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Abstract
The Wallal Aquifer System (WAS) is a predominantly confined aquifer in the West Canning
Basin (WCB), Western Australia. It is located 150 km east of Port Hedland and is a major
water supply for the Pilbara region. There have been several water supply assessments carried
out in the WCB; none however challenge the underlying hydrogeological conceptualisation
that was developed in the 1970s. The aim of this investigation is to challenge the prevailing
hydrogeological conceptualisation, particularly assessing recharge potential from the
immediate south of the study area.
3-D geological modelling was used to create multiple realisations of the stratigraphy using a
range of possible depositional and post depositional processes. Multiple methods for recharge
estimation were used in the investigation due to the inherent uncertainty with each method,
particularly in arid environments. Each of the geological models was discretised into
groundwater flow models and calibrated. Each model differed in the degree of heterogeneity
and complexity with the most simplistic model giving the lowest error under steady state
simulation. However, under transient simulation the most complex model enabled the most
successful simulation of the hydrodynamics following a major storm event. The modelling
shows that there is potentially a significant additional volume (40 GL/a) of groundwater
available from the WAS providing impacts to existing users can be managed. This study also
showed the WAS does receive surficial recharge from cyclonic events in the south of the
study area, but not as a widely spread diffuse flux, but rather limited to discrete recharge
windows associated with likely palaeochannels.
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Introductory Statement
The Wallal Aquifer System (WAS) is a complex multi-layered aquifer in the West Canning
Basin (WCB), Western Australia. It is an extensive generally confined aquifer located east of
Port Hedland and extending as far north east as the Dampier Peninsula. It is a major potential
water supply for both Port Hedland and the Pilbara region, important mining/industrial areas.
Port Hedland is located approximately 1,630 km north of Perth, a major port facility for
transport of bulk commodities and the largest town in the Pilbara region.
Port Hedland has undergone significant expansion over the last decade with the growth of the
iron ore industry. With the increase in the Ports capacity, there is an associated increase in
demand for both non-potable water (industrial purposes) and potable water (consumptive
use). The economic expansion in the region is partly constrained by the availability of a
reliable potable and non-potable water supply (DoW, 2013). The Geological Survey of
Western Australia (GSWA) undertook investigations in the 1970s in the WCB (Leech, 1979;
Rowston, 1973) which have formed the basis of the Department of Water (DoW) allocation
planning for the region (DoW, 2013). The GSWA studies estimated that the WAS has 50
GL/a of potable water in storage and that rainfall recharge was 6% of annual rainfall where
the confining unit (Jarlemai Siltstone) is absent in the allocation area (Figures 1 and 2). There
is significant pressure from industry, agriculture and for public water supply to extend
abstraction beyond the current allocation limit of 30 GL/a.

Figure 1: Showing the cross hatched area where rainfall recharge along the southern
boundary is assumed to occur (Source: Aquaterra, 2010).
In 2010, the DoW commissioned development of a steady state groundwater numerical model
for their WCB allocation study (Aquaterra, 2010). This model utilised the data and
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hydrogeological conceptualisation of Leech (1979) with surficial Wallal aquifer recharge
assumed to occur along the southern boundary of the domain where the Broome Sandstone is
thought to directly overly the Wallal aquifer. Inflow to the WAS also occurs from the south
east and this was modelled as a constant head boundary. The model achieved a good
calibration to the available data; however, was sensitive to changes in hydraulic conductivity
and rainfall recharge. The study estimated recharge to the WAS is 21 GL/a from the constant
head boundary to the east and from rainfall recharge (2.5% of annual average rainfall).

Figure 2: North-south cross section of the Aquaterra (2010) visualisation of the Leech (1979)
conceptual model with rainfall entering the Wallal Aquifer in the south.
None of the previous studies in the WCB study area have addressed the uncertainty in the
hydrogeological conceptual model developed by Leech (1979) and Rowston (1973). The
numerical modelling recognises uncertainty in the hydraulic parameters assigned, but none of
the studies have challenged the underlying conceptualisation. In addition, none of the
previous studies have attempted to quantify recharge to the WAS along the southern
boundary, they have assumed it occurs as per the hydrogeological conceptualisation
developed by Leech (1979). The recharge of the WCB is likely dominated by episodic rainfall
from cyclonic activity.
Aim
The aim of this investigation is to challenge the prevailing hydrogeological conceptualisation
for the study area, particularly assessing the potential volume of recharge entering the Wallal
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aquifer from the immediate south of the study area. This will be achieved by initially
assessing uncertainty and heterogeneity in hydrogeological conceptualisation. Uncertainty in
the conceptual model will be addressed by generating 3-D geological models of the possible
stratigraphy using multiple theories of deposition and post depositional processes.
Once the 3-D conceptual models have been developed, the second stage of the study will aim
to quantify recharge, a key component in identifying a sustainable yield for an aquifer system.
Multiple methods for recharge estimation will be used to provide a range of possible recharge
fluxes. The range of recharge fluxes will be subsequently tested using Modflow numerical
groundwater model for each conceptualisation, the observed data and quantitative and
qualitative calibration measures.
Significance and Outcomes
The outcome of this investigation will be to challenge the current hydrogeological
conceptualisation for the study area to gain a better understanding of recharge processes in the
WAS. This further assessment of recharge will support groundwater allocation decisions,
potentially increasing the available groundwater resources. In addition, the study will make
recommendations significant to the wider scientific community in dealing with conceptual
uncertainty.

Literature Review
Heterogeneity and Uncertainty in Hydrogeological Conceptualisation
De Marsily et al., (2005) undertook a review of the history of dealing with heterogeneity in
hydrogeology. “Hydrogeology has been too much inclined towards hydraulics and solving
flow equations and not enough towards geology and understanding/describing the rock
structure, facies and properties in a geologically realistic manner,...” (De Marsily et al., 2005).
There are generally two sources of uncertainty in groundwater numerical modelling, firstly
the underlying hydrogeological conceptualisation used to build the model framework, and
secondly the hydraulic parameters used in the model (Galloway, 2010). Numerical solvers can
also impart uncertainty in model predictions but if model design follows best practise this can
be kept to a minimum (Barnett et al., 2012).
A conceptual model has been described as a simplified realisation of a complex system in
preparation of numerical modelling (Robins et al., 2005). However, hydrogeological
conceptualisation serves a broader purpose; it is the initial step for most hydrogeological
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investigations. Conceptualisation is constrained by the availability of data for the area of
interest, the experience and technical competence of the hydrogeologist, along with the spatial
and temporal scale of the study area. Conceptualisation is often somewhat subjective,
regardless of the density of data points for a particular area. Sound judgement is required,
assumptions are made and uncertainties and heterogeneities are dealt with in varying degrees
of resolution (often constrained by budget or time).
Heterogeneity in hydraulic properties of aquifer systems is brought about by the physical and
chemical processes that control the depositional dynamics of hydrostratigraphic units
(Koltermann and Gorelick, 1996). Hydraulic properties such as hydraulic conductivity and
porosity, are strongly correlated to sediment properties such as texture, sorting orientation and
packing (Koltermann and Gorelick, 1996). There are multiple scales of heterogeneity in
hydraulic properties associated with aquifer systems ranging from a pore scale where grain
size, shape and sorting orientation give rise to heterogeneity at a millimetre scale. While at a
basin scale, geologic structures, hydro-facies trends and regional lithofacies govern
heterogeneity over the square kilometre scale (Koltermann and Gorelick, 1996).
Representative Elementary Volume (REV) describes how heterogeneity at a micro scale is
averaged and up scaled to a larger representative volume (Bachmat and Bear, 1987). The
quantum of the volume is referred to the REV which differs depending on the scale of the
mechanism of interest.
Often measurements of hydraulic conductivity are undertaken at a pore scale through core
sampling, aquifer testing and tracer studies which are then up scaled to a basin scale in order
to conceptualise the hydrologic processes of the system. Hydraulic parameter estimation has
been undertaken in both field and laboratory environments, empirical relationships have been
established based on particle size distribution and the likely range for most sediment types is
well known. The greater uncertainty lies in the (Koltermann and Gorelick, 1996):
•

up scaling of hydraulic parameters from site to basin scales,

•

spatial extent and geometry of the hydrostratigraphic unit,

•

the hydraulic relationship of a particular hydrostratigraphic unit with neighbouring
units, and

•

the degree of heterogeneity associated with hydraulic parameter distribution within
the unit (i.e. secondary porosity features).
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The process of groundwater flow in sedimentary basins is dynamic. Over time, as basin
evolution occurs through periods of sedimentation, tectonics, uplift, erosion, compaction,
lithification and diagensis, these processes drive changes in recharge-discharge dynamics,
hydraulic conductivity and subsequently groundwater flow in sedimentary basins (Kreitler,
1988). There is significant anisotropy and heterogeneity in hydraulic conductivity in
sedimentary basins due to variations in the depositional processes during basin filling
(Kreitler, 1988). Low stand depositional environments result in higher energy, erosion
dominant environments with coarse grained well rounded fluvial fill being deposited with a
high hydraulic conductivity. Due to eustacy or subsidence, high stand environments result in
much lower energy depositional environments, where clays and silts dominate the
sedimentary fill resulting in much lower hydraulic conductivity strata (Fitts, 2013). The cyclic
nature of these processes typically results in the alternating sequence of higher and lower
hydraulic conductivities causing anisotropy in sedimentary basin aquifer systems. Post
depositional processes, including erosion and redistribution of sediments from palaeodrainage
systems adds further complexity and heterogeneity of hydraulic conductivity. Palaeodrainage
networks (predominantly of Cenozoic age) are important large scale features that dominate
semi arid and arid Australia, including the Canning Basin (Magee, 2009).
3-D geological models have become important tools in dealing with uncertainty and
heterogeneity in sedimentary basins. The hydrocarbon industry pioneered the development of
3-D geological models that characterised the heterogeneity of the reservoirs of interest by
drawing upon the multitude of data sets including advanced analysis of depositional
environments, geophysics (seismic and wire line logging) and outcrop interpretation (De
Marsily et al., 2005). Koltermann and Gorelick (1996) undertook a comprehensive review of
the development of 3-D geological models and identified three main types; including,
structure imitating, process imitating and descriptive models. Structure imitating methods
incorporate spatial statistics, probabilistic rules, and deterministic constraints to estimate
geologic relations in aquifer systems. Process imitating methods use mathematics to solve the
physical depositional processes in the sedimentary filling of basins. Descriptive methods
involve dividing study areas in to zones by synthesising hydraulic properties and geologic
observations into a conceptual depositional model. There are also hybrid approaches that
mostly couple descriptive methods and structure imitating methods. The descriptive methods
are used to develop the regional to local scale framework with the spatial statistics used to
produce local to fine scale heterogeneity (Koltermann and Gorelick, 1996).
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3-D geological models have been used in numerous groundwater numerical modelling studies
(Artimo et al., 2003; Chen et al., 2012; Ouellon et al., 2006; Robins et al., 2004; Gill et al.,
2011). 3-D visualisation of the sub-surface enables a better understanding of the key
hydrostratigraphic units and their relationship to one another (Gill et al., 2011). In summary,
the above studies used 3-D geological modelling to develop conceptual models to assess the
degree of uncertainty and heterogeneity of complex systems by incorporating depositional
processes in the conceptual model development. The above studies used 3-D geological
modelling to allow simple volumetric analysis of recharge which incorporated an assessment
of the overlying hydrostratigraphic units easily visualised in 3-D models. Ouellon et al., 2008
used a 3-D modelling approach to not only develop a geological model by geological unit but
used the same approach to develop a hydrofacies model of the complex sedimentary basin in
Canada. The use of 3-D geological models allow different conceptualisations to be developed
in relation to different depositional and post depositional theories in order to test uncertainty
and heterogeneity in data poor study areas, which is a recommendation in the Australian
groundwater modelling guidelines (Barnett et al., 2012).
The early classic groundwater flow hydraulic equations by Darcy (1856), Dupuit (1857),
Theim (1906) and Theis (1935) developed numerical solutions for flow in porous media. All
of the early models involved the lumping of heterogeneity of complex systems into
homogeneous units by using spatially averaged parameters, these models remain the
cornerstone of contemporary aquifer hydraulics (De Marsily et al., 2005). In the 1960s,
hydrogeologists developed conceptual models that consisted of a “layer cake” system of
aquifers, aquitards and aquicludes which included leakage and fluxes between layers. These
early conceptual models started to develop heterogeneity into the homogeneous numerical
paradigm (De Marsily et al., 2005). Numerical modelling, developed originally from
electrical analogues in the 1960s, advanced quantitative hydrogeology significantly.
Numerical modelling allowed a new level of heterogeneity to be included in flow and
transport simulations. Limitations remained in the numerical approach, spatial averaging of
hydraulic parameters was still required but typically at a smaller scale. Up scaling of locally
derived hydraulic parameters obtained from aquifer testing using the early analytical
equations applied an averaging of heterogeneity in aquifers (De Marsily et al., 2005).
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Multiple types of parameter estimation software have been developed for model calibration to
identify the optimal set of hydraulic parameters that minimise the difference between
modelled and observed measurements. When applied correctly this can quantify the
uncertainty in parameters used in the model (Bredehoeft, 2005). Good calibration doesn’t
ensure the correct conceptualisation, nor does it ensure accurate predictions. Often the same
data fits different conceptualisations equally well (Bredehoeft, 2005). Bredehoeft (2005)
undertook a review of hydrogeological conceptualisation particular where the initial
underlying conceptualisation employed in numerical modelling studies proved to be incorrect.
He found there were flaws in the underlying conceptualisation in 20-30% of the projects
reviewed (n=16). A conceptual model is developed with numerous subjective and qualitative
interpretations, numerical modelling should be used to test the conceptual model in an
iterative framework as the knowledge base for the study area develops, “geologic report is
always a progress a report” (Bredehoeft, 2005). Contemporary numerical modelling studies
typically present the study outcomes as the only version of truth and do not highlight the
uncertainty in the conceptualisation employed in the model design.
In hydrogeological studies, particularly those involving numerical modelling, criticism of
conceptualisation tends to be the focus of other hydrogeologists. Yet the uncertainty in the
applied conceptualisation, nor its implications in terms of uncertainty, is rarely quantified or
tested. The Australian groundwater modelling guidelines addresses this short fall by moving
towards testing multiple conceptualisations (Barnett et al., 2012). Ye et al., (2009) used this
approach by testing multiple conceptual models in conjunction with multiple recharge
estimates derived from different recharge models. This approach was taken to assess the
model uncertainty under different conceptual and recharge hypotheses. A total of 25 different
models were tested and calibrated against the same observation data. This study found that the
model predictions were more sensitive to the different conceptual models (which resulted in
different flow patterns) compared to different recharge fluxes (effects limited to top layers of
the model domain). The study also found that multiple model combinations (i.e. different
conceptual and recharge models) produced similar calibration residuals for the majority of
calibration points with the exception of head differences in certain areas of the model domain
(Ye et al., 2009). This study demonstrated the testing of multiple conceptual and recharge
models provides rigor in the assessment of model uncertainty.
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Poeter and Anderson (2004) developed a multi-model ranking system to statistically identify
the best model that honours the observed data from a suite of different models for the same
study area. The authors tested multiple conceptual models to the same set of observed data.
The calibration statistic, the weighted sum of squared residuals (WSSR), was then used as the
basis for determining the model that minimised the information loss across the different
models tested. This was done using the Akaike Information Criterion (AICc):
Eq 1.
AICc = nlog(σ2) + 2k + (2k(k+1))
n-k-1
Where n is the number of observations, k is the number of parameters, σ2 is the WSSR/n
(Poeter and Anderson, 2004). The AICc is calculated for all of the models tested, with the
model with the lowest value representing the best model that honours the observed data,
minimises information loss while optimising model parsimony. Models can be compared to
the best fit model with the lowest AICc (AICc min ) by computing the difference with the model
of interest (AICci) (Poeter and Anderson, 2004):
Eq 2.
Δi = AICci - AICc min
Lower Δi values represent a closer fit to the most representative model tested. Another
method for further weighted comparison was developed using a simple transformation that
provides a posterior model probability.
Eq 3.
wi =

exp-0.5 Δi

∑𝑅𝑗=1 𝑒𝑥𝑝 − 0.5𝛥𝑗

w i reflects the weight of evidence in favour of the model i being the model with the lowest
AICc (Poeter and Anderson, 2004). The combination of these ranking methods allows
multiple models to be compared in terms of honouring the observed data, minimising
information loss and optimising model parsimony using a systematic non-biased approach. By
using numerical modelling to test multiple conceptual models and a range of recharge fluxes
the most accurate combination can be statistically determined using multi-model ranking
method described above.
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Quantification of Recharge
Quantification of recharge is important for groundwater resource evaluation, it allows for the
assessment of a sustainable yield to ensure that storage is not being depleted and thus
preserving future access to the water resources. There are two major recharge processes,
diffuse recharge that occurs uniformly over large spatial areas and focussed or localised
recharge that occurs in concentrated areas (i.e. depressions in the landscape) (Scalon et al.,
2002). Development of a conceptual model that allows the collation of geologic, topographic
and geomorphic elements of an arid zone aquifer system is important for identifying
depressions which form focussed recharge areas in arid environments (Scalon et al., 2002).
Recharge in arid environments is affected by:
•

climatic processes including the temporal pattern and intensity of rainfall, along with
temperature, wind speed, and solar radiation as these drive evapo-transpiration
potential;

•

topography by providing elevation head for flow to occur under gravity and
depressions in the landscape for the accumulation of run-off;

•

vegetation species and density, for example high density vegetation increases soil
moisture depletion and interception losses decreasing recharge;

•

soil texture which dictates the characteristics of the water retention curve controlling
infiltration and deep drainage capacity; and

•

the hydraulic characteristics (hydrostratigraphy) of the underlying geology (Scalon et
al., 2002).

Each of these components controls recharge to varying degrees. If the climate and soil profile
facilitate a high rate of infiltration and recharge exceeds the permeability of the underlying
saturated geologic bedrock, the bedrock becomes the controlling factor that governs recharge,
resulting in a relatively shallow water table (humid climates) (Sanford, 2002). If the saturated
zone can transmit water faster than the rate of recharge (i.e. climate or soil constraints) it will
result in relatively deep water table conditions (arid conditions) (Sanford, 2002). The
processes that control recharge vary regionally according to the inherent variability in surface
soils, topographic relief (including the depth to the underlying bedrock) and rainfall
distribution (Sanford, 2002). In arid environments, the water tables are often deep below the
surface, focussed recharge in topographic lows occurs where run-off can accumulate to
exceed soil water deficit and infiltrate below the root zone of vegetation (Scalon et al., 2002).

14

There are multiple methods for quantifying recharge, each method has an optimal
hydrological environment where it is best applied. Flint et al., (2002) used multiple methods
to provide a robust estimation of recharge in an arid environment by incorporating chloride
mass balance, environmental isotopes and numerical modelling. Unsaturated zone techniques
are often applied in semi-arid to arid environments due to the large depth to the water table,
which often provide only estimates of potential recharge (Scalon et al., 2002). For recharge to
occur in deep water tables in semi-arid and arid environments, water needs to percolate
through a large unsaturated thickness of highly heterogeneous sedimentary fill. Estimation of
the flux of water that passes the root zone does not necessarily correlate to recharge in deep
water table settings, low permeability units can retard or deflect the vertical flux of water
(Scalon et al., 2002). There are numerous methods to quantify recharge in unsaturated
environments including mass balance, empirical relationships (by soil and vegetation type)
hydrograph analysis, tracer techniques using applied, historic or environmental tracers and
numerical modelling (Scalon et al., 2002).
Numerical modelling in recharge studies should be used as a supportive tool in conjunction
with other methods to estimate recharge (Scalon et al., 2002). Although there are multiple
numerical models available to simulate the vertical movement of water in the soil profile they
often don’t cope well with secondary hydraulic features that affect the flux of sub-surface
water, including biopores, macropores, aggregation of soil particles (Bloschl and Sivapalan,
1995). Common models used to predict infiltration include Richards’s equation (Hydrus 1D,
2D and 3-D and Feflow) and the Green-Ampt model. Richard’s equation and Green-Ampt
equations apply at small scales with less sensitivity to heterogeneity. At large spatial scales or
in areas where heterogeneity is more prominent, multiple models must be used to account for
variations in hydraulic parameters (Bloschl and Sivapalan, 1995).
The water table fluctuation method has been used to estimate recharge in multiple studies
including (Healy and Cook, 2002). The method assumes the rise and fall of water level in
unconfined aquifer system is in response to recharge, with the recharge volume a function of
the seasonal difference in hydraulic head and specific yield of the aquifer. This method
provides a regional quantification of annual recharge in order to provide an order of
magnitude in recharge flux. This method works particularly well when coupled with a 3-D
geological model as it allows the calculation of change in aquifer storage volume (Gill et al.,
2011).
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Hydrostratigraphy and Geology for the WCB Study Area
The study area forms the western part of the pericratonic Early Ordovician to Early
Cretaceous Canning Basin of Western Australia. The Basin consists of a sequence of
Cretaceous, Jurassic, Permian and Ordovician sediments non-conformably overlying an
Archaean and Proterozoic basement. The main structural elements, which control the
depositional development of the Canning Basin, developed prior to and during the
Precambrian period (Towner and Gibson, 1983; Williams et al., 1976). The focus of this
review is the major Mesozoic hydrostratigraphic units for the WCB study area. The
discussion begins with the Permian stratigraphy as it relates to the lower boundary of the
aquifer units.
During the Mid Carboniferous to Early Permian, Australia was in a period of glaciation. In
the study area the Basin wide deposition of glacial, fluvial and marine sediments of the Grant
Group occurred (SRK, 1998). The Permian sequence overlies Ordovician depositional units
or Precambrian basement in the WCB study area. The Wallal Embayment consists of an
ancient glacial U-shaped palaeovalley that forms the current day Oakover River Basin in the
south east of the study area. The Paterson Formation outcrops in the Oakover River Basin
where scattered boulders, cobbles and pebbles weathered from an underlying diamicite
component of the Paterson Formation are visible in the valley (GSWA, 2004). The Paterson
Formation is a lacustrine to fluvio-glacial, laminated claystone and siltstone containing glacial
drop stones (WorleyParsons, 2013). The Paterson Formation is an aquitard that underlies the
Wallal Aquifer in the East of the study area.
During the Late Triassic to Early Jurassic a regional unconformity identifies a tectonic event
known as the Fitzroy Movement (SRK, 1998). This was an important structural event for the
deposition of the Mesozoic hydrostratigraphic units, as it restricted the extent of the maximum
flooded surface and marine deposition (Jarlemai Siltstone). The area where the Jarlemai
Siltstone is absent defines the area where rainfall recharge to the Wallal Sandstone, via
surficial formations, could occur (WorleyParsons, 2013).
Wallal Sandstone

The Wallal Sandstone is a sequence of continental to near shore marine sandstone, Early to
Middle Jurassic in age, and has a variable estimated thickness of up to 220 m
(WorleyParsons, 2013). It non-conformably overlies the Archaean basement in the western
portion of the study area, and rests on Permian clays and shales to the east of the study area in
the Wallal Embayment. The Wallal Sandstone is the major predominantly confined aquifer in
16

the study area, and is consists of well rounded, well sorted, coarse to fine grained sands with a
laterally continuous 1-2 m thick unit of well rounded, gravel to pebble sized grains at depth
(Towner and Gibson, 1983). The Wallal Aquifer is a high storage highly conductive aquifer
owed to the largely coarse grained sediments deposited under a fluvial setting and is artesian
along the coast in the north of the study area.
The source material for the Wallal Sandstone is a mixture of clean siliceous sediment,
rounded banded iron formation and other detrital material derived from south of the study
area (WorleyParsons, 2013). The Wallal Sandstone is extensive across the Canning Basin and
is known to occur along the coast to the north east extending offshore (WorleyParsons, 2013).
Alexander Formation

The Late Jurassic Alexander Formation overlies the Wallal Sandstone across the Canning
Basin. The Alexander Formation is a shallow marine, fine to medium grained sandstone with
interbedded siltstone and mudstone (Towner and Gibson, 1983). The areal distribution of the
Alexander Formation matches the extent of the Wallal Sandstone. The Alexander Formation
outcrops in the areas covered by the Noonkanbah, Mount Anderson and McLarty Hills
1:250,000 GSWA geological mapping series (GSWA, 1982, 1981, 1980). In areas of outcrop,
cross bedding and ripple marks have been commonly recorded, along with shelly clasts
(GSWA, 1982). The Alexander Formation is described in the Mount Anderson 1:250,000
GSWA explanatory notes as a prospective aquifer (GSWA, 1982). Across the study area, the
Alexander Formation is relatively thin and is primarily a low permeability aquifer between the
Wallal Aquifer and the Jarlemai Aquitard.
Jarlemai Siltstone

The Jarlemai Siltstone outcrops in the Mount Anderson 1:250,000 GSWA map sheet area
forming cliffs, where it is described as a deep marine deposit (GSWA, 1982). Jarlemai
Siltstone is a light grey to black, puggy, silty clay; interbedded with silt and fine sand (Leech,
1979). It non-conformably overlies the Wallal Sandstone with a maximum thickness of 90 m
recorded (WCB25) and pinching out to the south (WorleyParsons, 2013). The Jarelmai
Siltstone is the major aquitard over the study area, confining the underlying Wallal Aquifer.
The Wallal Aquifer is artesian along the coast in the north due to the low permeability of the
Jarlemai Aquitard.
Callawa Formation

The Callawa Formation overlies and potentially interfingers with the Broome Sandstone in
the study area and consists of upper and lower units (WorleyParsons, 2013). The upper
17

Callawa Formation has been described as a very fine to coarse, poorly sorted sandstone with
conglomerate and siltstone, thought to be of fluvial origin (GSWA, 2004). Pebbles eroded
from Paterson Formation in the south east have been reported to have been re-deposited as
upper Callawa Formation, to the south (Traves et al., 1956). The lower Callawa unit
represents the tidal flat near shore marine depositional environment which was subsequently
overlain by the fluvial upper Callawa unit (WorleyParsons, 2013). This observation is
supported by GSWA 1:250,000 Yarrie Map series (GSWA, 2004) which shows the Callawa
Formation as having upper and lower units, with the upper unit consistent with fluvial
deposition (matrix supported pebble to cobble conglomerate) and the lower unit consistent
with lacustrine or littoral shallow marine facies (bioturbated claystone) (GSWA, 2004).
Where saturated, the upper Callawa Formation acts as an aquifer while the underlying lower
Callawa Formation has a much lower hydraulic conductivity and acts as a leaky aquitard.
Broome Sandstone

The Callawa Formation is overlain by the near shore marine Broome Sandstone in the
northern part of the study area. The Broome Sandstone is Early Cretaceous in age and
deposited as near shore marine sandstone and mudstone during the same period as the fluvial
Callawa Formation was deposited (Leech, 1979). The Broome Sandstone is described as a
fine to coarse sandstone, mudstone, minor conglomerate strongly cross-bedded, ripple marked
and bioturbated (Towner and Gibson, 1983). The Broome Sandstone may or may not be
laterally continuous in the study area. It is probable that the Broome Sandstone, which is
thickest to the north, pinches out or is laterally continuous with the Upper Callawa Formation
towards the south (WorleyParsons, 2013). The Broome Sandstone is the major unconfined
aquifer across the study area with the maximum saturated thickness closest to the coast. The
Broome Aquifer has been reported to have hydraulic conductivity of up to 7.5 m/d and
specific yield of 0.2 (Leech, 1979).

Methodology
3-D Conceptual Model Development
Multiple 3-D geological conceptual models for the study area were generated using Leap Frog
HydroTM (ARANZ Pty Ltd). Leap Frog HydroTM uses a proprietary implicit radial basis
function for interpolation. Data used in the development of the conceptual models included all
available drill hole data for the study area, surface geological mapping, Digital Elevation
Model (DEM), lithological logs, downhole gamma logs, resistivity logs and aquifer testing
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data. Publically available airborne electromagnetic (AEM) data for select areas of the basin
was also incorporated in 3-D model development. Three different models were developed for
the study area. All conceptual models utilised the same DEM for topography and basement
that was developed by GPX (2012).
The first conceptual model honours the accepted conceptual understanding of the study area
based on the numerical model developed for the DoW (Aquaterra, 2010). This study
predominantly used data obtained by Leech (1979) along with more recent drilling
information from drilling programs for the Shay Gap borefield and water supply study for
MolyMines (Aquaterra, 2007). This model referred to as the Basecase model is the most
simplistic stratigraphic interpretation with the least heterogeneity in the design.
The second conceptual model (referred to as the Reinterpretation model) includes a
reinterpretation of the existing data set undertaken as part of this study by examining the
natural gamma logs for each of the bores drilled in the study area (where available). The
gamma logs were analysed by calculating the shaliness index. This is a measure of the shale
composition in facies intervals within the stratigraphic column relative to the highest gamma
count, to provide a semi quantitative assessment of shale content. In addition, the gamma
traces for each of the logs were analysed to determine key marker signatures along with the
frequency of depositional verses erosional trends in order to identify potential depositional
environments

consistent

with

regression-transgression-regression

sequence

that

is

documented to have occurred for the study area (Leech, 1979).
The surface geological mapping available for the study area (GSWA, 2004) was used to
identify outcrop of key units in particular the Paterson Formation, where it underlies the
Wallal Formation in the Wallal Embayment. The Wallal Formation on laps the Paterson
Formation in the South East of the study area confirmed by WAPET drill log (Pandanus 1).
Geoscience Australia undertook an extensive AEM survey over the south east corner of the
study area. Depth conductivity slices were used from this survey to verify the Paterson (high
electrical conductivity) and Wallal (low electrical conductivity) contacts. The lower Callawa
Formation (or at least a higher electrically conductive unit) is also identifiable in the data set.
The AEM data set also showed a clear Wallal palaeoriver that controlled the deposition of the
Wallal Formation, used in the third conceptual model.
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The third conceptual model (referred to as the Palaeochannel model) included the potential for
Cenozoic palaeochannel reworking of the lower Callawa, Alexander and Jarlemai Formations.
The hypothesis being tested with this model is the potential for recharge windows in the south
to exist where coarse palaeochannel facies may hydraulically connect the Wallal Formation to
surface. A Multi Resolution Valley Bottom Flatness (MrVBF) map (GPX, 2012), identifies
areas of low relief within steeper terrain. This method has been used to infer the location of
Cenozoic and Mesozoic palaeochannel sediments within modern landscapes (Gallant and
Dowling, 2003; English et al., 2012). The wide flat valley bottom surfaces were used to create
polylines over the study area and used as erosional surfaces in the geological modelling. The
erosional palaeochannels were only included in the south of the model domain due to the
Wallal Aquifer being confined (i.e. hydraulic head greater than the base of the confining unit)
in the north inferring widespread shallow aquifer connection is unlikely. The Basecase,
Reinterpretation and Palaeochannel geological block models, provided the aquifer geometry
basis for the development of the groundwater flow models. The flow models were used to test
the different conceptual models against observed water level data for the study area.
Recharge Estimation
Given the lack of data and regional scale of the study area (i.e. scale dominated by primary
and secondary permeability controls), numerical recharge modelling was not deemed
appropriate. 1D unsaturated numerical models that could be used (SWIM, Hydrus 1D) require
numerous parameters with modelled outcomes often being highly sensitive to parameters with
a high degree of uncertainty. The purpose of this study is to test the underlying regional
conceptual models using observed water level responses so an upper and lower range of
recharge estimates is required to constrain this analysis.
With this objective in mind, multiple techniques were used to generate a total 39 recharge
values. A range of methods (Appendix 1) were employed, including empirical approaches
described in Leaney et al., (2011), hydrograph fluctuation method (Leech, 1979) and chloride
mass balance method (Scalon, 2002). Hydrochemistry, hydrograph data, surface soil and
vegetation characteristics from the unconfined system over the study area were used to
parameterise and inform the estimates.
The recharge estimates were then statistically analysed to determine which probability
distribution function (PDF) provided the best fit for the range of recharge values estimated.
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PDFs tested included normal distribution, 2 and 3 parameter gamma, 2 and 3 parameter log
normal distribution (Walpole et al., 2002). Chi-square tests were then carried out for each
PDF to determine the best fit to the calculated recharge estimates using a 99% confidence
criterion. The resulting mean, standard deviation and range of recharge values were then used
to constrain the recharge fluxes tested in the numerical model calibration.
Climate Data

All rainfall data used was sourced from Bureau of Meteorology for weather stations Pardoo
(4028), Wallal Downs (4046) and Yarrie (4068). The northern Pilbara coastline is
characterised as having an arid-tropical climate. Summer (October to April) is characterised
by extreme heat in excess of 40oC and high intensity, short duration, cyclonic rainfall events.
Winter (May to September) has low rainfall and more moderate temperatures. The peak
rainfall period coincides with elevated evaporation rates (Figure 3). The average annual
rainfall for Pardoo Station (BoM No 4028) is 327 mm/a with an average annual evaporation
of approximately 3,100 mm/a.
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Figure 3: Rainfall data for Pardoo Station (BoM Weather Station 4028), regional evaporation
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Sub-tropical low pressure systems deliver highly heterogeneous and spatially variable intense
rainfall events. The highest recorded monthly rainfall event at Pardoo Station (Source: BoM
4028) of 630 mm was recorded in March 2007.
Cyclone Rusty

Cyclone Rusty passed over the study area on the 27th of February 2013 with over 552 mm of
rainfall recorded at Pardoo station (4028) over a 3 day period. This rainfall event has provided
a very important recharge event that will be used in this study. Immediately prior to and since
Cyclone Rusty groundwater level loggers have been deployed across the study area. Recorded
water level data required barometric pressure compensation and correction for barometric
efficiency (Domencio and Schwartz, 1997). A hydraulic head change surface from Cyclone
Rusty was generated for the Wallal Aquifer in order show the distribution in rainfall recharge
response compared to the track of cyclone. The water level monitoring data from Cyclone
Rusty, forms the basis for testing the different recharge fluxes in the numerical models
developed for the study area.
Numerical Modelling
The aim of the numerical modelling aspect of the project is to test multiple conceptual models
that relate to recharge dynamics for the Wallal Aquifer. Given the large regional scale of the
model, this study has not attempted to develop a highly complex model that numerically
replicates all of the hydrologic processes within the study area. For instance,
evapotranspiration is not explicitly modelled due to the focus of the study being the deep
confined Wallal Aquifer and net recharge fluxes are used (i.e. with soil moisture deficit and
plant uptake accounted for). Likewise discharge to springs and existing groundwater licence
abstractions are excluded from the model given the small magnitude of these fluxes in the
water balance (~ 1%) (Aquaterra, 2010). The modelling effort is focussed on testing the
sensitivity of predictions to multiple conceptual models with varying heterogeneity and
complexity; along with identification of the conceptual model that best replicates the observed
response from Cyclone Rusty. The intention is the outcome of this study will support further
refinement of existing aquifer simulation models.
Steady State Model

The geometry of the numerical models (PMWIN version 8.0.35) was based on the conceptual
models developed in LeapFrog Hydro

(TM)

using Modflow 96 (Harbaugh and McDonald,

1996) numerical code. All three numerical models share a similar basic structure and
boundaries including lateral extent, surface topography and basement surface. Differences
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between the each of the numerical models include the number and geometry of layers,
heterogeneity in parameters and the distribution of recharge. The common structure will be
discussed first, followed by the differences between each of the models. Figures showing the
model geometry and parameterisation are provided in Appendix 2.
Model Domain and Grid
The numerical model domain encompasses the area contained in Easting 720000 to 930000
and Northing of 7690000 to 7900000 (MGA z50), with a grid size of 5,000 m by 5,000 m.
This grid size was considered small enough to capture the appropriate level of resolution
given the regional scale of the study and the recharge distribution while minimising
computational effort. The northern and southern boundaries are based on physical constraints
to the hydrogeology. The model extends to the South where the Pilbara Craton outcrops
forming a no flow boundary (inactive cells) and 100 km offshore to the north where the
Jurassic sequence continues subsea. The western boundary extends to the DeGrey River
where the Canning Basin sediments have been eroded and reworked by the De Grey
Palaeoriver and to the east within the Wallal Embayment of the Canning Basin (Figure A2-4).
Boundary Conditions
The major out flow boundary is offshore seepage or discharge from the Broome and Wallal
Formation at the coastal boundary. The seawater interface is modelled in Layer 1 (Broome
Formation) using the River Package with a bed conductance of 0.75 m/d and an equivalent
freshwater water head of 2.5 mAHD; assuming a 100 m offshore water depth and seawater
density of 1.025 g/mL (Figure A2-5) (Post et al., 2007). The sea floor surface of the interface
was developed using available bathymetric data. Detailed modelling of the saline interface has
not been carried out in this study, density, diffusion and dispersion of the saline interface is
not considered material to the recharge processes being modelled. The outflow of the model is
governed using the River Package which approximates the boundary by applying an overlying
sea water density and lower permeability conductance to control vertical seepage. For the
purposes of stressing model for a sustainable yield, assessing different conceptual recharge
models and keeping model complexity minimal, the River Package was considered the best
option to use for this study. Upward leakage from the Wallal Formation to the Broome
Formation is modelled explicitly with a vertical hydraulic conductivity (Kv) of 10-3 m/d in the
Jarlemai Siltstone (determined through calibration in this study).
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Horizontal no flow boundaries were defined on the eastern and western model domain
boundaries for the Broome Formation along flow lines. Horizontal no flow boundary was also
defined in the south where the Jurassic sediments on lap the impermeable Pilbara Craton. At
the northern boundary of the Wallal Formation no flow boundaries are also delineated by
horizontal no flow boundaries where flow lines were parallel to the model domain.
There is one General Head Boundary (GHB) to allow for inflow from the Wallal Formation
along the Eastern boundary (Figure A2-6). This boundary inflow is based on the head 5 km
up gradient of the cell assuming the same hydraulic gradient observed within the study area
prevails outside the domain with a conductance equivalent to the horizontal hydraulic
conductivity (Kh) multiplied by the vertical area of the cell.
Geometry
The geometry within the different numerical models differs according to the different
conceptual geological block models (Figure A2-7). Layer surfaces were exported as elevation
grids from the respective Leap Frog geological models, pinch outs were represented in the
numerical model by maintaining a minimal layer thickness throughout the grid and replacing
the hydraulic parameters of the overlying stratigraphy (i.e. where the Jarlemai is absent) or
using the basement hydraulic parameters where the Jurassic Sequence on laps the Archaean
surface. A summary of layer configuration is provided in Table 1, showing the number of
layers and hydrostratigraphic units modelled in each model (NA: not applied in the model).
Table 1: Summary of the layer assignment and hydrostratigraphy included in each model.
Layer No

Basecase Model

Reinterpretation Model

Palaeochannel Model

Layer 1

Broome Sandstone

Broome Sandstone

Broome Sandstone

Layer 2

Jarlemai Siltstone

Lower Callawa Siltstone

Lower Callawa Siltstone

Layer 3

Wallal Sandstone

Jarlemai Siltstone

Jarlemai Siltstone

Layer 4

Archean Basement

Alexander Sandstone

Alexander Sandstone

Layer 5

NA

Upper Wallal Sandstone

Upper Wallal Sandstone

Layer 6

NA

Lower Wallal Sandstone

Lower Wallal Sandstone

Layer 7

NA

Archean Basement

Archean Basement

Hydraulic Parameters
There are significant differences in the distribution of hydraulic parameters used for each of
the numerical models (Table 2). The Basecase model is the most simplistic with only three
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layers and three Kh and Kv profiles for each layer (Figure A2-8). The Reinterpretation model
employs increased heterogeneity by dividing the Broome Sandstone into an upper higher
hydraulic conductivity (K) unit and lower K unit (Lower Callawa) (Figure A2-9). The Wallal
Sandstone includes an upper unit in the Alexander Formation with lower K. The
Palaeochannel model adds to this heterogeneity by further dividing the Wallal Sandstone into
upper and lower units; with the lower unit representing high Kh associated with
Palaeochannel structures (Figure A2-10). The location of palaeochannels defined using the
MrVBF map (Figure A3-36). The vertical connectivity between layers also differs according
to each geological conceptual model.
Table 2: The Kh range (m/d) for each hydrostratigraphic unit, an anisotropy ratio of 10% was
used for each layer for Kv.
Basecase Model

Reinterpretation Model

Palaeochannel Model

Broome

7.5

Broome

7.5

Broome

7.5

Jarlemai

10-1- 10-5

Lower Callawa

10-1- 10-3

Lower Callawa

10-1- 10-3

Wallal

5 - 21

Jarlemai

10-1- 10-5

Jarlemai

10-1- 10-5

Archaean

10-5

Alexander

2

Alexander

2

Upper Wallal

10 - 15

Upper Wallal

5 - 15

Lower Wallal

15 - 25

Lower Wallal

10 - 50

Archaean

10-5

Archaean

-5

10

Recharge
Recharge distribution differed between the different numerical models honouring each of the
geological conceptual models (Figures A2-11, A2-12, A2-13). Recharge occurred in all
models directly to the Broome Sandstone, the same recharge distribution was applied for each
model. Recharge to the Wallal Sandstone differed according to the underlying geology, in
particular the absence of a confining unit, either Jarlemai Siltstone or Lower Callawa
Siltstone. For the Basecase model, recharge was applied using the same recharge distribution
as applied in the current DoW allocation numerical model (Aquaterra, 2010). The
Reinterpretation model applied recharge where the Lower Callawa siltstone was absent and
for the Palaeochannel model, recharge was applied along palaeochannel structures in the
south of the domain. The recharge estimates determined from the previously described
methods were used in the modelling.
Scaled Root Mean Square (SRMS) (Barnett et al., 2012) and multi model ranking (Poeter and
Anderson, 2004) were used for statistical comparison of the calibrations for each of the steady
state numerical models.
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Steady State Abstraction Modelling
Abstraction was simulated in each of the steady state models in order to ascertain if the
sustainable yield for the WAS is sensitive to model heterogeneity and surficial recharge
distribution. Only steady state models were used in this comparison due to an inadequate data
set available for transient calibration.
Abstraction was simulated using the wells package with the same configuration for each of
the models. The abstraction was distributed across five north-south borefields with four wells
on each section (Figure A2-14). The borefield design is purely conceptual with the primary
purpose to abstract the required volumes evenly across the study area, concentrating in the
highest saturated thickness in proximity to Port Hedland.
The abstraction scenarios included 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 GL/a in order to
determine the difference in sustainable yield between the models. The allocation plan for the
West Canning Basin (DoW, 2013) specifies two management areas within the study area, the
coastal and inland management areas, both areas have different monitoring trigger thresholds.
To avoid seawater intrusion a coastal minimum head of 5 mAHD is applied. To ensure the
WAS remains confined, the inland management area requires a minimum head of 5 m above
the top of the confined portion of the Wallal aquifer. With these criteria, a set of coastal and
inland observation bores were included in the models to enable comparison of sustainable
yield in accordance with the allocation plan (Figure A2-14).
Transient Model

There is very limited long term water level monitoring data for the study area, a search of
available DoW water level data revealed two locations that had extended monitoring, with the
remaining monitoring points having infrequent monitoring considered inadequate for transient
calibration. In order to assess the different proposed recharge distributions, the Cyclone Rusty
event was used as an event based short duration calibration data set in order to test the
different recharge distributions for each of the numerical models with the observed water
level responses.
Daily rainfall depths during Cyclone Rusty were sourced from the BoM, gridded and
transformed to model grid coordinates using Surfer

TM

. Daily rainfall grids over the model
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domain for the 25th to the 28th of February 2012 were generated for Cyclone Rusty (Figures
A2-15, A2-16, A2-17, A2-18). Each of these daily rainfall grids were then constrained to the
Wallal recharge area for each of the conceptual models (Figures A2-19 to A2-30). Each of the
rainfall depths were then converted to m3/d as a range of recharge fluxes (within the range of
recharge estimates determined previously) and multiplied iteratively as part of the calibration
process. Specific storage (Ss) and specific yield (Sy) were also adjusted in order to obtain the
best modelled result to the observed hydrograph for Cyclone Rusty (Table 3). Multi-model
ranking (Poeter and Anderson, 2004) was used to identify the numerical models that provided
the best statistical fit to the observed response during Cyclone Rusty.
Table 3: The dimensionless Ss and Sy (in parentheses) values used for each numerical of the
numerical models
Basecase Model
Broome

-5

1 x10 (0.2)

Jarlemai

1x10-6 (0.01)

Wallal

1.8x10-5
(0.15)
1x10-6 (0.01)

Archaean

Reinterpretation Model

Palaeochannel Model

Broome

-5

1 x10 (0.2)

Broome

1 x10-5 (0.2)

Lower
Callawa
Jarlemai

1x10-6 (0.05)

1x10-6 (0.05)

1x10-6 (0.01)

Lower
Callawa
Jarlemai

Alexander

1x10-5 (0.1)

Alexander

1x10-5 (0.1)

Upper Wallal

1.0x10-5 (0.15)

2.5x10-5 (0.15)

Lower Wallal

1.0x10-5 (0.2)

Upper
Wallal
Lower
Wallal

Archaean

1x10-6 (0.01)

Archaean

1x10-6 (0.01)

2.5x10-5 1.0x10-5
5.5x10-5
(0.3)
1x10-6 (0.01)

Results
Geological Modelling
Three different geological conceptualisations were developed for the study area (Appendix 3,
Figures A3-31 and A3-32). The first model is the most simplistic model and includes the
major hydrostratigraphic units within the study area (Figure 33). The geometry of these units
honours the current conceptual model used by the DoW and conforms to that described by
Leech (1979). The Basecase model is a four layer model with the Jarlemai Siltstone pinching
out in the south, with the Broome Sandstone to directly overly the Wallal Sandstone.
The 2nd geological model includes more heterogeneity; however, the geometry of the major
aquifer units remains largely unchanged. The upper Callawa and Broome Sandstone are
modelled as the same hydrostratigraphic unit, the contact between the two units is likely to be
laterally continuous. The largest difference is the inclusion of an additional aquitard and the
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degree of vertical connectivity in the south of the domain. The confining layer is divided into
three hydrostratigraphic units, the lower Callawa, Jarlemai and Alexander Formations (Figure
34). These different units represent different depositional environments during the Mid to
Late Jurassic transgression. By calculating the shaliness index, hydrostratigraphic markers
were identified enabling correlation with the sequence stratigraphy.

Figure 33: Basecase model with the Broome (BS), Jarlemai (JS), Wallal (WS) and Archean
Basement (ARC) showing a section where the Jarlemai pinches out and the Broome
Sandstone directly overlies the Wallal Sandstone.
The gamma logs showed the Alexander Formation as relatively thin across the study area but
have a distinct gamma signature indicating a variable environment of deposition, a period of
sedimentation followed by rapid high energy erosion and reestablishment of sedimentation.
This signature is typical of deltaic environments where during prodelta development large
flood events provide erosional conditions within the main channel in the deltaic system, but
are typically (geologically) short lived and followed by restoration of lower energy
sedimentation.
The Jarlemai Formation showed the highest shaliness index values (0.8 to 1.0) due to the
prolonged period of basin filling without any erosional events followed by very stable
conditions where gradual basin filling (although sediment deprived) was occurring, typical of
low energy marine environment below the wave base. The Jarlemai Siltstone was deposited
during the period of maximum marine transgression in the Jurassic sequence.
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The lower Callawa unit was deposited during marine regression in the Late Jurassic. The
gamma logs across the basin show short alternating cycles of erosion and filling, postulated to
represent a marginal marine environment affected by tidal cycles where the lower tide cycle
results in erosion and higher tides resulting in sedimentation. The shaliness index of the
Lower Callawa unit is between (0.5 – 0.7) reflective of the coarser sediments associated with
the higher energy environment and subsequent sediment reworking within the sub tidal
margin of the basin. The Reinterpretation model includes a less laterally extensive Jarlemai
Siltstone limited to the deepest palaeotopographic areas of the basin, while the Alexander and
Lower Callawa Formations occur across the previous (i.e. Basecase model) extent of the
Jarlemai Siltstone.
The gamma logs were also used to determine the upper and lower Wallal Sandstone units.
The lower Wallal unit was defined by the lowest shaliness index (0.2) with significant
thickness of coarse sediments. The upper Wallal unit was marked by a gamma peak and a
period of higher overall shaliness index (0.2 – 0.5), the upper Wallal unit shows a gamma
trace indicative of lower energy deposition as the mid Jurassic transgression commences.

Figure 34: Reinterpretation model showing the Broome and Upper Callawa (BS), Lower
Callawa (LC), Jarlemai (JS), Alexander Formation (AF), Upper Wallal (UWS) and Lower
Wallal (LWS).
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Inclusion of the Paterson Formation is also a key difference between the Basecase and
Reinterpretation conceptual models (Figure 35). The location of the Paterson Formation was
determined based on the log from Pandanus 1 (WAPET) along with the location of outcrops
(GSWA, 2004). The Paterson Formation forms a potential no flow boundary to the South East
of the model domain preventing any potential leakage or through flow from the alluvial
aquifer system of the Oakover River. The presence of the high electrical conductivity
Paterson Formation is evident in AEM data obtained from Geoscience Australia that covers
the South Eastern edge of the model domain.

Figure 35: Section cut through the east of the domain in the Wallal showing the this sequence
of Paterson Formation (PA)
The result of the MrVBF analysis is shown in Figure A3-36 (Appendix 3) and has been used
to define to location of palaeochannels (Figure 37). In the Palaeochannel model the Lower
Callawa, Jarlemai and Alexander Formations have been replaced with the Broome
Sandstone/Callawa Formation due to erosion and subsequent filling. The precise geometry of
the palaeochannels is not available for this study due to a lack of data and isn't considered
material due to the regional scale of the model. All palaeochannels were variable in width
ranging from 0.1 to 1 km in width and connect the Broome and Wallal aquifers along their
entire reach. There is a high degree of uncertainty in the presence of the palaeochannels and
age of the features, they have been included to determine if connection improves calibration
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against the available data. An example of one of the areas where potential erosion and
hydraulic connection have occurred is shown below (Figure 38).

Figure 37: Mapped palaeochannel features (Blue) from the MrVBF map.

Figure 38: A section along the southern boundary of the model showing Broome (BS)
overlying the Wallal Formation (UWS, LWS) (blue lines).
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Surface Geological mapping and MrVBF mapping ((English et al., 2012) and (Bell et al.,
2012) shows the potential extent of the Wallal palaeoriver which correlates well with the
current study (Figure 36). The alignment of the channel correlates with the direction of the
hydraulic gradient within the Wallal Formation at the margins of the project area and
palaeochannel flow could be a major inflow.
Recharge Estimation
Thirty nine estimates of recharge were calculated; including estimates based on annual
average recharge as well as percentage of rainfall for individual events. Individual events
were assessed using hydrograph fluctuation and volumetric analysis for Cyclone Rusty
(Appendix 4) (Table 4).
Table 4: Summary statistics for the recharge estimates.
Mean
Standard Deviation
Minimum
Maximum

Annual Rainfall (%)
2.1
1.4
0.02
6

The recharge data estimates best fitted the normal distribution PDF followed by 2 parameter
gamma and 2 parameter log normal. The hypothesis was rejected for the 3 parameter gamma
and 3 parameter log normal PDFs with chi-squared values exceeding the 99% confidence
interval. The resulting PDF and cumulative distribution function (CDF) curves for the
accepted PDFs are shown in Figures 39 and 40. Using the CDFs developed for each of the
distributions, the P 10 , P 50 and P 90 values were determined (Table 5).
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Figure 39: PDF for the recharge estimates.
1.000

Cumulative Probability

0.900
0.800
0.700
0.600
0.500

Normal

0.400

2 parameter gamma

0.300

2 parameter lognormal

0.200
0.100
0.000
0.0

2.0

4.0

6.0

8.0

Recharge (% of Annual Rainfall)

Figure 40: CDF for the recharge estimates.
Table 5: CDF recharge probabilities for distribution, shown as percentage of annual rainfall.

P 10

0.3

2 Para
Gamma
0.6

P 50

2.1

1.8

1.6

P 90

4.1

4.2

5.2

Normal

2 Para
lognormal
0.5
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Cyclone Rusty provides insights to the spatial distribution of recharge across the study area
from episodic rainfall. Eleven groundwater level loggers were deployed from the 6th
December 2012 and retrieved on the 6th of May 2013 with Cyclone Rusty passing over the
study area on the 27th of February (Appendix 5). The recorded groundwater level data shows a
large degree of variability associated with Wallal aquifer recharge, likely due to the
heterogeneity in rainfall distribution and recharge. Rainfall values for Pardoo, Wallal Downs
and Yarrie rainfall stations are shown in Table 6.
Table 6: Rainfall recorded during Rusty across the study area (Source: BoM)
Station

Cumulative Rainfall during Rusty (mm)

Pardoo (4028)
Yarrie (4046)
Wallal Downs (4068)

552
387
131

Hydrographs for bores screened in the Wallal Aquifer (Appendix 5) include sites 1A-12, 2A12, 3A-12, 3C-12 (Broome Sandstone), 4A-12, 5A-12, 7A-12, 7C-12, MM3, MM16. Bores
7A-12, 7C-12, MM3 and MM16 (Appendix 5) are located within the recharge area as
currently delineated in current conceptual model (Aquaterra, 2010). The change in hydraulic
head across the study area (Table 7 and Appendix 5) shows a close correlation with the
cyclone path. Recharge along the path of Cyclone Rusty was greatest.
Table 7: Hydraulic head change following the passage of Cyclone Rusty
Bore ID

Head Increase (m)

1A-12 (Wallal)
2A-12 (Wallal)
3A-12 (Wallal)
3C-12 (Broome)
4A-12 (Wallal)
5A-12 (Wallal)
6A-12 (Wallal)
7A-12 (Wallal)
7C-12 (Wallal)
MM3 (Wallal)
MM16 (Wallal)

NA
0.37
0.19
0.03
2.82
0.16
0.02
0
0
0
0

Numerical Modelling
Steady State Model Calibration Results

Each of the numerical models tested were able to achieve SRMS values of less than 5%, the
Basecase model was the least accurate at 4.99% and the Palaeochannel model having the

34

lowest SRMS value of 4.59% (Figures 43- 45). All are considered very well calibrated by
current Australian Modelling Guidelines (Barnett et al., 2012).

Figure 43: Basecase calibration plot, with a SRMS value of 4.99%

Figure 44: Reinterpretation model calibration plot, with a SRMS value of 4.83%
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Figure 45: Palaeochannel model calibration plot, with a SRMS value of 4.59%
Steady state hydraulic maps have been produced for each of the numerical models shown in
Appendix 6 (Figures A6-46 to A6-48). Components of the numerical water balance for each
model are shown in the Table 8. Recharge was highest in the Palaeochannel model and was
balanced by the greater outflow through the coastal discharge area and resulted in slightly
higher gradients to facilitate the extra through flow.
Table 8: Steady state water balance for each of the models (m3/d).
FLOW
RECHARGE
RIVER
GHB
SUM

Basecase Model
IN
OUT
IN-OUT
1.19E+05 0.00E+00 1.19E+05
0.00E+00 4.48E+05 -4.48E+05
3.29E+05 2.87E+02 3.29E+05
4.49E+05 4.49E+05 -1.88E-01

Reinterpretation Model
IN
OUT
IN-OUT
1.17E+05 0.00E+00 1.17E+05
0.00E+00 4.84E+05 -4.84E+05
3.67E+05 0.00E+00 3.67E+05
4.84E+05 4.84E+05 -5.31E-01

Paleochannel Model
IN
OUT
IN-OUT
1.20E+05 0.00E+00 1.20E+05
0.00E+00 5.24E+05 -5.24E+05
4.04E+05 0.00E+00 4.04E+05
5.24E+05 5.24E+05 -6.88E-01

Multi-model ranking accounts for both model accuracy to observed data and the number of
parameters. Although the simulated values may be closer to the observed values with the
addition of parameters, this is offset by the increase in inherent uncertainty with use of
additional parameters. This relationship was observed when using the Akaike Information
Criterion (AICc) method for the three models used in the study (a lower AICc value indicates
a more accurate model). The analysis indicates the increased complexity or heterogeneity
(higher number of parameters, k) reduces the Weight Sum of Residuals (WSSR) and variance
for each model; (as for SRMS values) (Table 9). However, when combined with the increased
number of parameters, the Basecase model has the lowest AICc index. Although there is a
decrease in the WSSR, variance and SRMS for the Palaeochannel model; the improved model
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accuracy is of a magnitude that is insufficient to offset the additional uncertainty introduced
with the additional parameters.
Table 9: Multi-model ranking and calibration statistics for the Steady state models
Model ID

WSSR

σ2

k

AICc

Δi

SRMS (%)

Basecase

134.7

4.2

12

86

0

4.99

Reinterpretation

130.9

4.1

21

179

93

4.83

Palaeochannel

111.6

3.4

24

258

172

4.59

Steady State Sustainable Yield Comparison

There is little difference between the sustainable yields determined for each of the steady state
models. All models show a similar declining hydraulic head gradient as abstraction increases.
Figure 49 shows the depressurisation of the Wallal aquifer with increasing abstraction. All
models show that a significantly higher volume than the current abstraction limit of 30GL/a is
possible. Figure 50 below show the potentiometric surface for several abstraction scenarios
including 70 GL/a which maintained abstraction trigger levels specified in the allocation plan
(DoW, 2013). Impacts to existing users will need to be managed, even the existing allocation
will create at least a 1 m of drawdown for existing users.

Figure 49: Comparison of decreasing hydraulic head levels at no abstraction (Blue), 30 GL/a
(Yellow), 70 GL/a (Green) and 110 GL/a (Red) at the inland management zone, the plot
shows the Wallal Aquifer becoming increasingly unconfined with each additional abstraction
step
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Figure 50: The different potentiometric surfaces for zero, 30 GL/a and 70 GL/a abstraction
rate showing the gradual reduction in hydraulic head and retreating artesian head.
There is only a small difference in the steady state heads predicted by the Basecase,
Reinterpretation and Palaeochannel models regardless of the different Wallal recharge
distribution (Figures 51, 52).
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Figure 51: Predicted levels at the coastal management area with the 5 mAHD trigger level
shown in red.
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Figure 52: Predicted levels at the inland management area with the 5 m above the top of the
Wallal Aquifer where is confined trigger level shown in red.
Under the lower recharge of the Reinterpretation model, there is a greater inflow across the
GHB, compared to the Palaeochannel and Basecase models, to compensate for the reduced
recharge. The higher abstraction rates for all models tested also induced incremental increases
in flow across the GHB in the east (Table 10).
Table 10: Steady state water balance for the three numerical models under the 20 GL/a and
110 GL/a abstraction rates
Water Balance for 110
GL/a Abstraction
FLOW
WELLS
RECHARGE
RIVER LEAKAGE
HEAD Dep Boundaries
SUM

Base Case Model (kL/d)
IN
OUT
IN-OUT
0.00E+00
3.01E+05 -3.01E+05
1.18E+05
0.00E+00 1.18E+05
0.00E+00
3.23E+05 -3.23E+05
5.07E+05
2.84E+02 5.07E+05
6.25E+05
6.25E+05 -1.30E-01

Reinterpretation Model
( kL/d)
IN
OUT
IN-OUT
0.00E+00 3.01E+05 -3.01E+05
1.15E+05 0.00E+00 1.15E+05
0.00E+00 3.61E+05 -3.61E+05
5.47E+05 0.00E+00 5.47E+05
6.62E+05 6.62E+05 -5.63E-01

Paleochannel Model (kL/d)
IN
OUT
IN-OUT
0.00E+00 3.01E+05 -3.01E+05
1.20E+05 0.00E+00
1.20E+05
0.00E+00 3.99E+05 -3.99E+05
5.81E+05 0.00E+00
5.81E+05
7.00E+05 7.00E+05 -2.50E-01
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Water Balance for 20
GL/a Abstraction
FLOW
WELLS
RECHARGE
RIVER LEAKAGE
HEAD Dep Boundaries
SUM

Base Case Model (kL/d)
IN
OUT
IN-OUT
0.00E+00
5.48E+04 -5.48E+04
1.20E+05
0.00E+00 1.20E+05
0.00E+00
4.26E+05 -4.26E+05
3.61E+05
2.86E+02 3.61E+05
4.82E+05
4.82E+05 -6.25E-02

Reinterpretation Model
( kL/d)
Paleochannel Model (kL/d)
IN
OUT
IN-OUT
IN
OUT
IN-OUT
0.00E+00 5.48E+04 -5.48E+04 0.00E+00
5.48E+04 -5.48E+04
1.17E+05 0.00E+00 1.17E+05 1.21E+05
0.00E+00 1.21E+05
0.00E+00 4.62E+05 -4.62E+05 0.00E+00
5.03E+05 -5.03E+05
4.00E+05 0.00E+00 4.00E+05 4.36E+05
0.00E+00 4.36E+05
5.17E+05 5.17E+05 -5.31E-01 5.57E+05
5.57E+05 -2.50E-01

Transient State Calibration Results

The transient model runs were able to simulate a response to Cyclone Rusty at most sites in
both the Basecase and Palaeochannel models. However, the Reinterpretation model was
unable to replicate the observed responses in 4A-12, 3A-12 or 2A-12. A comparison of
modelled and observed hydrographs for each of the models is shown in Appendix 7. These
results for the different models shows the additional model heterogeneity, complexity and
recharge distribution does affect the ability of the respective model to replicate observed
hydrograph responses. The measured responses (logger data) show there is significant
recharge from Cyclone Rusty across discrete areas of the model domain and the most
complex model (Palaeochannel) best replicates this response. The Basecase model was able to
replicate the response for the key 4A-12 response; however, over predicted at 7A-12 and was
unable to replicate a response at several other locations. The Reinterpretation model was
unable to replicate a response at any of the monitoring bores for Cyclone Rusty, indicating
this conceptual model to least represent the recharge processes for the study area.
Multi-model ranking indicated that the Palaeochannel model was the best followed by the
Basecase and Reinterpretation models (Table 11). The Palaeochannel model had the lowest
WSSR and variance despite the higher number of parameters. The larger number of
observations (n=1,407) meant that the higher number of parameters in the Palaeochannel
model was not penalised as greatly as it was during steady state multi-model ranking (lower
number of observations).
Table 11: Multi model ranking statistics for the three transient models
Model ID

WSSR

σ2

k

AICc

Δi

Basecase

10935

7.8

18

2923

512.00

Reinterpretation

25064

17.8

33

4121

1198.00

Palaeochannel

7373

5.2

39

2411

0.00

The calculated volume of recharge from Cyclone Rusty varied significantly for each of the
models tested (Table 12). The Palaeochannel model predicted a total of 17 GL of recharge
from Rusty (equivalent to 3.8% recharge from the Cyclone Rusty event or 3.2% of average
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long term rainfall). The Basecase model estimates 8 GL of recharge which is equivalent to
1.8% of Cyclone Rusty rainfall or 1.7% of long term average rainfall. The Reinterpretation
model estimates 3 GL of recharge from Cyclone Rusty which is equivalent to 0.7% of rainfall
from Cyclone Rusty and 0.6% of average long term rainfall. The range in empirical estimates
of recharge (Table 5) encompasses these values (Table 12). The Palaeochannel model
predicted recharge 1.8 % greater than the mean but given Cyclone Rusty delivered one of the
highest monthly rainfall total on record it should be towards the upper end of the recharge
distribution; which correlates well with a CDF of 0.78.
Table 12: Analysis of calibrated recharge volumes from the three numerical models
Recharge from Rusty
Basecase

Reinterp

Palaeochannel

Recharge from Rusty (GL)

7.8

3.0

16.9

Recharge over the entire study area (mm)

0.8

0.3

1.7

Recharge over the Wallal Recharge area (mm)

5.4

1.8

10.3

Average rainfall depth over the recharge area (mm)

302

255

268

Recharge from Rusty (%)

1.8%

0.7%

3.8%

Long term average rainfall Pardoo (mm)

327

327

327

Recharge from long term average (%)

1.7%

0.6%

3.2%

CDF probability (Normal Distribution)

0.4

0.14

0.78

Discussion
3D Geological Modelling
LeapFrog Hydro TM proved to be a valuable tool for rapid testing, via groundwater modelling,
multiple different data sets (i.e. surface geological maps, downhole data and AEM
geophysical data sets) and developing multiple conceptual models. The three conceptual
models developed incorporate additional heterogeneity supported by the use of alternate data
sets. The 3D models also allowed conceptualisation in data poor areas particular those which
carry the most uncertainty. The south east corner of the model domain is a key area of
uncertainty, particularly mapping where the Wallal Sandstone on laps the Paterson Formation.
This is a key boundary as it determines geometry of the base of Wallal Sandstone in the east
and along with the potential connectivity with Oakover River alluvial sediments.
Multi-resolution Valley Bottom Flatness (MrVBF) was used in this study to infer the location
of palaeochannels within the study area. This method is an approximation for the presence of
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palaeochannels through the concept of topographic inheritance (Magee, 2009). Topographic
inheritance refers to the preservation of palaeo-drainage basins in the modern landscape
which can be applied in Australian settings due to the long period of tectonic stability and low
rates of erosion and deposition (Magee, 2009). The method has correlated well in this study
area with palaeochannels (Wallal Palaeoriver) identified using satellite high resolution
radiometric analysis (Tapley, 1988). MrVBF however does not enable the determination of
the energy dynamics of a particular palaeochannel feature or the relative timing of the active
drainage, nor any palaeochannel geometry. The location of palaeochannels identified in this
study provided the basis of where surficial recharge to the confined WAS could occur in the
study area. Airborne electromagnetic survey with complementary exploratory drilling could
be carried out to verify the location of these potential palaeochannel structures within the
recharge area.
No faults within the Mesozoic sequence were incorporated into any of the conceptual models
developed in this study. In a previous study (ANSTO, 2009), differences in the isotopic dating
of water along the hydraulic gradient was used to infer structural compartmentalisation of the
aquifer system by faults. The study identified “younger” water down hydraulic gradient
compared to older water up gradient, with one normally anticipating increasing groundwater
age down hydraulic gradient. The differences in ages observed appear to be associated with
the variable shallow-deep connectivity associated with palaeochannel structures (Appendix
3). This would explain the variable age in water observed. Given the lack of evidence of
structural features in current data sets, the palaeochannel hypothesis with respect to down
gradient younger water seems more plausible.
Modelling Heterogeneity and Uncertainty
Increased model heterogeneity, complexity and including spatially distributed recharge did
result in improved SRMS values, WSSR and decreased variance with increasing model
complexity. However, when weighted by the increased level of uncertainty with additional
parameters, the magnitude of improved accuracy was less than the increase in predictive
uncertainty in the steady state models. When comparing the sustainable yield between all
three models, the incremental increase in abstraction resulted in a similar drawdown. There is
also little difference in the drawdown with increasing abstraction across the recharge
assumptions. The steady state sustainable yield predictions were not particularly sensitive to
model complexity or the assumed recharge distribution.
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However under transient simulation, the Palaeochannel model was best able to simulate the
observed recharge response from Cyclone Rusty. The Basecase model did not have the
heterogeneity in recharge distribution to accurately simulate the recharge response in most
hydrographs along the southern boundary. The Reinterpretation model showed almost no
response at all. The larger number of observations available from the Cyclone Rusty event,
under transient simulation, enabled a greater degree of model complexity and
parameterisation. If there is a high frequency of observational data available for the model
domain, particularly in key conceptual regions, a higher degree of complexity can be justified.
In data poor areas with limited observational data, a simplistic model with minimal
parameters should be used to minimise predictive uncertainty due to the limited observation
points to use for calibration.
This study has shown some of the limitations in the different calibration metrics used to
identify the best calibrated numerical model. SRMS is a commonly used to determine model
performance against an observation data set; it is a useful statistical measure of determining
the closeness of two data sets. However, it ignores any uncertainty introduced by
incorporating additional parameters to achieve a closer calibration response. Multi model
ranking does capture the additional uncertainty with increasing parameters as shown in the
steady state calibrations. Multi model ranking; however, is sensitive to the number of
observation points, with a higher number of observation points (i.e. for the transient
calibration) supporting the increased number of parameters used in the Palaeochannel model.
Which is intuitive, the more observation points available the greater the confidence in the
complexity of the signal. However, more observation points does not necessarily justify more
complexity, for instance if the static level is flat and recording is occurring at a high frequency
providing a vast data set does this necessarily justify more complexity compared to a more
sparse recording frequency for the same stable static level? Two models could be developed
for this data set one simple and one complex, multi model ranking would rank the more
complex model higher due to the higher number of observations for stable water level
observed. Surely the more simplistic model with less parameters using a fraction of points on
the same data set is the better model. Multiple calibration metrics should be used when
assessing model performance given the inherent bias in methods available.
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The use of daily rainfall grids allows for enhanced spatial heterogeneity in recharge and
subsequent hydraulic responses to be well represented. It is a particularly useful method for
models in arid environments where high intensity, spatially heterogeneous storm events
dominate groundwater recharge. An over estimation in recharge would occur by applying the
same percentage of daily rainfall depth as recorded at Pardoo Station (220 mm) across the
entire southern recharge area. Due to the highly heterogeneous rainfall distribution of cyclonic
events, the daily grids provided a more realistic distribution of rainfall across the regional
model domain. Small local scale models would not be as sensitive to the heterogeneity in
rainfall depth associated with cyclonic events but the daily rainfall grid method could be
equally applied.
Conceptual uncertainty was dealt with in this study by assessing the performance of more
than one conceptual model. The conceptual models tested range from a very low recharge
environment to a one which potentially accommodates higher recharge flux. Each of the
models honoured the observed data to varying degrees of success. The question is at what
stage does one stop testing multiple conceptual models when dealing with uncertainty. This
study showed the potential sustainable yield from the WAS for steady state abstraction
simulations was not sensitive to which conceptual model was used regardless of the level of
complexity. So one would argue the most simplistic model with the least parameters is the
most prudent to use. However, the transient state simulations for Cyclone Rusty showed there
was a difference between the different conceptual models which in this case supported the
most complex and heterogeneous model. With limited monitoring data, we need to balance
model accuracy and predictive uncertainty. Conversely, additional heterogeneity and
complexity can be used to capture the dynamics in the observed responses of a specific signal
where supported by observation data. The challenge for the industry is to ensure model
complexity is balanced with the quantity and quality of monitoring data for the model
domain.
Recharge Estimation for the WAS Along the Southern Boundary
The observation data and the different numerical models tested showed definitively there is a
recharge flux in the south of the model domain from cyclonic rainfall events. This was not
only observed but also simulated to varying degrees of success for each of the models tested.
The Palaeochannel model shows the recharge flux is most likely concentrated in discrete areas
as opposed to a more widely diffuse flux across the entire southern boundary, as seen in the
over prediction of response for some of the hydrographs for the Basecase model (Appendix
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7). The use and inclusion of hydrograph data from Cyclone Rusty shows the value of
monitoring data, particularly in areas of conceptual uncertainty. Without the Cyclone Rusty
hydraulic responses, the determination of recharge in the southern boundary is purely
hypothetical. The transient modelling shows the conceptual model for the Reinterpretation
model to be incorrect, as it failed to show any hydraulic response to Cyclone Rusty.
This study has shown there is a recharge area in the south of the study area, most likely in the
form of discrete “recharge windows” where the overlying aquitards are absent or have been
reworked enhancing vertical connectivity. One of the recharge windows appears to be in close
proximity to 4B-12, up hydraulic gradient from 3B-12 and potentially further to the east
where larger palaeochannel structures could be present. Delineation of these recharge
windows would aid in the management of the groundwater resource by restricting land use
activity in these areas protecting water quality.
The depth to the Wallal Aquifer potentiometric surface is greater than 30 m across most of the
southern boundary. Areas where there is a basement high or alternatively within the low lying
areas of the landscape (i.e. as identified using MrVBF, Appendix 3) present the best
opportunity for recharge to occur. The low lying areas allow surface run-off to accumulate,
enhancing the available recharge volume. The low lying areas also have a shallower depth to
the Wallal potentiometric surface thus reducing the volume of unsaturated storage required
before recharge can occur. One such area is identified up gradient from 4A-12, where the
large response from Cyclone Rusty was observed. The area lies within one of the inferred
palaeochannel structures and has been modelled with the lower Callawa and Alexander
Formation reworked. The depth to the potentiometric surface in this area is less than 30 m and
is within a topographic depression. All of these attributes could help explain the response
observed at 4A-12. The Wallal Aquifer is confined at 4A-12, hence only requires minimal
recharge to observe a relatively large head response.
The underlying recharge assumption used for allocation purposes is 2.5% of annual average
rainfall. This value is consistent with the mean recharge value estimated (2.1%) in this study
using the range of empirical methods, hydrograph fluctuation and chloride mass balance. The
numerical modelling showed a range of 1.8% (Basecase model) to 3.8% (Palaeochannel
model) of rainfall during Cyclone Rusty. It should be noted that this was estimated from a
single cyclonic event, if the region experiences more than one cyclone in a season there could
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be substantially higher annual recharge to the Wallal Aquifer. Conversely if it experiences no
cyclones then the recharge will be lower.
Estimation of Sustainable Yield
The Basecase and Palaeochannel models indicate a range in rainfall recharge volumes of 7.8
and 16.8 GL from Cyclone Rusty. The predicted recharge volume is substantial given the
current allocation limit is 30 GL/a; this study indicates up to 70 GL/a could be abstracted
from the Wallal aquifer prior to breaching allocation criteria. The uncertainty in determining
the sustainable yield is that the area relies on cyclonic rainfall events for most groundwater
recharge. The monitoring data indicates cyclones are the key source of recharge and the
frequency of such events is highly unpredictable. Not only does a cyclone have to occur over
the study area but the path must also cross an area where vertical leakage to the Wallal
Aquifer is facilitated. Apart from all the uncertainty inherent in the techniques applied herein,
additional uncertainty in sustainable yield would rate to the variability frequency of such
events passing over the study area in the future. Although there is a prediction of increased
rainfall in the north west (Shi et al., 2008) there is still uncertainty on how the frequency of
cyclonic events may change. It should be also noted in this context that a significant
proportion (73%) of recharge to the project domain occurs as inflow from the WAS at the
eastern boundary. As previously noted, the hydrogeological conceptual model that sustains
this inflow needs to be better understood.

Conclusions
This study has shown there is a recharge area in the south of the study area, most likely in the
form of discrete “recharge windows” where the overlying aquitards are absent or have been
reworked resulting in enhanced vertical connectivity. The underlying assumption of 2.5% is
conservative and is consistent with a precautionary approach. Reassessment of recharge to the
Wallal Aquifer should be made once the recharge areas have been identified through airborne
geophysics, exploratory drilling, supported by monitoring and subsequent numerical
assessment.
Based on the steady state simulations, the WAS could yield up to 70 GL/a assuming impacts
to existing users can be managed/compensated. This yield also heavily relies on through flow
from up hydraulic gradient to the east, any increase in allocation above the current 30GL/a
should be considered once the recharge flux into the project area and storage to the east is
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determined. The extent and saturated thickness of the Wallal Aquifer in the east will be key to
determining the sustainable yield. The Wallal palaeoriver mapping (Appendix 3) shows clues
to the spatial extent of the drainage basin and potential extent of the Wallal aquifer.
The use of daily rainfall grids sourced from BoM allows for enhanced spatial heterogeneity in
recharge and subsequent hydraulic responses to be well represented in the large regional scale
groundwater model used in this study. This is particularly important for large regional models
in arid environments dominated by high intensity localised rainfall events. Due to the highly
heterogeneous rainfall distribution of cyclonic events, the daily grids provided a more realistic
distribution of rainfall across the regional model domain. Small local scale models would not
be as sensitive to the heterogeneity in rainfall depth associated with cyclonic events but the
daily rainfall grid method could be equally applied.

This study highlights the need to use multiple calibration metrics when assessing model
performance given the inherent bias in methods available including those used in this study.
The question of assessing multiple conceptual models depends on the temporal scale of the
hypothesis, the inherent complexity of the hydrology in the environment being modelled and
the data available. Short temporal scale dynamics in highly complex hydrological
environments will be more sensitive to conceptual model uncertainty and thus multiple
conceptualisations should be considered. Whereas long term averaged dynamics for relatively
stable hydrological environments with low signal (i.e. low recharge and discharge
environments) conceptual model uncertainty would be less sensitive to predicted outcome as
long as the governing processes are adequately dealt with.
Knowledge Gaps for Future Research
A more comprehensive dataset is required to enable a long term transient calibration, which
would improve sustainable yield assessments. Additional monitoring points (including higher
spatial and temporal resolution) along the southern boundary would improve the
understanding of recharge distribution. This would be needed for a number of years and
would best if it encompassed a range of cyclonic events. AEM data would be useful to
identify the potential recharge windows; these areas would then provide the basis of the
drilling program to provide targeted recharge monitoring locations.

48

Inflows across the GHB on the eastern boundary increase incrementally with the higher
abstraction volumes regardless of the recharge distribution in the south of the model domain.
All numerical models herein assume an endless supply of water across the eastern boundary,
this is a key assumption and appears to be more sensitive to sustainable yield than rainfall
recharge entering in the south of the domain. Further investigation to the east to determine the
geometry and saturated thickness of the Wallal aquifer is recommended as this will is key to
validating the through flow capacity which is currently assumed. Van der Graaf (1977) and
Bell et al., (2012) identified the extent of the Wallal palaeoriver (Appendix 3) however there
is limited hydrogeological data in this area. This area is beyond the scope of this study, but
could be important in unlocking the potential recharge, sustainable yield and source protection
for the Wallal Aquifer.
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Appendix 1: Recharge Estimation Methods
Method of Last Resort (MOLR) (Leaney et al., 2011) – Using an Australian wide data base
for where there is long term groundwater level monitoring and rainfall data an empirical
relationship was developed using soil and vegetation type (recharge was shown to be sensitive
to soil and vegetation type).
R=10aP+b

Equation 1:
R- Recharge (mm/a)
P –Precipitation (mm/a)

a +b – Fitting parameters based on soil and vegetation type for the area.
The study area is mapped as a Tenosol soil type under perennial vegetation (Leaney et al.,,
2011).
Percent Clay Method (Leaney et al., 2011) – This method uses a log linear relationship
between deep drainage and percent clay in the surface soils and average annual rainfall.
Equation 2: log d = yo + (bC) + (aP)
d - deep drainage (mm/a)
y o, b, a - Fitting parameters
C – percent clay
P - Precipitation (mm/a)
A range of percent clay values were used in the estimates based on variability within a Sandy
soil type (Leaney et al., 2011).
Chloride Mass Balance (Scalon, 2002) – This method is widely used for recharge estimates
where Chloride is used as a conservative tracer left behind during evapotranspiration in the
unsaturated zone. Chloride values from Broome Sandstone aquifer (Leech, 1979) and from
Wallal aquifer in the potential recharge area in the south of the study area (Aquaterra, 2007,
BHPB) were used in the calculation. There are no recorded rainfall Chloride values for the
study area, rainfall chloride mapping shown in Leaney et al., (2011) was used to provide
upper and lower loading rates to provide a range in recharge values estimated.
Hydrograph Fluctuation Method (Leech, 1979) – Leech (1979) used hydrograph fluctuation
method for a bore screened in the Broome Sandstone aquifer using a porosity value estimated
from laboratory analysis. This same method was used for a bore (3C-12) also screened in
Broome Sandstone aquifer which had high frequency logger data during cyclone Rusty
(2013).
Equation 3:

R = θΔh100
54

P
R - Percentage of rainfall resulting in recharge
θ - porosity
Δh - Change in groundwater level
P - Precipitation
A range of porosity values typical of Sandstone were used due to lack of data for bore 3C-12.
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Appendix 2: Numerical Model Geometry and Design

Figure A2-4: Model domain and grid common across all models tested.
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Figure A2-5: Coastal boundary (shown in turquoise) defined using River Package,
controlling Broome Formation discharge and upward leakage from the Wallal Formation.
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Figure A2-6: General Head Boundary (Green) for the Wallal Formation along the eastern
boundary of the model.
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Basecase

Reinterpretation

Palaeochannel
Figure A2-7: Three model cross sections coloured by Kh. For the Reinterpretation Model, the
same Kh was applied to both upper and lower Wallal Sandstone units.
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Figure A2-8: Hydraulic conductivity distribution for the Basecase steady state model

60

Figure A2-9: Hydraulic conductivity distribution for the Reinterpretation steady state model.
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Figure A2-10: Hydraulic conductivity distribution for the Palaeochannel steady state model.
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Figure A2-11: Basecase model recharge distribution

Figure A2-12: Reinterpretation model recharge distribution
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Figure A2-13: Palaeochannel model recharge distribution
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Figure A2-14: The modelled borefield is shown in red with criteria monitoring bores shown
for the inland and coastal management zones
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Figure A2-15: Cyclone Rusty rainfall grid for the 25/2/13

Figure A2-16: Cyclone Rusty rainfall grid for the 26/2/13
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Figure A2-17: Cyclone Rusty rainfall grid for the 27/2/13

Figure A2-18: Cyclone Rusty rainfall grid for the 28/2/13
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Figure A2-19: Recharge distribution 25/2/13 Basecase model

Figure A2-20: Recharge distribution 26/2/13 BaseCase Model
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Figure A2-21: Recharge distribution 27/2/13 Basecase model

Figure A2-22: Recharge distribution 28/2/13 Basecase model
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Figure A2-23: Recharge distribution 25/2/13 Reinterpretation Model

Figure A2-24: Recharge distribution 26/2/13 Reinterpretation Model
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Figure A2-25: Recharge distribution 27/2/13 Reinterpretation model

Figure A2-26: Recharge distribution 28/2/13 Reinterpretation Model
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Figure A2-27: Recharge distribution 25/2/13 Palaeochannel Model

Figure A2-28: Recharge distribution 26/2/13 Palaeochannel Model
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Figure A2-29: Recharge distribution 27/2/13 Palaeochannel Model

Figure A2-30: Recharge distribution 28/2/13 Palaeochannel Model
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Appendix 3: Geological Block Models

Figure A3-31: Basecase model clipped to 1000 m depth
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Figure A3-32: Reinterpretation and Palaeochannel block model clipped to 1000 m depth (Palaeochannel model includes Palaochannels along the
southern boundary not shown)
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Figure A3-36: MrVBF data set used for Identification of Palaeochannel structures (Source: GPX, 2012)
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Appendix 4: Recharge Estimation Results
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Appendix 5: Rainfall from Cyclone Rusty with observed response in the Wallal Aquifer

Figure A5-41: Rainfall distribution during Cyclone Rusty, total depth (mm) between 25/2/13 and 28/2/13.
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Figure A5-42: Observed response (m) in Wallal Aquifer, green line is showing the track of Cyclone Rusty
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Wallal Aquifer Response to Cyclone Rusty
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Appendix 6: Numerical Model Results

Figure A6-46: Steady state hydraulic head map for the Basecase numerical model

83

Figure A6-47: Steady state hydraulic head map for the Reinterpretation numerical
model
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Figure A6-48: Steady state hydraulic head map for the Palaeochannel numerical model
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Appendix 7: Modelled vs Observed response from Cyclone Rusty transient
calibration
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