modifications to account for the effect 

of the emergency operating rule. As described earlier, withdrawals from the SIS bores will be 

suspended during periods of extreme inflow to the two pits. As can be seen from the figure, the 
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emergency operating rule was implemented four times during the simulation, with the longest 

interruption in the first quarter of 2022 when rainfall conditions of similar magnitude as TC Carlos were 

assumed to occur. Comparison of Figure 5-49 and Figure 5-43 reveal that the rate of total extractions 

from the SIS bores is expected to be of similar magnitude as the induced groundwater inflow rates to 

the Intermediate Pit when the pit’s pond is in a drawn-down state.  

Suspension of the SIS bore extractions was synchronized with the temporary shutdown of the pit 

backfilling. The periods when the pit backfilling was interrupted can be identified on Figure 5-36 as flat 

segments in the simulated surface elevation of the waste rock deposit in the Main Pit. 

 

Figure 5-49. Simulated Operation of SIS Bores with Delivery of Extracted Groundwater to WTP  

 

 Summary of Water Balance Results 

To minimize the impact of the rehabilitation plan on the water quality of the EFBR, the combined 

catchment area of the Main Pit and Intermediate Pit will have to be reduced as much as possible. The 

single most effective way of creating this reduction will be to block the inlet culvert to the Main Pit, thus 

forcing the full flow of the EBFR down the diversion channel. The remaining catchment controlled by 

the two pits could potentially be reduced further by construction of one or more diversion channels 

around a portion of the perimeter of the pits. No assessment of potential diversion routes was 

undertaken in this study. 

A further measure in protecting the river’s water quality will be the construction and operation of a WTP 

at site. While the pit backfilling operation is underway, the objective of the water management plan will 
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be to effectively isolate the two open pits from the rest of the EBFR catchment as much as possible. 

Except during the occurrence of an extremely rare rainstorm, all excess water generated on this 

isolated system will be treated before release to the EBFR. A promising water management plan was 

developed with the aid of the GoldSim WLBM. In this plan, the ponds in the two pits would be drawn 

down to create live storages to regulate inflows to the WTP. The designated live storages in the Main 

Pit and the Intermediate Pit would be approximately 160,000 m3 and 240,000 m3, respectively. With 

this level of storage and a WTP with hydraulic capacity of 100 L/s, the water management system 

would limit the probability of uncontrolled spillage from the isolated system to about 2% in any given 

year. 

In setting up the GoldSim model to simulate conditions during the pit backfilling operation, the 

assumption was made that the EBFR flows would not flood the open pits during an event as extreme 

as occurred during TC Carlos. A study will have to be conducted at the next stage of design to confirm 

the river will not overtop the topographic divide between the diversion channel and the pits or flow 

backwards through the outlet culvert of the Intermediate Pit during the pit backfilling operation. 

Mitigation measures may be required to limit the risk of the EBFR flooding the two open pits during the 

pit backfilling operation. These could entail increasing the conveyance capacity of the diversion channel 

and/or installation of a tide gate at the downstream end of the Intermediate Pit’s outlet culvert.  

5.5.5 Inferred EBFR Water Quality 

Cu loads are predicted to be reduced by 75% by Year 2 due to operating the seepage interception 

system/recovery bores near the WRDs, and by an order of magnitude by Year 11 following removal of 

the WRDs and treatment of the residual footprints. SO4 and Cu concentrations during construction 

were not simulated with the WLBM. Their concentrations are, however, expected to be substantially 

reduced during the wet season due to the reduction in loads in the EBFR, implying concentrations 

could be much lower than observed from 2010 to 2018.  

Dry season discharge to the EBFR during the construction period will be restricted to treated effluent 

from the WTP. Flows of up to 100 L/s in the EBFR are predicted during the dry season from Year 2 to 

5. This water would be characterized by low concentrations of most metals due to lime addition during 

the treatment process. Mg and SO4 concentrations are also expected to be low. The performance 

criteria specified for the WTP will depend on the discharge water quality criteria approved for the EBFR 

during the construction period, and beyond. The required discharge concentrations would be achieved 

by adjusting the water treatment process and annual water management plan as necessary.  

LDWQOs will apply to the EBFR at all times of the year, regardless of what the composition of water 

in the EBFR is, i.e. river flows, treated effluent, or a mixture of each. Also, controlled discharge will be 

authorized year-round. However, the DPIR will commit to limiting dry season discharge to the extent 

practical and achievable. 10 to 100 L/s in the EBFR is simulated during the dry season while the pit is 
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being backfilled, all of which is treated effluent. The following water demands were not accounted for 

in the WLBM, due to inadequate information on the timing and intensity of these demands:  

• Dust suppression 

• Nursery supply 

• Compaction during WSF construction  

Each of these demands will be substantial during the dry season, so it is conceivable that there may 

be much less than 10 to 100 L/s, if any at all. Dry season flows in the EBFR will be limited to Zone 2, 

to the extent practical. This will be achieved by discharging treated effluent near the current inlet to the 

Main Pit. Treated effluent may pool near Fitch Creek and then flow down the EFDC towards 

GS8150200, where it could be “stored” along the EFDC (or lost, to some extent) along the EFDC. 

Evaporative losses would also be increased, so it is plausible that there is very little flow into Zone 3 

during the dry season considering the demands above and evaporative losses. 

In addition to finding consumptive uses for the treated water, an option is available to strictly eliminate 

releases from the construction zone to the EBFR for a portion of the dry season, potentially for a period 

of up to two months. To implement a no-discharge period, the WTP would be shut down and the 

extractions from the SIS bores would be temporarily diverted to the Intermediate Pit. The pit backfilling 

operation would be allowed to proceed, with pit dewatering limited to periodic pumping of water from 

one pit to the other if required to facilitate operation of the floating conveyer. The water displaced by 

the deposited waste rock, together with SIS extractions and groundwater inflows to the pits would be 

allowed to accumulate within the specified live storages of the pits over the shut-down period.  

The optimum time for creating a no-discharge period would likely fall in the months of July and August, 

or the months with the lowest risk of experiencing high inflows to the pits caused by rainstorms. A 

lengthy suspension of pit dewatering in the dry season would be in stark contrast to the required 

operating rules in the two months leading up to the wet season and throughout the wet season, when 

it will be necessary to draw the ponds down to their minimum operating levels as soon as possible 

following a large inflow event. Striving to maintain the live storages in a drawn down state during the 

wet season will be critical so the system is in a ready state to handle the next rainstorm.  

Consideration of a no-discharge period in the middle of the dry season can be contemplated because 

the requirements for maintaining the live storages in the two pits can be relaxed somewhat in the winter 

owing to the significantly reduced frequency and magnitude of rainstorms in this period. Full details on 

implementing the no-discharge period, including the ideal window of time for its scheduling, could be 

investigated in the design phase of the rehabilitation plan. 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A Page 237 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

5.6 PREDICTED POST-REHABILITATION CONDITIONS 

5.6.1 Predicted Loads in EBFR 

Predicted post-rehabilitation SO4 and Cu loads in the EBFR are summarized in Table 5-8. The 

predicted SO4 and Cu loads in the EBFR represent the Year 40 loads to the EFDC and EBFR from the 

groundwater model plus loads from upstream of the mine site assuming the rainfall that occurred during 

each water year of the calibration period (2010 to 2018). This was done to illustrate how loads and 

concentrations in the EBFR could vary in response to varying streamflow discharge, i.e. dilution.  

Cu loads to the Intermediate Pit are excluded because any Cu that reaches the Intermediate Pit is 

assumed to precipitate within the pit (owing to the higher pH in that water body) and remain there in 

the form of a precipitated solid. The Intermediate Pit therefore serves as a buffer, in some regards, as 

it receives and attenuates approximately one-third of the Cu load predicted to be delivered to it by the 

groundwater model. This assumes the post-rehabilitation configuration of the Intermediate Pit it is 

currently and the water quality is not substantially degraded when the EBFR is directed through it.  

 

Table 5-8. Summary of Predicted Sulphate and Copper Loads, Year 40 (Base Case) 

 

5.6.2 Predicted Sulphate and Copper Concentrations in EBFR, Base Case 

Predicted SO4 and Cu concentrations in the EBFR at GS8150200, GS8150327, and GS8150097 are 

shown in Figure 5-50, Figure 5-51, and Figure 5-52, respectively. See also Table 5-9 for a statistical 

summary of predicted Cu concentrations and LDWQO xceedances for Year 40. Observed SO4 and Cu 

concentrations in the EBFR and simulated SO4 and Cu concentrations for current conditions in figures 

are shown as a dashed line. SO4 concentrations in the EBFR at GS8150200, GS8150327, and 

mm SO4 Load, 
t/year

Cu-t Load, 
t/year

SO4 Load, 
t/year

Cu-t Load, 
t/year

SO4 Load, 
t/year

Cu-t Load, 
t/year

2,392 222 0.8 327 0.9 333 0.9
1,475 124 0.7 215 0.6 217 0.6
1,573 109 0.7 200 0.4 201 0.4
1,622 133 0.7 217 0.7 220 0.7
964 132 0.7 220 0.4 221 0.4

1,290 130 0.7 227 0.5 228 0.5
1,528 194 0.7 284 0.9 287 0.9

Average: 149 0.7 242 0.6 244 0.6

Average        (Current 
Conditions) 1661 2.5 1780 2.6 1787 2.6

Predicted Load 
Reduction: 91% 72% 86% 76% 86% 76%

Assumed Rainfall, EBFR at Station         
GS8150200

EBFR at Station           
GS8150327

EBFR at Station     
GS8150097
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GS8150097 are predicted with the GoldSim model by importing the predicted post-rehabilitation loads 

in the EBFR for Year 40 (30 years post-rehabilitation) and assuming the same streamflow that were 

simulated for the model calibration period, i.e. 2009 to 2018 (see RGC, 2019b for further details). Cu 

concentrations at GS8150200 were also simulated with the GoldSim model. Cu concentrations in the 

EBFR at gauges GS8150327 and GS815007 for Year 40 were predicted by scaling observed Cu 

concentrations based on the predicted load from the groundwater model. This was done because the 

solubility limit that was applied to simulate current Cu concentrations at these gauges was deemed 

inappropriate for the predictions because it had too large an effect on the predictions near the 0.05 

mg/L solubility limit. The GoldSim model was used to predict Cu concentrations in the EBFR at 

GS8150200 because a solubility limit was not applied to the EBFR at this location for current conditions 

(as the entire Cu load was assumed to be dissolved).    

SO4 concentrations in the EBFR are predicted to be lower than the concentrations simulated for current 

conditions at GS8150200, GS8150327, and GS8150097 due to substantial decrease in SO4 in 

groundwater due to operating the recovery bores and the long-term flushing of SO4 that is predicted 

due to rainfall infiltration from Years 11 to 40. Predicted Cu concentrations in the EBFR at GS8150200 

are much lower than simulated Cu concentrations for current conditions but may still exceed the Zone 

LDWQO at certain times of the year. This is mainly related to the residual AMD-impacted groundwater 

from the Intermediate WRD that is predicted to remain downgradient of the remediated footprint and 

continue to discharge to the EFDC post-rehabilitation. In the EBFR at GS8150327 and GS8150097, 

Cu concentrations are predicted to be much lower than currently observed and are predicted to exceed 

LDWQO much less frequently than at GS8150200.  

Further characterization of this residual plume and how it will be affected by pumping is needed to 

refine the predictions from the groundwater model and determine whether the recovery bores will be 

more effective than simulated. Should they be more effective than simulated with the current model, 

Cu concentrations in the EBFR at GS8150200 could decrease more rapidly post-rehabilitation.  
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Table 5-9. Summary of Predicted Copper Concentrations and Exceedances, 
Year 40 (Base Case) 

 

 

Assumed rainfall: 2392 mm 1475 mm 1573 mm 1622 mm 964 mm 1290 mm 1528 mm

Predicted Concentrations at Station GS8150200, Year 40

n 165 151 138 104 120 119 140

Min, mg/L 0.002 0.003 0.009 0.003 0.007 0.005 0.005

Max, mg/L 0.290 0.697 1.1 0.708 0.750 0.740 0.705

Median, mg/L 0.018 0.100 0.126 0.045 0.109 0.217 0.048

Mean, mg/L 0.053 0.188 0.179 0.151 0.188 0.268 0.096

No. of exceedances 27% 63% 73% 46% 66% 74% 39%

Water Year:
2010/2011 
Water Year

2011/2012 
Water Year

2012/2013 
Water Year

2013/2014 
Water Year

2014/2015 
Water Year

2015/2016 
Water Year

2016/2017 
Water Year

No. of exceedances 
(current conditions) 84% 92% 63% 87% 78% 88% 50%

Median, mg/L 0.116 0.128 0.093 0.114 0.078 0.097 0.068

Predicted Concentrations at GS8150327, Year 40

n - 43 35 48 41 45 19

Min, mg/L - 0.002 0.004 0.005 0.006 0.007 0.008

Max, mg/L - 0.054 0.103 0.125 0.050 0.089 0.036

Median, mg/L - 0.024 0.016 0.024 0.016 0.021 0.017

Mean, mg/L - 0.021 0.021 0.031 0.018 0.026 0.018

No. of exceedances - 30% 17% 38% 7% 24% 16%

Water Year:
2010/2011 
Water Year

2011/2012 
Water Year

2012/2013 
Water Year

2013/2014 
Water Year

2014/2015 
Water Year

2015/2016 
Water Year

2016/2017 
Water Year

No. of exceedances 
(current conditions) - 81% 94% 92% 85% 98% 92%

Median, mg/L - 0.074 0.047 0.076 0.0490 0.070 0.055

Predicted Concentrations at GS8150097, Year 40

n 73 38 35 46 39 47 24

Min, mg/L 0.006 0.003 0.005 0.003 0.004 0.004 0.004

Max, mg/L 0.042 0.026 0.038 0.028 0.045 0.070 0.061

Median, mg/L 0.020 0.015 0.012 0.018 0.015 0.017 0.014

Mean, mg/L 0.021 0.015 0.013 0.016 0.016 0.018 0.019

No. of exceedances 23% 0% 3% 2% 8% 13% 17%

Water Year:
2010/2011 
Water Year

2011/2012 
Water Year

2012/2013 
Water Year

2013/2014 
Water Year

2014/2015 
Water Year

2015/2016 
Water Year

2016/2017 
Water Year

No. of exceedances 
(current conditions) 99% 49% 84% 89% 95% 96% 88%

Median, mg/L 0.073 0.052 0.039 0.037 0.054 0.055 0.050

Notes: 
LDWQO (Zone 2) = 0.061 mg/L Cu-t
LDWQO (Zone 3) = 0.028 mg/L Cu-t
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Figure 5-50. Predicted Post-Rehabilitation SO4 and Cu Concentrations in the EBFR at 
GS8150200 
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Figure 5-51. Predicted Post-Rehabilitation SO4 and Cu Concentrations in the EBFR at 
GS8150327 
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Figure 5-52. Predicted Post-Rehabilitation SO4 and Cu Concentrations in the EBFR at 
GS8150097 

 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A Page 243 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

5.6.3 Predicted SO4 and Cu Concentrations, Credible Worst-Case Scenario 

Predicted SO4 and Cu loads for the Credible Worst-Case scenario are summarized in Table 5-10. 

Predicted SO4 and Cu concentrations in the EBFR at GS8150200, GS8150327, and GS8150097 are 

shown in Figure 5-53, Figure 5-54, and Figure 5-55, respectively. SO4 concentrations in the EBFR are 

higher than for the base case scenario but are still much lower than simulated for current conditions. 

There is no appreciable change in the predicted Cu concentration in the EBFR for this scenario 

compared to the base case scenario. This is because the Cu load from residual AMD-impacted 

groundwater (the primary source of Cu to the EBFR for both scenarios) is unchanged and the new 

WSF and backfilled Main Pit are not significant Cu sources to the EBFR for either scenario. 

 

Table 5-10. Summary of Predicted Sulphate and Copper Loads, Year 40 (Credible Worst-Case) 

 

 

 

 

 

 

 

 

 

 

mm SO4 Load, 
t/year

Cu-t Load, 
t/year

SO4 Load, 
t/year

Cu-t Load, 
t/year

SO4 Load, 
t/year

Cu-t Load, 
t/year

2,392 337 0.8 546 0.9 552 0.9
1,475 218 0.7 407 0.7 409 0.7
1,573 206 0.7 396 0.4 397 0.4
1,622 252 0.7 425 0.7 428 0.7
964 245 0.7 431 0.4 432 0.4

1,290 247 0.7 452 0.5 453 0.5
1,528 347 0.7 535 0.9 537 0.9

Average: 265 0.7 456 0.6 458 0.6
Average            

(Current Conditions) 1661 2.5 1780 2.6 1787 2.6

Predicted Load 
Reduction: 84% 72% 74% 75% 74% 75%

Assumed Rainfall, EBFR at Station         
GS8150200

EBFR at Station           
GS8150327 EBFR at Station     GS8150097
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Figure 5-53. Predicted Post-Rehabilitation SO4 and Cu Concentrations in the EBFR at 
GS8150200, Credible Worst-Case 
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Figure 5-54. Predicted Post-Rehabilitation SO4 and Cu Concentrations in the EBFR at 
GS8150327, Credible Worst-Case 
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Figure 5-55. Predicted Post-Rehabilitation SO4 and Cu Concentrations in the EBFR at 
GS8150097, Credible Worst-Case 
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6 KEY FINDINGS  

6.1 GROUNDWATER MODELLING 

Key findings from the groundwater modelling are summarized below: 

• The calibration of the “2016” transient flow model was refined until a satisfactory match of 

simulated and observed spatial and temporal variations in groundwater levels was achieved 

(flow calibration). A trial-and-error calibration procedure was adopted, whereby material 

properties (K, Ss and Sy) as well as recharge and evapotranspiration rates were varied. The 

zonation of K, recharge and evapotranspiration were also adjusted and additional zones 

introduced.  

• Flow model calibration was achieved in about 46 calibration iterations and the calibrated model 

is Run No. 46. The normalized root mean square of the errors (NRMS) value for full calibration 

period is 3.8%. NRMS values for the dry season and the wet season calibration data are 4.7% 

and 1.3%, respectively. The computed NRMS values are well below the target NRMS of 5% 

suggesting good calibration to head targets. Calibration statistics and the residual error scatter 

plots indicate that the head calibration for the numerical model is statistically acceptable for 

the purpose of this study. 

• The transport model was parameterized using the same spatial zonation and calibrated 

hydraulic properties developed for the flow model. The two additional transport parameters 

required to solve the transport equation are effective porosity (ne) and dispersivity (α). Ne was 

spatially distributed in the model using the same approach as outlined above for hydraulic 

parameters. The effective porosity values developed in the 2016 model were also adopted for 

the current model. Dispersivity was assumed to be independent of aquifer type and a uniform 

distribution was assumed across all model zones/layers using the following dispersivity values: 

(i) Longitudinal dispersivity (αL) = 10.0 m, (ii) transverse dispersivity (αT) = 0.1 m, and (iii) 

vertical dispersivity (αV) = 0.01 m.  

• Most of the current AMD sources to groundwater were represented in the transport model 

using constant concentrations applied to the respective foot print area. In this approach, 

MT3DMS keeps the solute concentration in the respective model nodes fixed at the specified 

concentration. In the case of surficial contaminant sources (e.g. WRDs) this approach is 

equivalent to specifying a source concentration in recharge. For selected sources, e.g. Old 

Tailings Dam area, mill area, a constant concentration was applied to recharge for the current 

model. 

• SO4 is assumed to be non-reactive (“conservative”), i.e. no geochemical reactions are 

assumed to influence sulphate transport along the groundwater flow path. Copper transport in 
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groundwater was assumed to be affected by geochemical reactions, including sorption on soils 

and/or bedrock (e.g. on Fe-oxihydroxides, clays etc.) and the chemical precipitation of copper 

in bedrock units which have adequate buffering capacity to neutralize AMD (e.g. in Coomalie 

Dolostone).  

• Detailed site-specific information on geochemical controls for copper at Rum Jungle was not 

available to quantify the relative proportion of these attenuation mechanisms and/or 

parameterize these reaction models. A range of “attenuation scenarios” for copper were 

simulated in RGC (2016) to illustrate and bracket the potential influence of these geochemical 

controls on historic and current copper transport in groundwater and loading to the receiving 

surface water. These attenuation scenarios included a no attenuation (conservative transport) 

scenario, moderate attenuation scenario and high attenuation scenario. However, only the 

“moderate attenuation” scenario could explain estimated loads in the EBFR, thus only this 

scenario was retained for this report. 

• A historic model was developed to simulate groundwater conditions prior to rehabilitation in 

1984/1985. The key objective was to provide an initial condition for a model that simulates 

groundwater conditions since the initial rehabilitation works were completed. This “current 

conditions” model simulates the period from 1985 to 2018 by applying source terms to current 

AMD sources, e.g. WRDs, and simulating the residual impacted groundwater that remains due 

to historic impacts.  

• The “current conditions” model simulates the general extent of SO4 and Cu plumes on site. Cu 

concentrations in groundwater appear to be over-estimated in some areas, particularly near 

the WRDs. The model simulates SO4 and Cu loads in the EBFR reasonably well however, 

suggesting the model can simulate transport with a reasonable degree of confidence despite 

the uncertainty in the strength and extent of the Cu plume.   

• The groundwater model was modified to simulate groundwater conditions during the 

construction phase of rehabilitation. This model predicts the SIS that is operated for the 

duration of the construction period will significantly reduce SO4 and Cu loads in the EBFR and 

reduce the extent and strength of SO4 and Cu plumes near the Main and Intermediate WRDs. 

The model also predicts the development of new SO4 plumes from the backfilled Main Pit and 

the new WSF. The model predicts a minimal Cu plumes migrating from the backfilled Main Pit 

and the new WSF due to the very low Cu concentrations assumed as source terms and 

attenuation of Cu in the bedrock aquifer downgradient of the backfilled pit and WSF.  

• Post-rehabilitation groundwater conditions were predicted by running the groundwater model 

for 30 years, assuming saline drainage from the Main Pit backfill and the new WSF is 

discharged to groundwater and residual impacted groundwater from the old WRD footprints 
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and other sources continues to discharge to the EBFR. The initial conditions used for the post-

rehabilitation model runs are predicted groundwater conditions in Year 11, i.e. after 10 years 

of operating the SIS and recovery bores in the Copper Extraction Pad area and former ore 

stockpile area.  

• The groundwater model predicts high SO4 concentrations in groundwater near the two WSF 

footprints. The plume emanating from the WSF footprint nearest the pit is predicted to report 

to the backfilled Main Pit, mainly from Layers 1 to 4 in the model, i.e. <50 m bgs. Most of the 

SO4 load therefore reports to the portion of the pit that is backfilled but it is plausible that the 

plume reaches the shallow pit lake. The SO4 plume from the northern WSF footprint migrates 

along the northern lease boundary to Old Tailings Creek and there is a small plume migrating 

east to an unnamed drainage.  

• The model predicts a less concentrated SO4 plume is also simulated downgradient of the 

backfilled Main Pit. This plume is predicted to occur for the 30-year simulation period but 

backfill materials in the Main Pit are eventually assumed to stop producing impacted seepage 

and this plume will likely be flushed from groundwater. Post-rehabilitation, the groundwater 

model predicts 1.3 t/year Cu to the EBFR in Year 15, i.e. 5 years after the SIS ceases to 

operate. The model predicts the new plume will stabilize in space and loading within a few 

years after rehabilitation, i.e. well before Year 40. 1.0 t/year Cu (75%) is predicted in the EBFR 

and 0.3 t/year Cu (25%) reports to the Intermediate Pit in Year 15. These loads come from 

residual AMD-impacted groundwater near the footprints of the former Main and Intermediate 

WRDs and are predicted to gradually decrease over time as this groundwater is flushed by 

rainfall infiltration. The predicted Cu load (0.6 t/year) to the EBFR in Year 40 is about 40% 

lower than the predicted load in Year 15 and 75% less than the simulated Cu load for current 

conditions. 

6.2 SURFACE WATER MODELLING 

Key findings from the WLBM are summarized below: 

• The WLBM indicates that only the moderate attenuation scenario simulated in RGC (2016) can 

explain Cu loads in the EBFR for current conditions. The other attenuation scenarios either 

over-estimated or under-estimated the annual Cu load in the EBFR, hence these scenarios 

were not retained in the updated groundwater model.  

• SO4 and Cu concentrations were simulated by importing the simulated monthly SO4 and Cu 

loads from the groundwater model into the WLBM. For most years, the magnitude and trends 

in SO4 and Cu concentrations are simulated reasonably well by the WLBM. These results 

suggest the magnitude and daily trends in daily SO4 and Cu concentrations in the EBFR can 
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be simulated with a reasonable degree of confidence, without the need to over-parameterize 

the groundwater model or the WLBM. 

• To predict post-rehabilitation SO4 and Cu concentrations in the EBFR, the WLBM was not 

substantially modified. Instead, SO4 and Cu concentrations were derived by using predicted 

loads from the groundwater model for Year 40 in the WLBM and eliminating load contributions 

to the EBFR by interflow from the WRDs. The model was then run assuming the same rainfall 

pattern observed from 2010 to 2017 and using predicted SO4 and Cu loads from the 

groundwater model. 

• SO4 and Cu concentrations in the EBFR are predicted to be much lower than for current 

conditions due to substantial decrease in SO4 in groundwater due to operating the SIS recovery 

bores and the long-term flushing of SO4 from the former impacted areas that is predicted by 

the groundwater model. Future Cu concentrations may still exceed the Zone 2 LDWQO at 

certain times of the year, mainly due to the residual plume of AMD-impacted groundwater from 

the Intermediate WRD that is predicted downgradient of the remediated footprint.  

• Water management during the construction phase of rehabilitation was simulated with the 

WLBM. The model predicts some spillage to the EBFR during rainfall events such as Tropical 

Cyclone Carlos in February 2011, which generated the single largest daily discharge ever 

recorded on the EBFR at gauge GS8150097. During an event of similar magnitude as Tropical 

Cyclone Carlos, the WLBM simulated the complete filling of the live storage in the system 

resulting in a small spill of water from the Intermediate Pit, i.e. about 60 L/s for two days.  

• Flows of 10 to 100 L/s of treated water to the EBFR during the dry season are predicted while 

the pit is being backfilled. However, water demands for dust suppression, vehicle washing, 

nursery supply, and waste rock compaction during WSF construction, amongst other water 

demands, were not accounted for in the WLBM due to lack of information on the timing and 

intensity of these demands. Each of these demands could be substantial during the dry season 

so it is conceivable that there may be much less than 10 to 100 L/s of discharge, if any at all. 

Flows are then simulated to decrease so further reducing the likelihood of dry season 

discharge. 
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7 RECOMMENDATIONS 

Recommended studies and/or characterization work for Stage 3 are as follows: 

• Complete water quality depth profiles for Main Pit to verify the thickness and volume of the 

lens of untreated pit water remaining at the bottom of the pit. 

• Refine water management strategy to reflect the Stage 3 construction schedule, operating 

parameters, e.g. Main Pit level, for the conveyor system used for pit backfilling, water demands 

during the construction period, and water treatment system design. 

• Complete a hydrogeological field investigation of the proposed SIS alignments near the Main 

WRD and Intermediate WRD to support SIS design, including the installation of additional 

monitoring bores and recovery bores, hydraulic testing, and water quality sampling during long-

term pumping tests.  

• Complete a hydrogeological field investigation of the Copper Extraction Pad area and former 

ore stockpile area, including additional monitoring bore and/or recovery bore installation and 

possible injection/extraction (push-pull) testing to constrain Cu desorption rates and the 

expected rate and degree of future groundwater quality improvements. 

• Complete a hydrogeological field investigation of the proposed WSF footprints and areas 

upgradient of the footprints and downgradient of the footprints towards the Main Pit and/or 

Dyson’s Area. 

• Assess quality of daily streamflow records at GS8150200, GS8150327 and GS8150097, 

particularly for high flows determined by extrapolation of a rating curve and for low flows during 

the dry season and address potential implications for predictions. 

• Validate the groundwater model to pit water levels and groundwater level data collected during 

the 2008 Intermediate Pit de-watering trial, when the pit water level was drawn down by 10 m 

for several weeks, to confirm the predicted extent of groundwater drawdown towards the vine 

thicket north of the pit. 

• Undertake a laboratory geochemical testing program to assess Cu desorption rates from 

bedrock and/or soils that have been exposed to high Cu concentrations in liquor in the Copper 

Extraction Pad area or seepage from the WRDS, including sequential leach testing and/or 

column tests.  

• Conduct waste rock mixing trials to maximize the effectiveness of neutralant addition and 

ensure that the amount of neutralant added can be confirmed by field testing methods.  

• Complete a laboratory geochemical testing program to refine the source term for lime-

amended waste rock placed and compacted in the WSF that involves column testing and is 
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supported by numerical modelling of drain-down rates and potential long-term seepage rates 

to groundwater.  

• Estimate the magnitude of contaminant loads (fluxes) from PAF backfill materials in the Main 

Pit to the overlying pit water column and address potential water quality implications for the 

EBFR, should it be diverted through the Main Pit. 

• Assess risk of flood waters from the EBFR impacting the pit backfilling operation, either by 

overtopping the EFDC or by reverse flow through the outlet culvert of the Intermediate Pit.  

• Update the groundwater model to represent hydrogeological data and information collected 

during the Stage 3 works and any relevant laboratory testing data collected to refine source 

terms for the WSF and Main Pit backfill and seepage rates from the WSF.  

• Update the WLBM to represent the updated groundwater model and refinements in the water 

management strategy and predict Cu and other CoC concentrations in the EBFR for a range 

of future climate conditions. 
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8 CLOSURE 

Robertson GeoConsultants Inc. is pleased to submit this report entitled ‘Groundwater and Surface 

Water Modelling, Rum Jungle Stage 2A’ to the Northern Territory Department of Primary Industry and 

Resources.  

We trust that the information provided in this report meets your requirements at this time.  

 

Respectfully Submitted, 

   

Prepared by: 

 

      

Dr. Paul Ferguson, P.Geo     Dr. Mahmoud Hussein  

Principal Geochemist      Principal Groundwater Modeler  

      

Patrick Bryan, P.Eng.      Tara Raketti, EIT 

Water Resources Engineer     Environmental Engineer 

 

Reviewed by: 

 

Dr. Christoph Wels, P.Geo 

Principal Hydrogeologist 



Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A Page 254 
 

 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

9 REFERENCES 

Allen, C.G. and T.J. Verhoeven (Eds.) (1986), Rum Jungle Rehabilitation Project: Final Project Report, 

Technical Report No. 7245 10133, NT Department of Mines & Energy. June 1986. 

ANZG (2018). Australian and New Zealand Guidelines for Fresh and Marine Water Quality. Australian 

and New Zealand Governments and Australian state and territory governments, Canberra ACT, 

Australia. Available at www.waterquality.gov.au/anz-guidelines 

Appling, A. P., M. C. Leon, and W. H. McDowell (2015). Reducing bias and quantifying uncertainty in 

watershed flux estimates: the R package loadflex. Ecosphere 6(12):269. 

http://dx.doi.org/10.1890/ES14-00517.1 

Barnett B., Townley L.R., Post V., Evans R. E., Hunt R. J., Peeters L., Richardson S., Werner A. D., 

Knapton A. and Boronkay A. (2012). Australian Groundwater Modelling Guidelines, Waterlines 

Report. National Water Commission, Canberra. 

Broughton, W. (2004), The Australian water balance model, Environmental Modelling and Software, 

Volume 19 (11), October 2004. 

CRC for Catchment Hydrology (2018), Predicting Catchment Behaviour Research Program, Rainfall 

Runoff Library (RRL). Retrieved from: https://toolkit.ewater.org.au/Tools/RRL 

Davy, D.R. (1975), Rum Jungle Environmental Studies, Australian Atomic Energy Commission report. 

September 1975. 

DES (2019), Queensland Government Department of Environment and Science, SILO climate 

database. Retrieved from: https://www.longpaddock.qld.gov.au/silo/ 

Hydrobiology Pty Ltd. (2016), Rum Jungle Impact Assessment, June 2016. 

LDSDP (2016), Preventing Acid and Metalliferous Drainage, September 2016. 

https://www.industry.gov.au/data-and-publications/leading-practice-handbook-preventing-acid-

and-metalliferous-drainage 

O’Kane Consultants Inc. (2013), Batchelor Region (Former Rum Jungle Mine Site) – Conceptual Cover 

System and Landform Design, Report No. 871/1-01, June 2013. 

Petheram C., C. Chilcott, I. Watson and C. Bruce (eds) (2018), Water resource assessment for the 

Darwin catchments. A report to the Australian Government from the CSIRO Northern Australia 

Water Resource Assessment, part of the National Water Infrastructure Development Fund: Water 

Resource Assessments. CSIRO, Australia

http://dx.doi.org/10.1890/ES14-00517.1
https://www.longpaddock.qld.gov.au/silo/
https://www.industry.gov.au/data-and-publications/leading-practice-handbook-preventing-acid-and-metalliferous-drainage
https://www.industry.gov.au/data-and-publications/leading-practice-handbook-preventing-acid-and-metalliferous-drainage


Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A Page 32 
 
 

 
Robertson GeoConsultants Inc.   Report No. 183008/1 

 

RGC (2016), Groundwater Flow and Transport Modelling (Current Conditions), RGC Report No. 

183006/6, June 2016. 

RGC (2019), Groundwater and Surface Water Modelling Report, Rum Jungle Stage 2A, RGC Report 
183008/1, November 2019. 

RGC and DJEE (2019), Updated Report on Physical and Geochemical Characterization of Waste Rock 

and Contaminated Materials, RGC Report No. 183008/2, November 2019. 

Taylor, G, Spain, A, Nefiodovas, A, Timms, G, Kuznetsov, V and J. Bennett (2003), Determination of 

the Reasons for Deterioration of the Rum Jungle Waste Rock Cover, Australian Centre for Mining 

Environmental Research (Brisbane). 

Tropical Water Solutions (2008), Water Quality Profile & Bathymetric of Whites and Intermediate Open 

Cuts. Rum Jungle, November 2008. 

U.S. Environmental Protection Agency. 2016. Storm Water Management Model, Reference Manual, 

Volume III – Water Quality. Office of Research and Development, Water Supply and Water 

Resources Division. 

Wickham, H. and Grolemund, G. (2017), R for Data Science. O'Reilly Media, Inc. Retrieved from 

https://r4ds.had.co.nz/index.html 

Wickham, H. and Grolemund, G. (2017), R for Data Science. O'Reilly Media, Inc. Retrieved from 

https://r4ds.had.co.nz/index.html 

 

 

 

https://r4ds.had.co.nz/index.html
https://r4ds.had.co.nz/index.html

	RGC 2 of 2
	Report Part 2 of 2

	Pages from RGC Groundwater and Surface Water Modelling Report PART 2

