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SUMMARY
A study was undertaken to assess the salinity risk associated with mining the proposed
O'Neil-to-McCoy mine area which is primarily within the Intermediate Rainfall Zone
(IRZ). The study commenced with a review of the soil and groundwater salinities and
stream salinities for the O'Neil-to-McCoy area and found them to be typical for the
rainfall locality. As expected there was a large variation in soil salinity: borehole
average VTSS varied from 0.12 kg/m3 to 3.0 kg/m3, with a mean of 0.53 kg/m3.
Groundwater salinities had a similar variation, from 72 mg/L to 3,444 mg/L, with a
mean of 509 mg/L. Stream salinities varied across a much smaller range and were
found to be average for the rainfall zone and to have a dependency on rainfall
conditions; the present below-average period of rainfall, defined as being post-1999,
had a lesser stream-salinity than did the earlier data. A review of depths to groundwater
(DTWs) for the O'Neil-to-McCoy area found that they were increasing in response to
the below-average rainfall; this decline in groundwater levels is probably the reason for
decline in stream salinities.

As DTWs for the O'Neil-to-McCoy mine area were at or near the soil surface for
significant sections of the valley-floors across the area, the groundwater system would
already be contributing to streamflow. This is a very different situation from that found
within the CEME directly to the south of the O'Neil-to-McCoy mine area, where
groundwater intersection with the soil surface is virtually absent. These shallow
groundwaters of the O'Neil-to-McCoy area rendered more complex assessing the
effects of mining on stream salinity and emphasised the need for a deterministic
groundwater-model in the salinity risk assessment process. The model used was a five-
point stencil, explicit-solver form, as it permitted a fine grid-scale and the accurate
definition of both orebody areas and groundwater-discharge areas.

The modelling concluded that there will be streamflow, stream salt-load and stream
salinity increases due to the mining of O'Neil to McCoy; but the salinity increases
within the Serpentine Reservoir will probably be undetectable over natural variation.
The actual response was dependent on the rainfall regime and resultant streamflow and
stream salt-load assumed to occur at the time of mining. For instance, using the
historical record of 1970 to 2007, worst-case and best-case scenarios were developed.
The worst-case was the rainfalls, streamfiows and salt-loads from the period 1997 to
2007, when the worst-year annual-increase in stream-inflow salinity to the Serpentine
Reservoir was 11.2 mg/L; the average increase over the 11 years of this scenario was
4.6 mg/L. Using the best-case period, 1970 to 1980, the worst-year annual-increase in
stream-inflow salinity to the Serpentine Reservoir was 3.3 mg/L and the average over
the 11 years was 2.0 mg/L. The Serpentine Reservoir 1970 to 2007 annual inflow-
salinity varied from 107 to 365 mg/L with an average of 168 mg/L; it is very unlikely
that the salinity changes simulated as being associated with mining could be detected
over such a large natural variation. In terms of the duration of responses, the peak salt-
load increase was in 2014 and by 2019 at simulation end salt-load had reduced to 24%
of the peak value; it would be expected that pre-mining values would be achieved
around 2025.
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1. INTRODUCTION
Alcoa of Australia (Alcoa) operates the Hunt ly and Willowdale mines in the northern
jarrah forest on the Darling Plateau. Due to the known issues associated with salinity
and agricultural clearing in the south-west of W.A., as part of the revised 1978
Environmental Review and Management Program (ERMP) for the Wagerup Alumina
Project, Alcoa made the commitment that "mining will not take place in the eastern,
lower rainfall portion of Alcoa's lease until research shows that operations can be
conducted without significantly increasing the salinity of water resources".

As part of the latest Wagerup approval, this commitment has been changed to now read:
"Bauxite mining will not take place in the eastern, lower rainfall portion of Alcoa's

lease, until research shows that mining can be conducted without significantly
increasing the salinity of the water resources with exception of the Trial Mining Project
in the intermediate rainfall zone which commenced in 2005 to test modelling predictions
and mining and rehabilitation methods developed from the 25 years Of research to date.
This trial was approved by the Mining and Management Programme Liaison Group.
Results from the trial mining and continuing hydrology research and modelling will
,form the basis for future approval by the Mining and Management Programme Liaison
Group of Alcoa's plans for mining in the intermediate raiirfall zone. These plans will be
presented in Alcoa's annual Mining and Management Programme submission at an
appropriate date."

In line with these changes, Alcoa no longer considers an application for general access
to the Intermediate Rainfall Zone (900 to 1,100 mm/annum, IRZ) appropriate. Alcoa
prefers now to apply for access in a staged approach by including strategically
determined sections of the IRZ as part of the annual five-year mine-plans, using the
existing approval process with the Mining and Management Programme Liaison Group
(MMPLG). The first area of interest is a section of the IRZ within the Serpentine
Reservoir catchment, known by the mining area name "O'Neil to McCoy" (Figure 1). It
can be seen from Figure 1 that O'Neil to McCoy is a logical extension of the present
operations within the McCoy mining area; this present mining includes the IRZ mining
in the Cameron Experimental Mining Exercise (CEME) in the Jayrup and associated
catchments. From initial ore-development drilling and mapping, the O'Neil to McCoy
area has been estimated to contain about 44 Mt of ore; the proposed date for first mining
to occur is 2010 and some clearing of haul-road alignments, etc. commenced in 2009.
The O'Neil-to-McCoy mine area includes a section which is to the west of the
1,100 mm isohyet (Figure 1) and is therefore 'business as usual' as approval has already
been granted for mining in the High Rainfall Zone (>1,100 mm/annum, HRZ). This
small HRZ section of the O'Neil-to-McCoy mine area has been included in the
following salinity-risk study as it is logical to treat the O'Neil-to-McCoy mine area as a
whole.

The proposed approval steps for the hydrological input to Alcoa's Mine Management
Program (MMP) for Huntly are shown in Figure 2. It can be seen that the Bauxite
Hydrology Committee (BHC) plays key technical roles in reviewing the research
programme that has been proposed and in assessing the research programme results.
The BHC reports to the MMPLG on its considerations, and the MMPLG reviews this
report before passing its recommendations on the mine plan to the Minister for State
Development.

The BHC is a long-standing technical committee which originated as the Bauxite Sub-
Committee (BSC), a sub-committee of the WA State Government's "Steering
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Committee for Research on Land Use and Water Supply" (RSC) (Mauger et al. 1998).
The RSC was established in the late 1970s and ceased to be active in 1998. In 1999 the
BSC became a technical advisory committee of the MMPLG and its name was
subsequently changed to BHC. The members of the BHC are leading researchers in
hydrology and its management in the south-west of WA and they are drawn from state
government, academia and research organisations such as CSIRO.
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Figure 1: Location of the O'Neil to McCoy area plotted over the major features of the
Darling Plateau.
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BHC reviews MMP and the MMPLG reviews MMPLG submits

output from research projects BHC report and the recommendations on MMP

Submits report ALCOA revised MMP to Minister

NAlcoa reviews
report and adjusts

MMP if needed

Figure 2: Proposed approval steps for the hydrological input to Alcoa's Mine
Management Program (MMP) for Hunt ly.

Initial salinity-risk assessments for O'Neil to McCoy have already been produced and
tabled at BHC meetings (Croton & Dalton 2008 and Croton, et al. 2008). The BHC
recommended to the MMPLG that O'Neil to McCoy mining should proceed providing
additional items of research be undertaken by Alcoa. The present report is a revised
salinity risk assessment utilising the additional data collected in 2009 and early 2010.
The mineplan too has significantly changed since the above two reports were produced
in 2008, so the present report also utilises the latest mining planning information in its
assessment.

Like the previous report by Croton et al. (2008), the specific objectives of the present
report are:

1. To review the soil salt-storage, groundwater salinity and stream-salinity data
collected by Alcoa across the Darling Plateau and determine how the O'Neil to
McCoy area compares.

2. Assess the distribution of soil salt-storage, groundwater levels and salinities and
stream salinities for the O'Neil to McCoy area, and their relation to possible orebody
areas.

3. Assess the likely salinity risk of the proposed mining in the O'Neil to McCoy area.

2. DARLING PLATEAU DATASET ANALYSIS

2.1 Soil Salt-Storage Dataset
Alcoa has 4,759 boreholes in its dataset for the Darling Plateau with 3,809 having soil-
salinity data. However, when bores distant from the present area of interest, that is
outside a study area defined by the co-ordinates 400000 to 460000 E by 6340000 to
6440000 N (60 km by 100 km), are subtracted along with those that have too little data,
defined in this case to be less than five salt-storage samples for the hole and/or to have a
hole depth of <5.0 m, the number reduces to 2,054. Of these, 1,186 have been drilled
using either the hollow-auger or reverse-circulation drill method (A&RC), and 868 have
been drilled using the vacuum-drill method (VAC) using Alcoa's normal ore-
exploration drill-rigs. Table 1 lists their basic soil-salt-storage statistics, in terms of
Volumetric Total Soluble Salts (VTSS kg/m3) and mean soil-salt-storage (kg/m2) see
author's note 1 on next page.
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Table 1: Basic statistics for the hollow-auger or reverse-circulation drill method
(A&RC) and the vacuum-drill method (VAC) datasets. See author's notes 1 and 2
regarding salinity and rainfall.

Method Mean VTSS
(kg /m3) (I)

Mean Soil
Salt Storage

(kg/m2) (I)

Mean
Depth

Drilled (In)

Mean of Hole
Max. VTSS

(kg/m3)

Mean
Rainfall

(mm/yr) (2)

No. of
Holes

A&RC 0.56 11.2 20.7 1.72 1,104 1,186

VAC 0.88 18.5 18.9 1.69 989 868

Table 1 shows some of the bias which makes the analysis of soil salt-storage data so
difficult. Mean VTSS by A&RC at 0.56 kg/m3 is 64% of the 0.88 kg/m3 for VAC. The
reason for this large variation in means is actually contained in the difference in mean
rainfall, 1,104 mm/yr compared with 989 mm/yr see author's note 2. Relationships
with rainfall are well known for Darling Plateau soil-salinities, e.g. Stokes et al. (1980)
and Tyskin and Croton (1988), with soil salinity rising steeply as rainfall declines.

Table 1 shows the mean depth-drilled was similar for the different drilling methods,
20.7 and 18.9 m. Significantly different depths would have implied depth-bias due to
method and would have rendered use of the two datasets in a combined single dataset
problematic. However, it raises an interesting question as to why the A&RC methods
don't have a significantly greater mean as these methods are able to drill into saturated
sections of the profile while the VAC method can't. Perhaps it implies that A&RC
holes have been drilled less deep than the full soil-profile, or it may relate more to
selection of drilling method for a given situation dependent on its suitability, e.g. use of
vacuum in mid and upper-slope locations where the groundwater is deeper. The present
study isn't concerned with detailed questions of the overall dataset as its focus is the
O'Neil to McCoy area, but the question has been noted for future studies. The
consistency of the datasets is also supported by the mean of the maximum downhole
VTSS being essentially the same for both datasets; 1.72 kg/m3 for the A&RC dataset
and 1.69 kg/m3 for VAC dataset.

Figure 3 shows the Alcoa boreholes plotted over a map of the study area with
streamlines and 20 in topographic contours shown as background. There isn't an even
distribution to the bores; most have been drilled as part of catchment and transect
studies and are therefore grouped in clumps. Excepting some of the boreholes in the
eastern section which were drilled as part of the Hedges Gold Mine Project, all are
either within jarrah forest or in jarrah forest that has been mined for bauxite.

Author's note 1: There are two common methods of quoting soil salt-storage, Volumetric Total Soluble
Salts (VTSS kg/m3) and total soil-salt-storage (kg/m2), and this report uses both. The relation between
them is the depth of soil profile: if the average VTSS (kg/m3) for a borehole is multiplied by the borehole
depth (m) this results in the total soil-salt-storage (kg/m2). Alternatives to VTSS for downhole salinity
include the use of Gravimetric Total Soluble Salts (GTSS kg/tonne) and soil solute salinity (mg/L).
However, VTSS as a weight of soluble salts per m3 is considered the most universal measure of downhole
soil salinity; it is also the easiest to comprehend and has a direct relation to total soil-salt-storage via
borehole depth.

Author's note 2: The pre-1978 rainfall isohyets by Hayes & Gamut (1981) are used throughout this
report to estimate rainfalls, as they are the most widely accepted and were used in previous studies.
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Figure 3: Location A&RC and VAC boreholes. Streamlines and 20 m topographic
contours are shown as background. The O'Neil-to-McCoy mine area is also plotted.

Figure 4 is a plot of rainfall vs. average borehole-VTSS for the combined A&RC and
VAC borehole dataset. While the R2 of 0.32 isn't high for the exponential regression
plotted in Figure 4, it shows some relationship. Figure 5 is a plot of the exponential
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regression from Figure 4 for Alcoa's soil-salt-storage data compared with the data and
regression given by Stokes et al. (1980). Two things are apparent. Firstly, the
regression by Stokes et al. is close to that from Figure 4. Secondly, the regression by
Stokes et al. is raised at the low rainfall end by two high salinity values. Given that the
Stokes et al. dataset was a mix of individual bores and small datasets, it seems
justifiable to claim these two high points are outliers and cull them. When this is done
the Stokes et al. culled regression is a close fit to the Alcoa regression.

700 900 1100
Rainfall (m m/yr)

1300

Figure 4: Rainfall vs. average VTSS for the combined A&RC and VAC borehole
dataset.
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Figure 5: The regression curves for the Alcoa data from Figure 4, Stokes et al. (1980)
and Stokes et al. culled. The Stokes et al. (1980) data has been plotted as well.

2.2 Groundwater Salinity Dataset
Alcoa's groundwater dataset isn't as extensive as the soil salt-storage one. Figure 6
shows the locations of the boreholes with groundwater-salinity data within the study
area which also have a casing depth of at least 5.0 m below ground level. It was
considered that boreholes with casing depths less than this would be unlikely to be
sampling the permanent groundwater system and were most likely screened in the
superficial aquifer(s). Figure 7 shows a rainfall vs. groundwater-salinity plot for the
same boreholes. There are a total of 979 boreholes with groundwater data so defined,
but 573 have less than five salinity readings and 250 have only one reading. For now,
all have been included in Figures 6 and 7.
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Figure 6: Location of boreholes with groundwater-salinity data. Streamlines and 20 m
topographic contours are shown as background.
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Figure 7: Rainfall vs. average groundwate-salinity for the Alcoa borehole dataset.

It is interesting to note the consistency in exponent values across the soil-salt-storage
and groundwater-salinity datasets. Soil salt-storage has a range -0.00401 to -0.00470
while the groundwater-salinity dataset has a value of -0.00421. This implies that there
are similar relationships between groundwater-salinity and rainfall as there are between
soil salt-storage and rainfall.

However, converted to an equivalent soil-salt-storage, groundwater salinities are lower.
The mean groundwater-salinity is 459 mg/L and this equates to an average VTSS of
0.16 kg/m3, assuming that all salt is dissolved in the groundwater and that the water-
filled voids are 35% of the total soil-volume. The mean rainfall for the groundwater
dataset is 1,106 mm/yr which equates to a VTSS from Figure 4 of 0.37 kg/m3, or two
and a third times the groundwater-salinity figure. The difference would relate to a
higher soil-salt-storage for the unsaturated section of the soil profile compared with the
saturated section, due to the formation of salt bulges within the unsaturated zone.

2.3 Stream Salinity Dataset

Alcoa has 453 stream-monitoring sites for forested catchments across the Darling
Plateau in the area of interest and their locations are plotted in Figure 8.

Figure 9 shows the stream-salinity data plotted as site averages against rainfall. As with
soil salt-storage and groundwater salinity, there is an inverse relationship between
rainfall and stream salinity; but it is by far the weakest of the three relations, having an
R2 of just 0.09. This relationship is weak because stream salinity is a derived parameter,
from a function of groundwater and soil salinities and their potential to enter catchment
streamflow, particularly via groundwater discharge. For full forest-cover on the Darling
Plateau, groundwater normally contributes to streamflow only in the western, high-
rainfall section, that is for average rainfalls above 1,100 mm/yr. It can be seen from
Figure 7 that 1,100 mm/yr is also something of a transition point for groundwater
salinities; they rise steeply for rainfalls less than this. In fact, the salinity of groundwater
and the contribution of groundwater to streamflow are related: the discharge of
groundwater is the primary mechanism to flush salt from a catchment and thereby limit
its build -up.
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Figure 8: Location of stream-salinity monitoring-points. Streamlines and 20 in
topographic contours are shown as background.

The variation in Figure 9 is due to the mix of site types represented. The principal types
are: sites with high rainfalls that continuously discharge groundwater-borne salts to the
stream and thus have a moderate salinity; sites with no significant groundwater
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discharge and with low stream-salinities; and sites that have recently transitioned from
no discharge to discharge and thus developed moderate to high salinities. There is also
an additional complexity to Figure 9, related to climate trends. Since the late 1960s the
Darling Plateau has experienced continuing below-average rainfall. The effect of this
has been a steady decline in groundwater levels, and a number of sites that were
discharging groundwater have had their groundwater disconnect from streamflow during
the last decade. To show the effect of this, Figure 10 is the dataset plotted in Figure 9
divided into site averages for three periods: 1975-1989, 1990-1999 and post-1999. The
salinities for the first two periods are similar, while those for post-1999 are markedly
less thereby indicating the reduction in groundwater discharge.

900 1100
Rainfall (mm /y00

1300

Figure 9: Rainfall vs. average stream-salinity for the Alcoa stream-monitoring dataset.
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Figure 10: Rainfall vs. average stream-salinity for the Alcoa stream-monitoring dataset
divided into the three periods of pre-1990, 1990-1999 and post-1999.

3. O'NEIL TO McCOY SALINITY STATISTICS

3.1 O'Neil-to-McCoy Mine Area

As mentioned, the O'Neil-to-McCoy mining area is predominately within the IRZ and
to the south-east of the Serpentine Reservoir (Figure 1) with all streams in the O'Neil-
to-McCoy mining area flowing to the Serpentine Reservoir. Also as mentioned, the
section of the O'Neil-to-McCoy mine area to the west of the 1,100 mm isohyet
(Figure 1) should be considered as 'business as usual' as approval has already been
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granted for mining in the High Rainfall Zone (>1,100 mm/annum, HRZ). This small
HRZ section of the O'Neil-to-McCoy mine area has been included in the following
salinity risk study as it is logical to treat the O'Neil-to-McCoy mine area as a whole.
Figure 11 shows the O'Neil-to-McCoy mine area along with presently-available orebody
and haul-road outlines, rainfall isohyets, 20 m contours and streamlines.
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6402000-

6400000

6398000

6396000

1100 rn m isohyet O'Neil to McCoy
Mine Area

Jayrup Catchment
Boundary

'
434000

Mining Year
2010
2011 NM
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2013 !ME
N.A. =I

436000

Figure 11: The O'Neil-to-McCoy mine area with presently-available orebody and haul-
road outlines marked. N.A. means not available at time of writing.

3.2 Soil Salt-Storage Dataset
Figure 12 shows the O'Neil-to-McCoy mine area soil-salt-storage borehole locations
with the size of marker proportional to average borehole VTSS. Following the drilling
campaigns undertaken in 2008, 2009 and 2010, there are now a total of 401 boreholes in
the area with 112 drilled by A&RC and 289 by VAC; their statistics are given in
Table 2. As expected there was a large variation in soil salinity: borehole average VTSS
varied from 0.12 kg/m3 to 3.0 kg/m3, with a mean of 0.53 kg/m3. It can be seen from
Figure 12 that large sections of O'Neil to McCoy have been drilled and sampled on a
regular grid using the vacuum-drill method. As well, a number of holes have also been
drilled in the valley-floors using the reverse-circulation drill method.
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Table 2: Basic statistics for the hollow-auge and reverse-circulation drill methods
(A&RC) and the vacuum-drill method (VAC) datasets for the O'Neil to McCoy mine
area.

Method Mean VTSS
(lcg/m3)

Mean Soil
Salt Storage

(lig/m2)

Mean
Depth

Drilled (m)

Mean of Hole
Max. VTSS

(1(g/m3)

Mean
Rainfall
(mm/p)

No. of
Holes

A&RC 0.70 10.3 16.6 2.20 1027 112

VAC 0.47 8.4 17.2 1.01 1014 289

All Data 0.53 9.0 17.0 1.34 1017 401
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Figure 12: The O'Neil-to-McCoy mine area with borehole locations with the size of
marker proportional to average VTSS.

Figure 13 shows the borehole-average and overall-average VTSS for all the O'Neil to
McCoy bores, plotted over the regression for the whole Alcoa dataset and Stokes el al.
(1980) from Figures 4 and 5. The average VTSS for O'Neil to McCoy falls on the
Alcoa regression line and implies that the soil salt-storage of the O'Neil-to-McCoy mine
area is typical for its rainfall zone.
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Figure 13: Borehole-VTSS and average-VTSS for the bores in the O'Neil-to-McCoy
mine area. Also plotted are regression curves for the Alcoa data and Stokes et al.
(1980).

2.2 Groundwater Salinity Dataset
Figure 14 is a plot of average groundwater salinity for boreholes within the O'Neil-to-
McCoy mine area, compared with the regression for the whole Alcoa dataset. Only the
salinities for 2008 to 2010 have been plotted as a number of new bores were established
during the drilling campaigns of 2008, 2009 and 2010. The average is 509 mg/L, range
from 72 mg/L to 3,444 mg/L, and there are 79 boreholes in the dataset. The O'Neil to
McCoy average is slightly above the Alcoa regression line from Figure 7.
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Figure 14: Borehole average groundwater-salinity for the bores in the O'Neil-to-
McCoy mine area for the sample period 2008 to 2010. The regression curve from
Figure 7 has also been plotted.

To show the distribution of available groundwater-salinity values for the O'Neil-to-
McCoy mine area, Figure 15 is a plot of average borehole values for 2008 to 2010 with
the size of the symbols proportional to the salinity values.
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Figure 15: Borehole average-groundwater-salinity for 2008 to 2010. The size of the
symbol is proportional to the salinity values.

3.3 Stream Salinity Dataset
Figure 16 is a plot of average monitoring-site stream-salinities for all points associated
with the O'Neil-to-McCoy mine area. It can be seen that the average stream-salinity of
174 mg/L plots on the regression from Figure 9. As we have already seen in Figure 10,
there is a relationship between date of sampling and sample value. Figure 17 shows that
when the O'Neil to McCoy stream-salinity dataset is divided by date into readings upto-
1999 and post-1999, the post-1999 values are markedly lower. Means are 238 mg/L for
upto-1999 and 141 mg/L post-1999, indicating a clear climate-dependence.
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Figure 16: Stream salinity and average stream-salinity for the monitoring points in the
O'Neil-to-McCoy mine area. The regression curve from Figure 9 has also been plotted.
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Figure 17: Average stream-salinity for the monitoring points in the O'Neil-to-McCoy
mine area, divided into the two periods of upto-1999 and post-1999. The regression
curve from Figure 9 has also been plotted.

To show the distribution of stream-salinity values for the O'Neil-to-McCoy mine area,
Figure 18 is a plot of the sample points with the size of the symbols proportional to the
salinity values, and with the data divided into upto-1999 and post-1999. The trends in
Figure 17 can also be seen in Figure 18 with stream salinity undertaking a marked
decline for virtually all sites.

The calculations so far have considered the O'Neil to McCoy stream-salinity dataset as
a whole. However, it is known that the best indicators of groundwater contribution are
stream salinities in spring and the persistence and salinity of flow into summer; because
streamflow fed only by surface runoff and near-surface interflow remains at a low
salinity and tends to cease within a month or so of the last significant winter rains,
whereas with groundwater contributing streamflow will be of a higher salinity and
persists much longer. To collect such data, Alcoa undertook monitoring runs in October
2007 and October 2009; Figure 19 shows the result using a similar format to Figure 18.

The first thing to note about Figure 19 is that none of the salinities were particularly
high; the range for 2007 was 118 mg/L to 250 mg/L with an average of 143 mg /L. For
2009 the range was 91 mg/L to 204 mg/L with an average of 141 mg/L. It can be seen
that all sites with values for both monitoring runs either remained the same or declined
in value, none increased. The conclusion is that while there are probably groundwater
contributions to streamflow in the O'Neil-to-McCoy mine area, none of these
groundwater contributions appear to be at a high salinity.
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Figure 18: Stream-salinity monitoring in the O'Neil-to-McCoy mine area, divided into
the two periods of upto-1999 and post-1999. The symbol size is proportional to salinity.
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Figure 19: Stream-salinity monitoring in the O'Neil-to-McCoy mine area for October
2007 and October 2009. The symbol size is proportional to the salinity values.
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4. GROUNDWATER DEPTHS FOR O'NEIL TO McCOY

4.1 Dataset in General
In the previous sections we have discussed in detail the data available for soil salt-
storage, groundwater salinity and stream salinity. The key component of the whole
groundwater/stream interaction is the depth to groundwater. For the O'Neil-to-McCoy
mine area there are 87 piezometers with either groundwater-depth data for 2009, or
groundwater depths in early 2010 following the recent establishment of the piezometer.
However, for the salinity risk study we are really interested only in piezometers in the
valley-floor as this is where groundwater interactions with streamflow generation take
place. When the 2009 dataset is limited to only those piezometers in the valley-floor, it
is reduced to 80. In Figure 20 the 2009 minimum depth-to-water (DTW) for these
piezometers is plotted with the size of the symbol proportional to groundwater-depth.
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Figure 20: Minimum depth-to-water (DTW) in 2009 for piezometers within the
O'Neil-to-McCoy mine area that are in the valley-floor area. The size of the symbol is
proportional to the depth with blue symbols for DTW below ground-level and purple
symbols are when the groundwater piezometric-head is above ground level.

A simple, but often useful, relation is that between DTW and the catchment area
contributing to the borehole. Figure 21 is a plot of 2008 minimum DTWs for the valley-
floor area piezometers within the O'Neil-to-McCoy study area against catchment area
for the piezometer (the study area is that used by Croton et al., 2008). The DTW in
Figure 21 is slightly different in form to that in Figure 20 in that it has been adjusted to
an equivalent value at the valley-centreline. This adjustment has been done by taking
the topographic level difference between the piezometer site and the valley-centreline
and subtracting this from the DTW. It can be seen from Figure 21 there is only a very
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weak relation between the two; obviously factors other than catchment area are having a
large effect on DTW.
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Figure 21: Minimum adjusted DTW in 2008 for piezometers within the O'Neil-to-
McCoy study area plotted against catchment area for the borehole. (The study area used
for Figure 21 is that from Croton et al. (2008) rather than the mine area used in the
balance of this report.)

Figure 22 uses the data in Figure 20 to develop a map of estimated minimum DTW in
2009 for the streamlines in the O'Neil-to-McCoy mine area. It can be seen that DTW
within the O'Neil-to-McCoy mine area is generally shallow and groundwater is almost
certainly discharging to the streams in a number of areas.
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Figure 22: Estimated minimum DTW in 2009 for streamlines in the O'Neil-to-McCoy
mine area.
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4.2 Climatic Dependence in DTW

We have already seen that there are climate trends in the stream salinities and it is
logical to test for the same trend in groundwater depths, that is increasing depth due to
decreased rainfall causing decreased recharge. For the boreholes in the O'Neil-to-
McCoy study area, 27 have data both before and after 31.12.1999. Figure 23 is an x-y
plot of groundwater depths (DTW) for these 27 boreholes, divided into upto-1999 and
post-1999. 24 of the 27 boreholes plot below the 1-to-1 line, indicating that
groundwaters have indeed tended to increase in depth with time. The average depth-
increase was 0.88 m.
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Figure 23: Plot of average DTW for boreholes within the O'Neil-to-McCoy study area
divided into the two periods of upto-1999 and post-1999.

5. CLIMATIC TRENDS
In the preceding sections, references were made to a dependence between date of
measurement and the measurement value. This dependence is related to recent trends in
rainfall, particularly an apparent decline in rainfall in the south-west of W.A. since the
late 1960s (MCI 2002). To show the effects of this on the O'Neil-to-McCoy mine area,
Figure 24 is a plot of average annual rainfall for the Cameron West pluviometer (Site
No. 509569) located in the adjacent Jayrup catchment (Figure 1). The actual rainfall
series for this pluviometer dates back only to 1992 and the series has been extended by
correlation with Marradong (Site No. 009575) to develop a series from 1942 to 2007
inclusive. It can be seen that up to the early 1970s the 10 year moving average was
above the series average and after this it has been below.

A derivative plot which places the rainfall trends into better perspective is the
cumulative variation from the series average. This plot, shown in Figure 25, is where
the difference between the annual rainfall and the series mean is calculated for each year
and these differences are then sequentially summed to create a running total; by
definition this graph starts and ends at zero. Figure 25 shows there was a steady
increase in the cumulative variation for rainfall until 1968 after which the trend is
steadily down.
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Figure 24: Plot of annual rainfalls for the Cameron West pluviometer (Site No.
509569). The 10 year moving-average and series averages have also been plotted.
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Figure 25: Plot of cumulative variation of annual rainfalls for the Cameron West
pluviometer (Site No. 509569) from the series average for the period 1942 to 2009.

Figure 26 shows the longer-term effects of these rainfall trends on groundwater levels
via. a groundwater-depth plot for a mid-slope piezometer in the Tunnel Rd catchment
east of O'Neil to McCoy. There is a steady increase in groundwater-depths since the
record commenced in 1976. A similar trend to this has been common for most mid-
slope piezometers in forested sections of the LRZ and LRZ of the Darling Plateau.

Whether the trends in rainfall, and the derivative trends in hydrology, will continue is
beyond the scope of the present study. Others such as IOCI (2002) consider them likely
to be related to permanent climate change from the global green-house effect. However,
the present period of rainfall decline started in the late 1960s when green-house gas
concentrations were lower than today; probably a natural driver initiated the present
below-average rainfall-period, though its persistence may relate to the green-house
effect. The implication for O'Neil to McCoy mining is that as long as the below-
aveage rainfall-period continues, it will dampen any hydrological response to clearing
for mining there and render much less likely an adverse stream-salinity response of any
significance.
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Figure 26: Depth to groundwater for a long-term, mid-slope piezometer in the Tunnel
Rd control catchment to the east of O'Neil to McCoy.

6. O'NEIL TO McCOY SALINITY RISK ASSESSMENT

6.1 Background to Salinity Risk Assessment

In general, the surface soils of the Darling Plateau are highly porous and there is little or
no evidence of surface runoff from the valley-flank areas where bauxite is mined, to the
valley-floors where streamflow is generated. Instead, streamflow generation on the
Darling Plateau is a combination of: overland flow from only the valley-floor area, near-
surface interflow from the lower slopes and valley-floor, and groundwater discharge
from the deep groundwater system. It is this last component that is of interest in salinity
risk assessment as salinities of groundwater are high compared with the other
components.

The process by which mining can affect groundwater levels, and their likelihood of
discharge to the stream, appears to be relatively simple: clearing the vegetation for
mining increases groundwater recharge on the valley-flanks, causing groundwater-level
rises which flow through to the valley-floor as the groundwater migrates downslope.
There are probably some secondary effects too, such as increased interflow from the
cleared areas wetting up the downslope soil-profile and promoting additional recharge
downslope of the mine area.

All West Australians are well aware of the dry-land salinity issues associated with
agriculture. However, one essential difference between the effects we see related to
bauxite mining, and those related to agricultural clearing, is that the bauxite mining is
transient whereas agriculture requires permanent removal of the vegetation. Providing
groundwater rises are contained, keeping the groundwater near or beneath the soil
surface during the mining and early revegetation periods, there should be little or no
stream-salinity effect. This containment is related to two factors, the premining depth to
groundwater and the amount it rises during mining and early revegetation. Probably the
simplest method for assessing these two factors and their relationship to mining is a
technique known as Flux Density Analysis (FDA). FDA is based on the concept of
tracking possible groundwater flow pathways within the landscape, calculating their
catchment area and factoring in what effects mining activities will have on them. The
overall concept of FDA is not new and is commonly called flowpath analysis, flow tube
analysis or TOP model analysis, depending on the author or the context of its use.
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The FDA system was applied by Croton and Dalton (2008) to the O'Neil-to-McCoy
mine area. They concluded that there will probably be mining-related groundwater
contributions to streamflow for the O'Neil-to-McCoy mine area, leading to additional
salt-load. However, the increases in salt-load were considered to be small in a water
resources context, and when up-scaled to Serpentine Reservoir inflows the simulated
increases resulted in an increase of only 1.8 mg/L in stream inflows. This compared
with an average, long-term inflow salinity of 134 mg/L for the Serpentine Reservoir, so
such a change would probably not be detectable.

Croton and Dalton (2008) also proposed an extensive piezometers installation
programme for the O'Neil-to-McCoy mine area, and this was undertaken in early 2008
with follow-up drilling to establish additional piezometers in 2009 and 2010. Croton, et
al. (2008) used the piezometric and groundwater salinity data from the piezometers
established in the 2008 drilling programme, in a deterministic groundwater-model that
simulated the actual responses to mining. They concluded that there will be streamflow,
stream salt-load and stream salinity increases due to the mining of O'Neil to McCoy;
but the salinity increases within the Serpentine Reservoir will probably be undetectable
over natural variation. They also concluded that the actual response will be dependent
on the rainfall regime and resultant streamflow and stream salt-load at the time of
mining. The mineplan used by Croton, ei al. (2008) has been significantly updated and
there are also additional data from the newly established piezometers. The following
study uses the new data and new mineplan information in essentially a repeat of the
deterministic groundwater-modelling by Croton, et al. (2008).

6.2 Salinity Risk Model Set-up for O'Neil to McCoy
The central component to the salinity risk modelling for the O'Neil-to-McCoy mine area
is a deterministic groundwater-model using a five-point stencil with an explicit solver.
This form of groundwater model was chosen over codes such as Modflow because it
allowed the practical application of a 25 m square grid-cell size over an area of 15 km
by 15 km. Such a fine grid was required to capture the spatial distribution of orebody
outlines and groundwater discharge areas in the O'Neil-to-McCoy mine area. The key
points and parameterisations of the model are:

1. Model domain extents of 422500E 6392500N to 437500E 6407500N GDA94.

2. Cell size 25 in by 25 in, 625 m2, over an area of 225 km2; which is 360,000 grid
cells.

3. Single layer model.

4. Constant transmissivity based on a saprolite layer 5.0 m thick with a Ksat of
0.75 m/day plus a pallid zone 10.0 in thick with a Ksat of 0.09 in/day, to give a
transmissivity of 4.65 m2/day. Clarke et. al. (2008).

5. Storage co-efficient of 0.05 (5%). Raper and Croton (1996).

6. Recharge rate on orebody areas 100 mm/yr greater than surrounding forest.
Estimate based on WEC-C modelling of Darling Plateau catchments, e.g. Croton
(2004) and Croton et. al. (2005), and also from observed groundwater-responses
beneath minepits; 100 mm/yr is a response of 2.0 m/yr for a storage co-efficient
of 0.05.

22 Water & Environmental Consultants



7. Primary driving-head for model is an interpreted groundwater-surface map based
on available piezometer data. This groundwater surface is shown as a DTW map
in Figure 27.

8. Timestep is monthly and model is run from January 2009 to December 2019.

9. Mineplan is updated at the start of each year in the model.

10. Clearing date is based on actual data when available, or assumed to commence
one year before mining where data is absent. Revegetation is assumed to
commence significant transpiration two years after mining and to reach normal
forest transpiration four years after that. Decline in recharge after revegetation is
assumed to be linear. Assumed years for clearing and rehabilitation of mine
areas are shown in Figure 28.

11. Discharge is assumed to occur when the groundwater head is elevated due to
mining and that head is above the soil surface. A clay impeding-layer is
assumed to exist in the discharge areas and have a thickness of 10.0 m and a
Ksat of 5.0 mm/day.

12. Additional surface-runoff and interflow from groundwater-discharge areas is
assumed to occur only when groundwater discharge is equal to a depth of at least
10 mm/mth. Runoff-coefficients of 0.25 (25%) were assumed to apply to both
the additional surface-runoff and the additional streamflow from interflow.

13. For surface-runoff salt-load calculation, the salt-fall associated with rainfall is
assumed to have a salinity of 15 mg/L and all salt-fall is assumed to be carried
away by the surface-runoff and thereby become salt-load.

14. For interflow, there is an interaction between this water and the upper layers of
the soil profile; for the purposes of this study the salinity of interflow was
assumed to be 150 mg/L. This figure has been derived from the recession
salinities of the Big Brook gauging station, which is downstream of more than
half of the O'Neil-to-McCoy mine area, and from the four Alcoa stream salinity
monitoring sites within and around the O'Neil-to-McCoy mine area.
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Figure 27: Interpreted groundwater-surface based on available piezometer-data for the
O'Neil-to-McCoy mine area shown as a DTW map.
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Figure 28: Assumed years of clearing and rehabilitation for mining areas in the O'Neil-
to-McCoy mine area.

6.3 Model Results in Terms of Groundwater Levels

Figure 29 shows the simulated DTW at the end of every second year from 2009 to 2019.
The sequential nature of the mineplan can be seen in the early maps in Figure 29 with
additional groundwater responses becoming apparent as orebody areas are cleared; by
December 2013 all orebodies and laterite areas are cleared and all show groundwater
responses. Typical groundwater rises are in the range one to three metres with some
limited areas of strong drainage convergence having over six metres rise. For a given
area, a progression in groundwater rises can be seen. In the first years the rises are
concentrated within the orebody outlines, followed by a steady spreading downslope and
into the valley-floors.

The Appendix details the presently observed mining-related responses in the Cameron
Experimental Mining Exercise (CEME) catchments which are in the IRZ and directly
south of the O'Neil-to-McCoy mine area. It can be seen that the average response was
2.6 in with a peak response of 5.2 in; such responses are consistent with those presented
in Figure 29. The delays in downslope groundwater responses for the modelling of the
O'Neil-to-McCoy mine area are also consistent with what was observed at the CEME.
It should be noted that only CEME piezometers with an observable response have been
listed in the Appendix; there are many that are downslope of mining but which have
shown no observable response and haven't been listed. Such piezometers are probably
located in areas of the CEME which are hydrogeologically similar to those areas in
Figure 29 that are downslope of mining but are showing a response of only a metre or
less.
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Figure 29: Simulated change in groundwater-depth (DTW) due to mining.
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6.4 Model Results in Terms of Groundwater and Salt Discharges

A key component of the model employed in the study is its ability to realistically
simulate groundwater discharge. Figure 30 shows the simulated groundwater discharge
at the end of every second year from 2009 to 2019. The units for Figure 30 are cubic
metres (kL) per grid-cell per month. Like Figure 29, a steady progression can be seen
with discharge building to a peak in 2015 followed by a gradual decline. The
groundwater discharges in Figure 30 were combined with the groundwater salinities
(Figure 31) to generate a salt load for the discharging groundwater. Figure 31 was
generated by taking the average groundwater salinities for the period 2008 to 2010 and
surface-contouring it using the Kriging method. One salinity value of 3,444 mg/L
hasn't been used as it is considered to be local anomaly, nor has a salinity value of
72 mg/L been included as this was probably associated with leakage down the borehole
annulus. This has left the data from 77 boreholes for use in the production of Figure 31.
Table 3 lists the simulated results by year for the groundwater and salt-load discharges,
along with an average salinity for the discharge.

Table 3: Estimated groundwater discharges for the O'Neil-to-McCoy mine area.

Year Groundwater
Discharge (NIL/yr)

Salt Load Discharge
(tonnes/yr)

Avg. Discharge
Salinity (mg/L)*

2009 14 5 341

2010 123 61 501

2011 431 190 440

2012 817 348 426

2013 983 428 435

2014 1110 477 429

2015 1010 430 426

2016 805 339 422

2017 607 262 432

2018 421 179 424

2019 255 114 446

Sum 6576 2832 431

Note: * - The discharge salinities are average flow-weighted.
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Figure 30: Simulated groundwater discharge due to mining. Units are cubic metres per
grid cell per month.
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Figure 31: Map of estimated groundwater salinities (TDS, mg/L) for the O'Neil-to-
McCoy mine area using average data from 2008 to 2010 inclusive.

6.5 Model Results in Terms of Additional Interflow and Surface-
Runoff
In the preceding section the simulation of the discharges of groundwater and its
associated salt-load were presented. There will be two additional effects on the stream
water-balance due to mining: additional interflow contribution to streamflow and the
contribution of direct surface-runoff from areas where groundwater has saturated the
surface soil-profile. Of these, interflow is considered to be the dominant contributor to
streamflow; Turner et al. (1987) estimated that during four rainfall events in 1985 on the
Salmon catchment in the Collie River catchment, 60-95% of the streamflow originated
from shallow groundwater. For now, a simple runoff-coefficient approach using a value
of 0.25 (25%) has been adopted to account for the extra interflow with this extra flow
only occurring from those areas which have a groundwater discharge equal to a depth of
at least 10 mm/mth. As outlined in Section 6.1, a salinity of 150 mg/L has been
assigned to interflow.

Modelling the component of direct surface-runoff from those areas where groundwater
is discharging also uses a simple runoff-coefficient approach. As outlined in Section
6.1, a runoff-coefficient of 0.25 (25%) has been applied to additional surface-runoff
from groundwater-discharge areas; and additional surface-runoff is only assumed to
occur when groundwater discharge is equal to a depth of at least 10 mm/mth. For
surface-runoff salt-load calculation, the salt-fall associated with the rainfall is assumed
to have a salinity of 15 mg/L and all salt-fall is assumed to be absorbed into the surface-
runoff and become salt-load. Rainfalls were based on the isohyet map by Hayes and
Gamut (1981). Given that runoff is 25% of rainfall with a salinity of 15 mg/L, but
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carries away all salt-fall associated with the rainfall, this equates to a surface-runoff
salinity of 60 mg/L.

Table 4 outlines the estimated total additional interflow and surface runoff related to
mining that will contribute to streamflow. Additional salt-loads and resultant average
salinities are also given.

Table 4: Estimated additional streamflow for the O'Neil-to-McCoy mine area.

Year Interflow and
Surface Runoff

(ML/yr)

Salt Load
(tonnes /yr)

Avg Salinity
(mg/L)*

2009 13.8 1.5 105

2010 90 9.4 105

2011 277 29.1 105

2012 506 53.2 105

2013 610 64.0 105

2014 658 69.1 105

2015 605 63.5 105

2016 502 52.8 105

2017 391 41.1 105

2018 275 28.9 105

2019 165 17.3 105

Sum 4,093 430 105

Note: * - Salinities are average flow-weighted.

6.6 Estimated Additional Streamflows and Salt-Loads
Combining the estimated groundwater discharges and associated salt-loads from Section
6.3 with the additional interflows and surface-runoffs and associated salt-loads from
Section 6.4 produces the estimated additional streamflows and stream salt-loads given
in Table 5.

It is worth comparing the results in Table 5 with streamflow increases due to mining
observed in other studies. Croton and Reed (2008) tabulated the mining-related peak-
increases in streamflow for six catchments in the HRZ; this data equated to an average
streamflow increase per hectare mining of about 4.4 ML/ha. Conversely, the CEME
catchment monitoring in the IRZ has shown to date no easily detectable increase in
streamflow due to mining. These two extremes of response are explainable in terms of
depths to permanent groundwater and the role of the permanent groundwater system in
streamflow generation. For all of the HRZ catchments studied by Croton and Reed the
groundwater was in contact with the soil surface in the streamzone and was playing a
role in streamflow generation; conversely the groundwater was at depth across virtually
the whole of the CEME and appears not to be playing any significant role in streamflow
generation.

The proposed total area of clearing with the O'Neil-to-McCoy mine area is about
1,150 ha; from Table 5 this equates to about 1.5 ML/ha as the peak flow-increase with
this occurring in 2014. This value is one third of the average response from Croton and
Reed but is considered consistent given that:
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Groundwaters are at or close to the surface for significant areas of the O'Neil-to-
McCoy valleyfloor system. This implies groundwater has a role in streamflow
generation in the O'Neil-to-McCoy mine area.

As the O'Neil-to-McCoy mine area is largely within the IRZ, rainfall is lower
than the HRZ; so while the area hydrology may be similar to the HRZ, the lower
rainfall will diminish responses compared with the HRZ.

Table 5: Estimated additional streamflows and stream salt-loads for the O'Neil-to-
McCoy mine area.

Year Extra Streamflow
(ML/yr)

Extra Salt Load
(tonnes/yr)

Avg Salinity
(mg/L)*

2009 28 6.3 225

2010 212 70.9 334

2011 708 219 309

2012 1,323 401 303

2013 1,592 492 309

2014 1,768 546 309

2015 1,615 493 305

2016 1,307 392 300

2017 999 303 304

2018 697 207 298

2019 420 131 312

Sum 10,669 3,262 306

Note: * - Salinities are average flow-weighted.

6.7 Comparison with Stream Inflows to Serpentine Reservoir
For the Serpentine Reservoir (to where the streams from O'Neil to McCoy flow) stream
inflows have been estimated by Water Corporation using a waterbalance on the reservoir
pondage. For salinity, there is a salinity measurement station only on the outflow of the
reservoir, so the inflow salinities have been estimated by Manger and Bari (in prep.) via
LUCICAT modelling of the catchment. Table 6 lists the annual stream-inflow volumes,
salt-loads and average inflow-salinities.

It can be seen from Table 6 that the average stream-inflow for the Serpentine Reservoir
is 39.8 GL/yr (39,800 ML/yr) and has an estimated average salt-load of 6,700 t/yr, with
an estimated average inflow-salinity of 168 mg/L. In comparison, the annual additional
streamflow values in Table 5 are between zero and 4.4% of the Serpentine Reservoir
average inflow of 39.8 GL/yr. For salt-load, the annual values in Table 4 are between
zero and 8.2% of the Serpentine Reservoir average inflow of 6,700 tonnes/yr. In terms
of salinities, the peak value of salt-load of 546 t/yr for 2015 from the O'Neil-to-McCoy
mine area would result in a salinity increase to the average Serpentine Reservoir inflow-
salinity of about 6.3 mg/L; such a change in salinity would probably not be detectable
over natural variation.
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Table 6: Estimated stream inflows, salt-loads and salinities for the Serpentine
Reservoir.

Year

Stream
Inflow
(GL/yr)

Salt Load
1000s *

(tonnes/yr)
Salinity
(mg/L) Year

Stream
Inflow
(GL/yr)

Salt Load
1000s *

(tonnes/yr)
Salinity
(mg/L)

1970 88.5 12.6 142 1989 26.1 5.6 214

1971 59.3 10.8 182 1990 35.5 7.4 209

1972 45.8 8.5 185 1991 59.9 7.6 127

1973 101.3 10.8 107 1992 56.5 8.4 148

1974 124.5 16.3 131 1993 28.8 6.6 229

1975 54.1 15.4 285 1994 25.8 6.2 242

1976 40.4 14.5 359 1995 40.0 6.5 164

1977 19.3 5.3 275 1996 61.2 6.5 107

1978 35.2 5.6 159 1997 22.7 4.5 199

1979 14.3 3.5 243 1998 24.7 5.1 205

1980 28.7 4.5 158 1999 35.5 5.2 148

1981 55.4 5.8 105 2000 41.1 5.4 131

1982 20.9 5.1 243 2001 7.7 2.8 365

1983 64.7 7.3 113 2002 18.2 3.1 170

1984 40.4 6.7 166 2003 26.1 3.7 141

1985 28.3 6.2 218 2004 17.8 3.3 184

1986 26.6 5.9 220 2005 22.6 3.9 174

1987 23.5 4.9 209 2006 7.1 2.1 297

1988 56.4 6.8 121 2007 26.3 4.0 151

Salinities are average flow-weighted. Avg. 39.8 6.7 168

A worst-case scenario can be generated by assuming that the 11 year series of additional
streamflows and salt-loads occurs during the lowest-flow period in Table 6. This worst
case period happens to be the last 11 years of Table 6, which is 1997 to 2007, with an
average flow of 22.7 GL/yr or 57% of the 1970 to 2007 average. The average salt-load
during this period was 3,900 tonnes/yr and the average salinity was 172 mg/L. Table 7
shows the results of this simulation. It should be noted that the additional surface-runoff
calculated for Table 7 uses the observed rainfall data from the Cameron West
pluviometer (Station No: 509569) factored to the cell location in the model. It can be
seen that the maximum inflow-salinity increase is 11.2 mg/L (6.6%) in 2014. The
minimum inflow-salinity increase is no longer zero but -5.9 mg/L (-1.6%) in 2013; as
2001, which is the year used to supply the data for the simulated year 2013, was a very
low flow year, the additional water from the mining response actually reduced rather
than increased inflow-salinities. It is unlikely the salinity changes in Table 7 would be
detectable over natural variation.

An alternative scenario, and probably the best-case scenario, is to take the highest-flow
11 year sequence from Table 6. The highest-flow period is the first 11 years, that is
1970 to 1980, and Table 8 shows the results for such a simulation. It can be seen that
the average annual salinity-increase is 2.0 mg/L and the largest is 3.3 mg/L. The year
2015 has returned a negative increase of -1.9 mg/L for this scenario. It is unlikely that
any of the salinity changes in Table 8 would be detectable above natural variation.
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Table 7: Estimated additional streamflow, stream salt-load and stream salinity for the
Serpentine Reservoir inflows using the information for 1997 to 2007 as worst-case
Serpentine Reservoir stream-inflows.

Simulation
Year

Information
Year

Extra
Streamflow

(ML/yr)

Extra Salt
Load

(tonnes/yr)

Salinity
Change
(mg/L)*

2009 1997 22 5 0.0

2010 1998 203 68 1.1

2011 1999 675 209 3.0

2012 2000 1,192 361 4.9

2013 2001 911 281 -5.9

2014 2002 1,596 493 11.2

2015 2003 1,616 494 9.6

2016 2004 1,033 310 6.4

2017 2005 861 262 4.8

2018 2006 452 135 0.1

2019 2007 379 118 2.3

Sum 8,941 2,735 4.6

Note: * - Salinities are average flow-weighted

Table 8: Estimated additional streamflow, stream salt-load and stream salinity for the
Serpentine Reservoir inflows using the information for 1970 to 1980 as best-case
Serpentine Reservoir stream-inflows.

Simulation
Year

Information
Year

Extra
Streamflow

(ML/yr)

Extra Salt
Load

(tonnes/yr)

Salinity
Change
(mg/L)*

2009 1970 30 7 0.0

2010 1971 204 68 0.5

2011 1972 447 138 1.2

2012 1973 1,383 419 2.6

2013 1974 1,916 592 2.7

2014 1975 1,591 491 0.7

2015 1976 1,501 459 -1.9

2016 1977 973 292 1.2

2017 1978 814 247 3.3

2018 1979 405 120 1.5

2019 1980 379 118 2.0

Sum 9,642 2,951 2.0

Note: * - Salinities are average flow-weighted
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7. DISCUSSION AND CONCLUSION
A review of the soil and groundwater salinities and stream salinities for the O'Neil-to-
McCoy mine area found them to be not atypical for the rainfall locality. As expected
there was a large variation in soil salinity: borehole average VTSS varied from
0.12 kg/m3 to 3.0 kg/m3, with a mean of 0.53 kg/m3. Groundwater salinities had a
similar variation, from 72 mg/L to 3,444 mg/L, with a mean of 509 mg/L. Stream
salinities varied across a much smaller range and were found to be average for the
rainfall zone and to have a dependency on rainfall conditions; the present below-average
period of rainfall, defined as being post-1999, had a lesser stream-salinity than did the
earlier data. A review of depths to groundwater (DTWs) for the O'Neil-to-McCoy area
found that they were increasing in response to the below-average rainfall, and this
decline in groundwater levels is probably the reason for decline in stream salinities.

As DTWs for the O'Neil-to-McCoy mine area were at or near the soil surface for
significant sections of the valley-floors across the area, the groundwater system would
already be contributing to streamflow. This is a very different situation from that found
within the CEME directly to the south of the O'Neil-to-McCoy mine area, where
groundwater intersection with the soil surface is virtually absent. These shallow
groundwaters of the O'Neil-to-McCoy area rendered more complex assessing the effects
of mining on stream salinity and emphasised the need for a deterministic groundwater-
model in the salinity risk assessment process. The model used was a five-point stencil,
explicit-solver form, as it permitted a fine grid-scale and the accurate definition of both
orebody areas and groundwater-discharge areas.

The modelling concluded that there will be streamflow, stream salt-load and stream
salinity increases due to the mining of O'Neil to McCoy; but the salinity increases
within the Serpentine Reservoir will probably be undetectable over natural variation.
The actual response was dependent on the rainfall regime and resultant streamflow and
stream salt-load assumed to occur at the time of mining. For instance, using the
historical record of 1970 to 2007, worst-case and best-case scenarios were developed.
The worst-case was the rainfalls, streamflows and salt-loads from the period 1997 to
2007, when the worst-year annual-increase in stream-inflow salinity to the Serpentine
Reservoir was 11.2 mg/L; the average increase over the 11 years of this scenario was
4.6 mg/L. Using the best-case period, 1970 to 1980, the worst-year annual-increase in
stream-inflow salinity to the Serpentine Reservoir was 3.3 mg/L and the average over
the 11 years was 2.0 mg/L. The Serpentine Reservoir 1970 to 2007 annual inflow-
salinity varied from 107 to 365 mg/L with an average of 168 mg/L; it is very unlikely
that the salinity changes simulated as being associated with mining could be detected
over such a large natural variation. In terms of the duration of responses, the peak salt-
load increase was in 2014 and by 2019 at simulation end salt-load had reduced to 24%
of the peak value (Table 5); it would be expected that pre-mining values would be
achieved around 2025.
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APPENDIX Observed Groundwater Responses in the Cameron
Catchments
Figure A 1 shows the locations of piezometers that have depth to water (DTW)
responses to mining in the Cameron West and Cameron Central catchments. The largest
and quickest responses have occurred in bores at or near the edges of cleared areas. The
three streamzone piezometers in the northern section of the map have taken four years to
respond after initial clearing. The average peak response for all bores was 2.6 in with an
average depth of 22.1 in.
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Figure Al: Location of the groundwater piezometers in the Cameron catchments for
which a groundwater response to mining has been observed.
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Table Al: Observed groundwater responses due to mining in the Cameron catchments.

Site Name Peak
Response (m)

Approx
Depth (m)

Year of Clearing Year of
Response

L4511-1A 4.0 5 2003, 2006 2007
L4513-2B 2.0 8 2003-2005, 2008 2007
L4514-2A 2.0 8 2003-2005, 2008 2007

L4522-C1A 3.0 29 2003, 2004,
2006, 2007

2005

L4522-C6B 0.5 32 2004-2007 2007
L4524-5A 3.5 37 2006, 2007 2007

L4525-13A 1.5 26 2006 2007
L4525-14A 4.5 20 2004 2006
L4526-1A 5.0 20 2003, 2004 2005
L4602-2A 1.5 19 2005, 2006 2006
L4602-3A 0.7 29 2003, 2004 2008
L4602-4A 5.2 19 2004 2005

L4603-15A 1.5 27 2004, 2005 2006
L4603-16A 1.7 27 2004, 2005 2006

L4603-C12A 1.7 25 2005, 2006 2006

Averages 2.6 22.1

L4622-8A Gordon
Control

Table A2: Average observed groundwater responses for different proximities to mining

Proximity to
Clearing

Average Peak
Response (m)

Average Depth
(m)

Edge of Clearing 3.8 25.2

150m 1.3 26.5

Stream Zone 2.7 7.0

41 Water & Environmental Consultants



1.9

al 6
E

7

°- 8
.c

9
C)

10

4

10

L4611-1A

Control

98 99 00 01 02 03 04 05 06 07 08

10

12

14

4-14513-2B
---Control

98 99 00 01 02 03 04 05 06 07 08

to 7 -
E

8
ev

4S 9
.0
O.

10
c

11

98 99 00 01 02 03 04 05 06 07 08

4-14514-2A
Control

27

28

(.9
£0

E 29

Ifs

30
0

n. 31
0

32

0L4522-C1A
---Contro

98 99 00 01 02 03 04 05 06 07 08

16

18

10.5

12.5

14.5

16.5

18.5

11.5

13.5

15.5

17.5

11.5

13.5

15.5

17.5

42 Water & Environmental Consultants



29

3 30
03

E

0 31
ca

0
fa 32
0a

L4522-C6B

Control

33
98 99 00 01 02 03 04 05 06 07 08

36

37
£9

E

38

0
f, 39 -a
0a

*L4524-5A
Control

40
98 99 00 01 02 03 04 05

22

23

(.D

24

R 25

26--
o.
0

27 -

06 07 08

*L4525-13A
--Control

20

98 99 00 01 02 03 04 05 06 07 08

12

14

16

18

10

12

14

16

18

11.5

13.5

15.5

17.5

21

(in 22

E
iz 23

24
04-
.ca 25

26

98 99 00 01 02 03 04 05 06 07 08

19.5

43 Water & Environmental Consultants



18

20

CO 22
E

24

o 26

t i.
280
30

26

0:1' 27
03

E

4) 28

.C=

fi. 29

C)

30

98

L4526-1A

Control

98 99 00 01 02 03 04 05 06 07 08

98 99 00 01 02 03 04 05 06 07 08

99 00 01 02 03 04 05 06 07 08

98 99 00 01 02 03 04 05 06 07 08

12

17

12

14

16

18

20

11

13

15

17

19

10.5

12.5

14.5

16.5

18.5

44 Water & Environmental Consultants



10.5

12.5

14.5

16.5

18.5

27

28

29

-4L4603-15A
&Control

98 99 00 01

24

29

98 99 00 01 02 03 04 05 06 07 08

02 03 04 05 06 07 08

22

23

24

25

26 -

10.5

12.5

14.5

16.5

18.5

*--14603-C12A
----Control

27 -

28

98 99 00 01 02 03 04 05 06 07 08

11

13

15

17

19

Figure A2: Hydrographs of the groundwater piezometers in the Cameron catchments
for which a groundwater response to mining has been observed.
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