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Director’s foreword
Sustainable regional development is a priority for the Australian, Western Australian, Northern
Territory and Queensland governments. In 2015 the Australian Government released the ‘Our
North, Our Future: White Paper on Developing Northern Australia’ and the Agricultural
Competitiveness White Paper, both of which highlighted the opportunity for northern Australia’s
land and water resources to enable regional development.
Sustainable regional development requires knowledge of the scale, nature, location and
distribution of the likely environmental, social and economic opportunities and risks of any
proposed development. Especially where resource use is contested, this knowledge informs the
consultation and planning that underpins the resource security required to unlock investment.
The Australian Government commissioned CSIRO to complete the Northern Australia Water
Resource Assessment (the Assessment). In collaboration with the governments of Western
Australia, Northern Territory and Queensland, they respectively identified three priority areas for
investigation: the Fitzroy, Darwin and Mitchell catchments.
In response, CSIRO accessed expertise from across Australia to provide data and insight to support
consideration of the use of land and water resources for development in each of these regions.
While the Assessment focuses mainly on the potential for agriculture and aquaculture, the
detailed information provided on land and water resources, their potential uses and the impacts
of those uses are relevant to a wider range of development and other interests.

Chris Chilcott
Project Director
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Preface
The Northern Australia Water Resource Assessment (the Assessment) provides a comprehensive
and integrated evaluation of the feasibility, economic viability and sustainability of water and
agricultural development in three priority regions shown in Preface Figure 1:
• Fitzroy catchment in Western Australia
• Darwin catchments (Adelaide, Finniss, Mary and Wildman) in the Northern Territory
• Mitchell catchment in Queensland.
For each of the three regions, the Assessment:
• evaluates the soil and water resources
• identifies and evaluates water capture and storage options
• identifies and tests the commercial viability of irrigated agricultural and aquaculture
opportunities
• assesses potential environmental, social and economic impacts and risks of water resource and
irrigation development.

Preface Figure 1 Map of Australia showing the three study areas comprising the Assessment area
Northern Australia defined as that part of Australia north of the Tropic of Capricorn. Murray–Darling Basin and major
irrigation areas and large dams (>500 GL capacity) in Australia shown for context.
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While agricultural and aquacultural developments are the primary focus of the Assessment, it also
considers opportunities for and intersections between other types of water-dependent
development. For example, the Assessment explores the nature, scale, location and impacts of
developments relating to industrial and urban development and aquaculture, in relevant locations.
The Assessment was designed to inform consideration of development, not to enable any
particular development to occur. As such, the Assessment informs – but does not seek to replace –
existing planning, regulatory or approval processes. Importantly, the Assessment did not assume a
given policy or regulatory environment. As policy and regulations can change, this enables the
results to be applied to the widest range of uses for the longest possible time frame.
It was not the intention – and nor was it possible – for the Assessment to generate new
information on all topics related to water and irrigation development in northern Australia. Topics
not directly examined in the Assessment (e.g. impacts of irrigation development on terrestrial
ecology) are discussed with reference to and in the context of the existing literature.
Assessment reporting structure
Development opportunities and their impacts are frequently highly interdependent and,
consequently, so is the research undertaken through this Assessment. While each report may be
read as a stand-alone document, the suite of reports most reliably informs discussion and decision
concerning regional development when read as a whole.
The Assessment has produced a series of cascading reports and information products:
• Technical reports, which present scientific work at a level of detail sufficient for technical and
scientific experts to reproduce the work. Each of the ten activities (outlined below) has one or
more corresponding technical reports.
• Catchment reports for each catchment that synthesise key material from the technical reports,
providing well-informed (but not necessarily scientifically trained) readers with the information
required to make decisions about the opportunities, costs and benefits associated with irrigated
agriculture and other development options.
• Summary reports for each catchment that provide a summary and narrative for a general public
audience in plain English.
• Factsheets for each catchment that provide key findings for a general public audience in the
shortest possible format.
The Assessment has also developed online information products to enable the reader to better
access information that is not readily available in a static form. All of these reports, information
tools and data products are available online at http://www.csiro.au/NAWRA. The website provides
readers with a communications suite including factsheets, multimedia content, FAQs, reports and
links to other related sites, particularly about other research in northern Australia.
Functionally, the Assessment adopted an activities-based approach (reflected in the content and
structure of the outputs and products), comprising ten activity groups; each contributes its part to
create a cohesive picture of regional development opportunities, costs and benefits. Preface
Figure 2 illustrates the high-level links between the ten activities and the general flow of
information in the Assessment.
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Preface Figure 2 Schematic diagram illustrating high-level linkages between the ten activities (blue boxes)
Activity boxes that contain multiple compartments indicate key sub-activities. This report is a technical report. The red
oval indicates the primary activity (or activities) that contributed to this report.
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Executive summary
In this Assessment, a range of groundwater modelling approaches were tested to evaluate the
opportunities for and risks associated with groundwater resource development of the spatially
extensive and high yielding sand and dolostone aquifers in the Mary–Wildman rivers area. Two
key aspects of this evaluation included: (i) identifying potential impacts to groundwaterdependent ecosystems associated with groundwater resource development, and (ii) estimating
the potential volume of cumulative extraction from aquifers. This is the first time such models
have been developed and tested in the Mary–Wildman rivers area. Accordingly, the models should
be viewed as providing simplified, broad-scale assessments and a solid foundation for future
studies, rather than as accurate water allocation planning tools.
The primary constraint on groundwater extraction in the Mary–Wildman rivers area was assumed
to be the potential for reductions in baseflow to surface water features such as creeks (i.e.
streams) and springs. When simulating each potential impact of single season groundwater
extraction at a local scale, several hydrostratigraphic conceptualisations were considered. Each
conceptualisation featured a combination of two or three of the key hydrostratigraphic units
(HSUs) previously identified in the Mary–Wildman rivers area. The hydraulic properties of each
HSU were sampled from specified prior distributions, resulting in an ensemble of models for each
prediction type.
These local-scale approaches simultaneously addressed: (i) conceptual uncertainty, through the
use of four conceptualisations of hydrostratigraphy, and (ii) parameter uncertainty, through the
sampling of specified parameter distributions. Combinations of conceptualisations and
parameterisations were used as inputs to numerical groundwater flow models. Ensembles of
modelled prediction values were summarised using 95th percentile statistics, which represented
maximum likely values. 95th percentile values were preferred to actual maximum values, as the
former were considered to be more robust to outlying values.
Two local-scale, single season drawdown-related predictions were assessed: (i) the magnitude of
drawdown observed at a distance of 1 km from a production bore, and (ii) the spatial extent of the
1 m drawdown contour, relative to the location of an extraction bore. Numerical drawdown
propagation models were developed that generalised existing single layer analytical solutions to
multi-layer flow systems. For groundwater extraction rates of 10 and 60 L/second, predicted
drawdown magnitudes were less than 0.5 m. Drawdowns of such limited magnitude would be
considered negligible in most groundwater flow systems. Predictions of the spatial extent of the 1
m drawdown contour ranged from less than 200 m to 2.1 km. Given the scale of the Mary–
Wildman rivers area groundwater flow system, spatial extents of drawdown in the order of
kilometres would be considered substantial. However, given that groundwater levels in most areas
of the Mary–Wildman rivers area fluctuate by up to 10 m over a 12-month period, groundwater
drawdowns of around 1 m would not be considered significant.
Two streamflow depletion-related predictions were assessed: the reduction in groundwater flow
to a stream due to groundwater extraction at a distance of (i) 1 km or (ii) 10 km. Numerical
streamflow depletion models were developed that generalised existing analytical solutions to
Executive summary | ix

multi-layer flow systems. For groundwater extraction at 1 km distance from a stream, streamflow
depletion predictions ranged from 10–4 to 10–3 m3/second. For groundwater extraction at 10 km
distance from a stream, streamflow depletion predictions ranged up to 8 × 10–5 m3/second.
Dry season streamflow fluxes 10–3 to 10–2 m3/second are typically observed in the Mary–Wildman
rivers area. Therefore, streamflow depletion impacts in the order of 10–4 to 10–3 m3/second would
be expected to adversely affect groundwater-fed creeks during the dry season in the Mary–
Wildman rivers area. These results suggest that extraction at such rates within 1 km of a
groundwater-dependent stream would result in reductions in groundwater baseflows. Conversely,
streamflow depletion impacts from a bore at 10 km distance and extracting groundwater at rates
of 315 L/second or less were predicted to be negligible.
Two spring flow depletion-related predictions were assessed: the reduction in groundwater flow
to a spring due to groundwater extraction at a distance of (i) 1 km or (ii) 10 km. The depletion of
groundwater flows to springs was simulated using numerical models. The conceptualisation of
spring flow depletion represented by these models was consistent with that used to simulate
streamflow depletion impacts. For groundwater extraction at 1 km distance from a spring, spring
flow depletion predictions ranged up to 3 × 10–5 m3/second. For groundwater extraction at 10 km
distance from a spring, streamflow depletion predictions were all less than 10–5 m3/second.
While spring discharge fluxes have never been measured directly in the Mary–Wildman rivers
area, streamflow rates of 10–3 to 10–2 m3/second are typically observed during the dry season.
Therefore, spring flow depletion impacts in the order of 10–5 m3/second would not be expected to
significantly adversely affect groundwater-fed springs. Similarly, spring flow depletion impacts
from a bore at 10 km distance and extracting water at a rate of 60 L/second were predicted to be
negligible.
A deterministic numerical groundwater flow modelling was also developed to provide estimates of
drawdown at a flow system-scale resulting from cumulative, multi-season extraction. This model
combined all available hydrogeological information from this Assessment and from prior
investigations by the Northern Territory Department of Environment and Water Resources (Tickell
and Zaar, 2017). The model was a highly simplified, broad-scale assessment tool rather than a
detailed water allocation planning tool. Using the hydrogeological conceptual model derived from
targeted investigations, the model was used to explore hypothetical future groundwater
development scenarios. Three volumes of cumulative groundwater extraction were simulated: 3, 6
and 9 GL/year. These volumes were distributed evenly across 3 hypothetical locations as 3 × 1 GL,
3 × 2 GL and 3 × 3 GL/year developments, respectively. Groundwater extraction over a 20 year
period was simulated using two regimes: (i) discontinuous extraction (i.e. occurring during the dry
season only) and (ii) continuous extraction (i.e. occurring all year-round). Cumulative groundwater
extraction volumes of 3 to 9 GL/year resulted in propagation of the 2 m drawdown contour to
maximum distances of 8 to 12 km. This corresponded to minimum distances of <1 to 2 km from
the nearest groundwater spring. Maximum drawdowns observed at production bore locations
ranged from 3 to 12 m.
Importantly, the flow system-scale modelling undertaken did not provide an assessment or expert
opinion of whether the potential groundwater level drawdown impacts simulated to receptors
(such as environmental assets or existing users) would be considered to be acceptable. Instead,
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the information provided is suitable for use by various stakeholders to inform discussions on
future groundwater resource development, planning, management and investment.
In future, a range of data collection activities could improve the prediction of potential impacts
resulting from groundwater extraction. Data types that could be used to improve the
characterisation of prior distributions of model parameters include (i) continuous mapping of the
geometry of the groundwater flow system in the Mary–Wildman rivers area, including land surface
topography, and (ii) further characterisation of the hydraulic properties of the three key HSUs in
the area, as well as of stream and spring bed sediments. Data types that could be used to
condition predictions at a specific location include (i) observations of drawdown resulting from
pumping tests, or (ii) simultaneous observations of stream/spring fluxes and adjacent
groundwater levels.
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1

Introduction

Future economic development in northern Australia is dependent on the access to and
coincidence between suitable soil and water resources. However, large parts of northern Australia
currently lack the water infrastructure and information required for future water resource
planning to support sustainable regional development. Furthermore, the distinctive seasonality of
the climate in northern Australia (including large inter-annual rainfall variability) has considerable
influence on the hydrological characteristics of the landscape and subsurface.
Groundwater is seen as an attractive water resource in this vast region of Australia, where annual
rates of rainfall are high; however, rates of evapotranspiration are also high (Cresswell et al., 2009;
Grice et al., 2013). In many locations in the Darwin catchments, rivers, streams and creeks are
intermittent or ephemeral and groundwater can be the most reliable year-round water resource,
depending on its availability at a particular location.
Improved characterisation of groundwater systems enables the development of a sound
understanding of the potential for groundwater resource development in a particular region. This
requires a combination of: (i) collation and review of all existing hydrogeological data, (ii)
identification of areas with promising aquifers for further investigation, (iii) targeted field
investigations, and (iv) desktop analyses and modelling. This structured workflow provides the
basis for conceptualising groundwater flow processes, estimating aquifer water balances, testing
changes to these water balances for a range of extraction scenarios and identifying any associated
risks for a given extraction volume.

1.1

Aims of the groundwater hydrology activity

The purpose of the Northern Australia Water Resource Assessment groundwater hydrology
activity is to provide a comprehensive overview of groundwater resources in the four Darwin river
catchment areas (Figure 1-1), in the context of identifying the opportunities for and risks
associated with groundwater resource development.
Key questions the groundwater hydrology activity seeks to address, but is not limited to, include:
• What types of aquifers exist and what is the nature of the flow systems they host?
• Is the groundwater quality suitable for stock, domestic and/or irrigation use?
• For the most promising aquifers, what is the physical scale of the resource?
• What are the potential impacts to groundwater-dependent ecosystems associated with
groundwater resource development?
• Are there opportunities for managed aquifer recharge?
• What is the risk for irrigation-induced watertable rise and secondary salinisation?
These questions were addressed by several companion Assessment reports, including the
technical report on hydrogeological characterisation (Turnadge et al., 2018) and the technical
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report on assessment of managed aquifer recharge opportunities (Vanderzalm et al., 2018). As
part of the former report, modelling tools were employed to address particular questions.

Figure 1-1 Spatial extent of the four Darwin river catchments described in the Assessment

Specifically, numerical groundwater flow models were developed to address question four:
What are the potential impacts to groundwater-dependent ecosystems associated with
groundwater resource development?
This report describes the modelling tools used to simulate part of the groundwater flow system in
the Mary–Wildman rivers area. This includes the primary aquifers identified as being suitable for
future groundwater resource development. Groundwater flow models were used to simulate
potential impacts resulting from groundwater extraction. These models simulated local-scale
processes that occur at spatial scales of 1 to 10 km. For this reason, these models simulated only
part of the groundwater flow system. A single deterministic flow system-scale groundwater flow
model was also developed to provide spatial extents of cumulative drawdown impacts.
Cumulative impacts resulting from groundwater extraction at multiple simultaneous
developments over a timescale of 20 years were simulated. The various aims of local-scale
modelling undertaken in the Assessment are described below.
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1.2

Aims of local-scale modelling of potential impacts

The purpose of the Northern Australia Water Resource Assessment groundwater hydrology
activity is to provide a comprehensive overview of groundwater resources in the four Darwin river
catchment areas, in the context of identifying the opportunities for and risks associated with
groundwater resource development. One key aspect of the Assessment that the groundwater
hydrology activity seeks to address is to identify the potential impacts to groundwater-dependent
ecosystems associated with groundwater resource development in the Mary–Wildman rivers area.
Three types of potential impacts on the groundwater flow system in the Mary–Wildman rivers
area were assessed:
1. Drawdown propagation. Groundwater extraction results in reductions in groundwater levels
(i.e. drawdowns) adjacent to a production bore. The magnitude and spatial extent of
drawdown is primarily dependent on the hydraulic properties of the groundwater flow system
(Barlow and Leake, 2012). Drawdowns may subsequently impact on groundwater-dependent
assets such as creeks, rivers, springs and vegetation.
2. Streamflow depletion. Where drawdown resulting from groundwater extraction intersects a
surface water feature, such as a creek or river, groundwater flows (i.e. baseflows) to the creek
or river can be reduced.
3. Spring flow depletion. Similarly, where drawdown resulting from groundwater extraction
intersects a surface water spring, groundwater flows to the creek or river can be reduced.
The Australian Groundwater Modelling Guidelines defined confidence levels associated with
groundwater modelling studies using three categories (Barnett et al., 2012). These ranged from
low confidence (Class 1) to high confidence (Class 3). Selected characteristics of Class 1 modelling
studies included: (i) a lack of datasets from which reliable groundwater and geological information
may be obtained, and (ii) a lack of datasets that may be used to constrain modelled predictions
and, consequently, non-performance of model calibration.
Barnett et al. (2012) also described an additional class of groundwater model, that of generic
models. Generic models were defined as models that are:
developed primarily to understand flow processes and not to provide quantitative outcomes for
any particular aquifer or physical location. They can be considered to provide a high level of
confidence as their accuracy is only limited by the ability of the governing equations to replicate
the physical processes of interest. While they provide high confidence when applied in a general,
non-specific sense, if the results are applied to or assumed to represent a specific site the
confidence level will automatically decrease. This is because the simplifying assumptions (e.g.
the aquifer geometry) implemented in the generic model are highly unlikely to be exactly
applicable to the real physical setting.
According to these criteria, the Assessment modelling study is classified here as a Class 1 study
and the types of models used are classified as generic models.
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1.3

Aims of flow system-scale modelling of potential impacts

In addition to local-scale modelling of impacts resulting from a single (dry) season of groundwater
extraction at a single development site, flow system-scale modelling was also undertaken. A single
deterministic flow system-scale groundwater flow model was developed to estimate the spatial
extents of cumulative drawdown impacts. Cumulative impacts resulting from groundwater
extraction at multiple simultaneous developments over a timescale of 20 years were simulated. In
terms of the Australian Groundwater Modelling Guidelines (Barnett et al., 2012), the flow systemscale model developed was consistent with a Class 1 model, given current limitations in terms of
(i) datasets from which reliable groundwater and geological information may be obtained, and (ii)
datasets that may be used to constrain modelled predictions.

1.4

Report structure

The remainder of this report is structured as follows.
• Section 2 provides contextual information relating to the groundwater flow system in the Mary–
Wildman rivers area. These materials are a synopsis of the summary materials presented in the
companion technical report on hydrogeological characterisation (Turnadge et al., 2018).
• Section 3 provides the theoretical bases for the physical processes simulated.
• Section 4 describes the methods used to simulate potential impacts of groundwater extraction.
• Section 5 presents modelling results and accompanying discussion.
• Section 6 presents a summary of modelling results and accompanying conclusions.
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2

Background

The background materials presented here are a synopsis of the summary presented in the
companion technical report on hydrogeological characterisation (Turnadge et al., 2018).
The Mary–Wildman rivers area is approximately 100 km east of Darwin and 120 km west of Jabiru.
The study focus area is approximately 20 x 20 km in size and lies between latitudes 12°30'S and
12°45'S and between longitudes 131°40'E and 131°56' (GDA 1994 datum). The area is bounded in
the west by the Mary River and in the east by Kakadu National Park (Figure 2-1).

Figure 2-1 Geographical context of the Mary–Wildman rivers study area
Source: Northern Territory Government (2000). OCS = Opium Creek Station; PB = Periscope Block.

The area is bounded in the south by a topographic high. The area is sparsely populated, with land
use mostly limited to cattle grazing and conservation. Four cattle stations currently manage most
of the study area:
(i)

Opium Creek Station (NT Land Portion 2707), which includes areas both west and east of
the Point Stuart Road

(ii) the area informally known as the Cashew Farm (NT Land Portion 5088), which is currently
managed in combination with NT Land portions 2623, 2624, and 3611 (the latter known
informally as Periscope Block)
(iii) Melaleuca Station (NT Land Portion 2708)
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(iv) Carmor Plains Station (NT Land Portion 2710).
The remainder of the study area is encompassed by two conservation areas: Mary River National
Park (NT Land Portion 2622) in the south-west, and Kakadu National Park (NT Land Portion 4061)
in the east. Mary River National Park includes several ephemeral creeks that discharge to the Mary
River in the west. The Cashew Farm area is the site of an unsuccessful commercial cashew tree
plantation that was developed during the 1980s and 1990s. This area also contains the Twin
Sisters Lagoons, which are the largest persistent large surface water features in the study area.

2.1

Physical geography

The topography of the Mary–Wildman rivers area is limited, ranging up to 100 mASL (Figure 2-2).
The southern extent of the study area is defined by a topographic high of approximately
100 mASL, due south of the Cashew Farm. One other area of high topographic elevation occurs in
the north-west corner of Kakadu National Park. Both areas reflect the presence of Wildman
Siltstone near ground surface. Land surface elevations decrease with distance from these
topographic highs, toward (i) the Mary River in the west, (ii) the coast in the north, or (iii) the
Wildman River in the east.

Figure 2-2 Physical geography of the Mary–Wildman rivers area
Source: Gallant et al. (2011). Note: OCS = Opium Creek Station; PB = Periscope Block.

Easey et al. (2016) categorised the physical geography of the Mary–Wildman rivers area using
seven landscape classes: (i) low hills, (ii) rises and (iii) low rises, (iv) plains and (v) alluvial plains, (vi)
drainage areas, and (vii) swamps. Most (i.e. 50%) of the study area was classified as plains,
featuring topographic slopes of 1 to 3%. Other extensive landscape classes identified were
drainage areas (22%) and low rises, featuring topographic relief of less than 9 m (10%).
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2.2

Ecology

This summary of the ecology of the Mary–Wildman rivers area is limited to assets that relate
directly to the hydrology and hydrogeology of the area. Consequently, only vegetation types are
discussed here. Easey et al. (2016) classified the vegetation in the Mary–Wildman rivers area using
five categories. Woodlands (71%) and open woodlands (20%) accounted for the vast majority of
the area. Also present were grasslands and sedgelands (7%) and limited areas of open forest and
open water aquatic areas (both <1%).
Woodland and open woodland areas are commonly referred to as Eucalypt savanna areas. The
dominant overstorey species in these areas are Eucalyptus species (i.e. E. miniata, E. tetrodonta,
E. tectifica). Also present are various Corymbia species (i.e. C. porrecta, C. confertiflora,
C. foelscheana, C. bleeseri), various Melaleuca species (i.e. M. viridiflora, M. nervosa, M. cajupti),
Grevillea pteridifolia, and/or Erythrophleum chlorostachys (Easey et al., 2016; Kelley, 2002). Often
present in Eucalypt savanna areas is the easily recognisable mid-storey species Pandanus spiralis.
Eucalypt savanna vegetation is not considered to be groundwater-dependent and is instead reliant
on soil water (Kelley et al., 2002). Cook et al. (1998) used heat pulse and eddy correlation methods
to estimate the annual evapotranspiration rate for an area of Eucalypt savanna to be 1110 ±
130 mm/year. Other studies of the water use of Eucalypt savanna vegetation include O'Grady
et al. (1999), Eamus et al. (1999, 2000, 2001), Hutley et al. (2000, 2001, 2005) and Zeppel (2013).
Savanna vegetation may also use shallow groundwater directly when it is available (i.e. during and
after the wet season). More generally, savanna vegetation likely reduces rates of net recharge to
groundwater through the removal of infiltrated rainfall via transpiration.
Although not comprising a significant proportion of the total area of the Mary–Wildman rivers
area, monsoon rainforest patches are numerous and hydrologically significant. Russell‐Smith
(1991) mapped the locations and spatial extents of a range of monsoon rainforest types across the
Northern Territory, including the Mary–Wildman rivers area (Figure 2-3).
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Figure 2-3 Monsoon rainforest vegetation stand locations in the Mary–Wildman rivers area
Source: Russell-Smith (1991). Note: Vegetation stand areas have been exaggerated to improve clarity. OCS = Opium
Creek Station; PB = Periscope Block; CF = Cashew Farm; NP = National Park.

Monsoon rainforest patches typically range in size from 1 to 10 km2 and are often associated with
persistent shallow watertables. The dominant overstorey species in these areas include various
Syzigium species (i.e. S. nervosum, S. armstrongii, S. minutuliflorum) as well as Ficus racemosa,
Ficus virens, Maranthes corymbosa, Nauclea orientalis, Sterculia holtzei, Terminalia microcarpa
and Xanthostemon eucalptoides. Also commonly present are a variety of vine species, including
Flagellaria indica, Passiflora foetida, Smilax australis, and Tinospora smilacina (Kelley, 2002; Liddle
et al., 2008; Van Oosterzee et al., 2014). Boggs et al. (in review) used sap flow observations to
estimate that transpiration rates at three monsoon rainforest sites range from 1.8 to 2.0 mm/day.
They also used stable isotopes of water to estimate that 43 to 45% of water transpired during the
late dry season (i.e. August to October) was derived directly from shallow groundwater.
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2.3

Surface water hydrology

Surface water features of the Mary–Wildman rivers area are presented in Figure 2-4. The study
area is bordered in the west by the Mary River. Several ephemeral and perennial creeks drain to
the Mary River, including Soda, Brian, Mistake, Jimmies and Opium creeks (Letts, 1998). In the
east, the study area is bordered by Kakadu National Park. Several ephemeral creeks drain
eastwards into Kakadu National Park, including Cattle, Ben Bunga and Leichhardt creeks. These are
tributaries of the Wildman River, which flows northward toward the Van Diemen Gulf. The central
part of the study area is bisected by Swim Creek, which flows northward to Point Stuart. Most
creeks are ephemeral and result from rainfall-runoff. Two exceptions are Jimmies and Opium
creeks: these result from a combination of (i) rainfall-runoff and (ii) groundwater discharge from
point source springs. The latter sustains these creeks through the dry season. Opium Creek has
been observed to cease to flow in dry years. It has been hypothesised that groundwater discharge
also occurs to other creeks (e.g. Cattle, Ben Bunga) as diffuse streambed discharge (Tickell and
Zaar, 2017).

Figure 2-4 Surface water features of the Mary–Wildman rivers area
Source: Northern Territory Government (2013); Tickell and Zaar (2017).

The Cashew Farm area (NT Portion 5088) contains the Twin Sisters Lagoons, which are the largest
persistent large surface water features in the study area. Water Resources Division (1985)
summarised the limnological, biophysical and hydrochemical characteristics of the major lagoon.
Graham (1984, 1985) undertook a hypsometric survey of the major Twin Sisters Lagoon to
estimate the maximum storage capacity, and to determine a relationship between lagoon level
and storage volume. Graham (1985) also estimated that the major lagoon is a flow-through
feature for groundwater. Groundwater levels indicated that groundwater inflows occur at the
southern extent of the major lagoon and outflows occur at the northern extent. A hydraulic
gradient of 3 to 5 m over a distance of approximately 3 km was observed (i.e. approximately
10–3 m/m).
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Other surface water bodies in the area are mostly ephemeral, including Mistake Billabong in Mary
River National Park, Number One Billabong and Lucy Lake on Melaleuca Station, and a limited
number of unnamed billabongs on Opium Creek Station. Each of these is assumed to be fed by
rainfall-runoff and therefore not groundwater dependent. However, the persistence of Number
One Billabong and Lucy Lake has been observed from anecdotal evidence (U Zaar, 2018, pers.
comm.) and from satellite imagery. This suggests that these two lagoons may receive groundwater
discharge.

2.4

Groundwater hydrology

The hydrogeology of the Mary–Wildman rivers area was first investigated in the 1980s.
Preliminary investigations by Coffey and Partners (1984a, 1984b) involved the use of geophysical
surveys to site 14 exploration bores, two of which were used for aquifer pumping tests. Australian
Groundwater Consultants (1986a, 1986b, 1986c, 1987) subsequently undertook extensive
geophysical surveys, exploration drilling, bore construction and pumping test analyses. Australian
Groundwater Consultants (1987) identified the presence of good quality groundwater (i.e.
<140 mg/L TDS) and the potential for large-scale groundwater development (i.e. bore yields
>50 L/second). Various additional hydrogeophysical investigations were undertaken in the Mary–
Wildman rivers area by Quereshi (1983), Furness (1983, 1985, 1987), Chin and Jolly (1992) and
(Chin et al., 1993). Most recently, the hydrogeology of the Mary–Wildman rivers area was
described by Tickell and Zaar (2017). The following description of the hydrogeology of the Mary–
Wildman rivers area summarises the findings of Tickell and Zaar (2017).

2.4.1

AQUIFERS

Two key aquifers were identified: (i) a semi-confined aquifer in the basal sand unit of the surficial
Mesozoic–Cenozoic sequence of unconsolidated sediments, and (ii) the confined Koolpinyah
Dolostone aquifer that underlies the Mesozoic–Cenozoic sediments in parts of the area
(Figure 2-5). Minor fractured rock aquifers are hosted in the Wildman Siltstone, Mundogie
Sandstone and Cahill Formation in limited parts of the Mary–Wildman rivers area.
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Figure 2-5 Spatial extents of (a) surficial sediments and (b) basement rocks in the Mary–Wildman rivers area
Source: Tickell and Zaar (2017). Note: The basal sand unit presented in Figure 2-5a does not occur at ground surface.
Combined spatial extents of basal sand units and Koolpinyah Dolostone rocks represent the most prospective
groundwater resources in the Mary–Wildman rivers area. OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm; NP = National Park.

The surficial sequence of Mesozoic–Cenozoic sediments was described as being composed of
poorly consolidated sand, clayey sand, clay and sandy clay. The spatial occurrence of these
sediments was used to infer the existence of two separate northeast-striking palaeovalleys
(Figure 2-5a). The largest palaeovalley was estimated to extend from the Point Stuart Road to the
north-east corner of the Cashew Farm and into Kakadu National Park. A second palaeovalley was
estimated to occur in the western part of the study area, extending from Mistake Creek toward
Swim Creek. The thickness of the Mesozoic–Cenozoic sediments was estimated to range from less
than 25 m away from the palaeovalleys up to 100 m within the palaeovalleys. It was also
estimated that, at many bores, sand sediments and sandstone rocks represented one-third of the
total thickness of sediments present. Laterisation of Mesozoic–Cenozoic sediments (which can
reduce permeability) was observed in some parts of the study area.
The Koolpinyah Dolostone aquifer was observed in outcrop at two locations: at Moon Billabong
and on Rock Hole Road near Soda Spring. Very few bores constructed in the Mary–Wildman rivers
area have intersected the Koolpinyah Dolostone aquifer. For this reason, the spatial extent and
occurrence of this aquifer was inferred by mapping the locations of surface depression features
(i.e. dolines). It was estimated that, in contrast to the Darwin Rural Area and other areas east of
Darwin, the Koolpinyah Dolostone aquifer is not laterally continuous in the Mary–Wildman rivers
area. Instead, the Koolpinyah Dolostone occurs in narrow (i.e. <6 km wide) curvilinear strips in
parts of the Mary–Wildman rivers area, reflecting the folding pattern of underlying basement
rocks.
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2.4.2

HYDRAULIC CONNECTIVITY BETWEEN AQUIFERS

Tickell and Zaar (2017) hypothesised that the semi-confined sand aquifer and the underlying
confined karstic dolostone aquifer are hydraulically connected. The presence of a clayey, saprolitic
layer up to 40 m thick has been observed between these two aquifers. However, hydrochemical
observations indicated that mixing occurs between these aquifers, suggesting that the saprolite
layers present are not sufficiently laterally continuous and/or thick to provide a barrier to vertical
flow. Both Graham (1985) and Tickell and Zaar (2017) hypothesised that vertical preferential flow
paths may provide mechanisms for connections between these two aquifers. Specifically, the
collapse of cavernous features (due to karstification) at depth in the Koolpinyah Dolostone may
lead to the creation of vertical fractures in intervening clay saprolite material, as well as in
overlying Mesozoic–Cenozoic clay sediments. Tickell and Zaar (2017) proposed that such features
may facilitate mixing between Mesozoic–Cenozoic sand aquifers and (indirectly) underlying
Koolpinyah Dolostone aquifers.

2.4.3

RECHARGE PROCESSES

Diffuse recharge was proposed as the dominant mechanism of groundwater recharge in the
Mary–Wildman rivers area. However, as discussed above, Graham (1985) and Tickell and Zaar
(2017) have previously presented the hypothesis that dolines in the landscape indicate the
existence of vertical preferential flow features (i.e. fractures), and that these may facilitate mixing
between the Mesozoic–Cenozoic sand and Koolpinyah Dolostone aquifers. Such features could
also facilitate preferential groundwater recharge through the clay sediments of the Mesozoic–
Cenozoic sequence. Tickell and Zaar (2017) used groundwater level observations to infer that
recharge to the Koolpinyah Dolostone aquifer occurs within days of a large (i.e. >25 mm)
magnitude rainfall event.

2.4.4

DISCHARGE PROCESSES

Primary locations of groundwater discharge identified included point features (i.e. spring
discharge) as well as diffuse features (i.e. as streambed seepage and evapotranspiration from
shallow groundwater). Groundwater discharge fluxes via monsoon rainforest evapotranspiration
and via seepage to lagoons were estimated to be minor. Groundwater spring flow mechanisms
and rates were estimated for Brian Creek, Jimmies Creek, Opium Creek, Ranger Station, Soda and
Upper Swim Creek springs. Groundwater seepage fluxes were estimated by combining estimates
of spatial extent (from satellite imagery) and potential evapotranspiration rates. Monsoon
rainforest evapotranspiration fluxes were estimated by combining estimates of rainforest spatial
extents (Russell‐Smith, 1991) and evapotranspiration rate (1 mm/year; Liddle et al., 2008). Using a
mass balance approach, it was estimated that considerable groundwater inflows to the Twin
Sisters Lagoon only occur during periods of wetter than average climate conditions. This finding
contradicts earlier research by Graham (1985), in which groundwater levels were used to infer
that the lagoon is a flow-through feature during both wet and dry seasons.
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2.4.5

HYDRODYNAMICS

Groundwater levels observed during September 2016 (± 1 month) were interpolated to produce a
potentiometric surface (Figure 2-6). As it was assumed that the Mesozoic–Cenozoic sand and
Koolpinyah Dolostone aquifers are hydraulically connected, observations from bores screened in
either aquifer were used. The resulting potentiometric surface was considered representative of
both aquifers. It was estimated that, at a regional scale, groundwater generally flows in a northerly
direction, with additional north-westerly flow paths oriented toward the Mary River and northeasterly flow paths oriented toward Kakadu National Park. Northerly hydraulic gradients at the
southern margin of the two key aquifers are consistent with increased topography and the
presence of recharge.

Figure 2-6 September 2016 dry season potentiometric surface
Source: Tickell and Zaar (2017). OCS = Opium Creek Station.

A northeast-striking groundwater divide was estimated to exist between Brian Creek and
Periscope Block. However, this hypothesis does not appear to be supported by the available
evidence. For example, the groundwater level observations alone could be interpreted without
the inclusion of a groundwater divide. Furthermore, no additional lines of evidence (such as
topographic or basement highs) support this contention.
Notable areas excluded from the potentiometric surface included three areas on Opium Creek
Station and Periscope Block, as well as an area due north of Ward Road. Each of these areas was
interpreted as an outcrop of Wildman Siltstone (i.e. impermeable basement rock), based on
inspection of satellite imagery. In addition, an area between Mistake Creek and Swim Creek was
excluded from the potentiometric surface, which represents an absence of Mesozoic–Cenozoic
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sand. Mesozoic–Cenozoic sandy clay is, however, found in this area, and the potentiometric
surface is therefore continuous.

2.4.6

HYDROGEOLOGICAL CONCEPTUALISATION

The key features of the hydrogeological conceptualisation presented by Tickell and Zaar (2017) are
summarised in Table 2-1.
Table 2-1 Summary of key features of the hydrogeological conceptualisation presented by Tickell and Zaar (2017)
ASPECT

FEATURE(S)

Hydrostratigraphy

Two major aquifers are present: the basal sand unit of a surficial sequence of poorly consolidated
Mesozoic–Cenozoic sediments; and the confined karstic Koolpinyah Dolostone aquifer.
The spatial extent of the semi-confined sand aquifer is correlated with the existence of two northeaststriking palaeovalleys.
The Koolpinyah Dolostone aquifer is not laterally continuous. Rather than a single continuous but tightly
folded unit, the dolostone was conceptualised as a number of discontinuous occurrences that are not
directly connected. These may, however, be connected indirectly via the overlying semi-confined sand
aquifer, where both units are present.

Flow dynamics

Groundwater generally flows from south to north, with additional north-westerly and north-easterly
flow paths also present.
Despite the common presence of an intervening saprolitic clay layer, the semi-confined sand aquifer is
hydraulically connected to the confined karstic dolostone aquifer.

Recharge processes

Recharge primarily occurs as diffuse recharge. This hypothesis implies that preferential recharge is not
significant. However, it is proposed that preferential recharge via doline features is possible.
Total recharge fluxes were estimated at 20–34 GL/y, which (for an assumed total recharge area of
181 km2), equate to rates of approximately 110–188 mm/y or 3×10–4 to 5×10–4 m/d.

Discharge processes

Discharge primarily occurs as point discharge at springs in the west. Groundwater discharge rates
estimated via baseflow separation analyses were: 4–5 GL/y (Opium and Jimmies creeks), and
13–22 GL/y (Swim Creek).
Diffuse discharge also occurs via streambed seepage (unquantified), via evapotranspiration from
shallow groundwater, and via transpiration from monsoon rainforest patches. The latter two fluxes
were estimated at 2 GL/y and 1–2 GL/y, respectively.
Minor discharge fluxes occur via lateral flows to the north and north-east; these were estimated at 0.1
GL/y and 1.8 GL/y respectively.
Total discharge fluxes were estimated to range from 23 to 44 GL/y, which (for an assumed total
discharge area of 181 km2), equate to rates of approximately 127–243 mm/y, or 4×10–4 to 7×10–4 m/d.

2.4.7

HYDROSTRATIGRAPHIC CONCEPTUALISATION

The three key hydrostratigraphic units (HSUs) of the Mary–Wildman rivers area identified by
Tickell and Zaar (2017) are discussed below (Figure 2-8). Relative ranges of horizontal hydraulic
conductivity values for these (and related) units were estimated by Northern Territory
Department of Environment and Natural Resources (DENR) hydrogeologists during an expert
elicitation workshop. Values were subsequently ascribed to these ranges through comparisons to
text book values (Figure 2-7) (Fetter, 2001; Freeze and Cherry, 1979).
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Figure 2-7 Ranges of horizontal hydraulic conductivity values for selected rocks and sediments in the Mary–
Wildman rivers area
Relative ranges were estimated by DENR hydrogeologists during an expert elicitation workshop in June 2017. Values
were subsequently attributed to ranges through comparisons with textbook and pumping test-derived values.

The first key HSU is the leaky sandy clay aquitard that is laterally extensive across the study area.
The lithological composition of this HSU is varied; for example, interbedded sand layers are
present in some locations, and lithified materials (e.g. claystone) are present in others. Regardless,
this unit is predominantly sandy clay and was characterised (i.e. simplified) as such.
The hydraulic conductivity (K) of silty sands has been defined as ranging from 0.01 to 100 m/day
(Freeze and Cherry, 1979) or from 0.01 to 1 m/day (Fetter, 2001). Local testing of the K of the
leaky sandy clay aquitard has not been undertaken in the Mary–Wildman rivers area. During an
expert elicitation workshop with DENR hydrogeologists, a two order of magnitude range was
estimated for the K of the leaky sandy clay aquitard in the Mary–Wildman rivers area. Upper and
lower bounds of 0.01 and 1 m/day were subsequently ascribed to this range through comparisons
with textbook values for silty sands.
The second key HSU is the semi-confined basal sand aquifer which underlies the leaky sandy clay
aquitard. The spatial occurrence of this aquifer is associated with the locations of the proposed
palaeovalleys. The leaky sandy clay aquitard partially confines the semi-confined sand aquifer. The
degree of confinement varies across the study area, in accordance with the thickness and
hydraulic properties of the leaky sandy clay aquitard. The leaky sandy clay aquitard is sufficiently
permeable to permit recharge to the semi-confined sand aquifer, as observed by increases in
groundwater level during each wet season. It is presently not clear whether recharge occurs via
matrix flow or via preferential flow features.
The hydraulic conductivity of clean sands or well-sorted sands has been defined as ranging from
0.3 to 1000 m/day (Fetter, 2001; Freeze and Cherry, 1979). Twenty-five multiple well pumping
tests of the semi-confined sand aquifer have been undertaken in the Mary–Wildman rivers area.
Transmissivity values estimated by Turnadge et al. (2018) from the results of these tests mostly
ranged from approximately 100 to 2000 m2/day. The thickness of the semi-confined sand aquifer
ranges from 10 to 100 m; therefore estimated transmissivity values are equivalent to K values
ranging from 1 to 200 m/day. During an expert elicitation workshop with DENR hydrogeologists,
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a single order of magnitude range was estimated for the K of the semi-confined sand aquifer in the
Mary–Wildman rivers area. Upper and lower bounds of 1 and 10 m/day were subsequently
ascribed to this range through comparisons with (i) pumping test-based K estimates and (ii)
textbook values for clean or well-sorted sands.
The third key HSU is the confined karstic Koolpinyah Dolostone aquifer. This conceptualisation
excludes fresh unweathered sections of the Koolpinyah Dolostone, which are assumed to function
as an aquitard. Specifically, groundwater flows in unweathered dolostone are assumed to be
limited and to occur via fracture flow only. This conceptualisation of the dolostone aquifer also
excludes the saprolite layer that was observed above karstic sections during the drilling of selected
groundwater bores. Hydrochemical data indicate that the semi-confined sand aquifer is
hydraulically connected to the underlying confined karstic dolostone aquifer. Therefore, it is
assumed that the saprolite layer (which is not laterally extensive or consistent) does not represent
a hydraulic barrier to groundwater flow. For this reason, the saprolite layer is excluded from the
conceptualisation presented here.
The hydraulic conductivity of karstic dolostone has been defined as ranging from 0.1 to
1000 m/day (Freeze and Cherry, 1979). Four multiple well pumping tests of the karstic dolostone
aquifer have been undertaken in the Mary–Wildman rivers area. Using the results of these tests,
Turnadge et al. (2018) used the Hantush (1960) and Boulton (1954a) solutions to estimate
transmissivity values of 59, 109, 295 and 2630 m2/day. The thickness of the karstic dolostone
aquifer is typically within in an order of magnitude, with values ranging from 5 to 15 m. Therefore,
estimated transmissivity values are equivalent to K values approximately ranging from 1 to
600 m/day. During an expert elicitation workshop with DENR hydrogeologists, a four order of
magnitude range was estimated for the K of the karstic (i.e. ‘weathered’) dolostone aquifer in the
Mary–Wildman rivers area. Upper and lower bounds of 0.1 and 1000 m/day were subsequently
ascribed to this range through comparisons with (i) pumping test-based K estimates and (ii)
textbook values for karstic dolostone.
Other basement rock units excluded from this conceptualisation include the Wildman Siltstone,
Mundogie Sandstone and Cahill Formation. It is assumed the groundwater flows in these units are
limited and occur via secondary (i.e. fracture) flow only. The scale of the groundwater stored and
transmitted in these units is assumed to be insignificant to the estimation of a regional-scale
groundwater balance.
Various combinations of these three key HSUs occur across the Mary–Wildman rivers area. Four
key combinations of HSUs were identified, in which either two or three HSUs are present
(Figure 2-8). These hydrostratigraphic conceptualisations were later incorporated in the numerical
modelling of potential local-scale impacts of groundwater extraction.
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Figure 2-8 Combinations of three key hydrostratigraphic units in the Mary–Wildman rivers area
Each combination is overlain by the leaky sandy clay aquitard, which is laterally extensive across the area. Each
combination also includes the semi-confined sand aquifer and/or the confined karstic dolostone aquifer.

The theoretical bases for the modelling of potential local-scale impacts resulting from
groundwater extraction are described below.
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3

Theory

Groundwater extraction results in a localised reduction in hydraulic head, which occurs as a cone
of depression centred on an extraction bore. The spatial extent of a drawdown cone is primarily a
function of aquifer diffusivity (i.e. the ratio of aquifer transmission properties to storage
properties). The spatial extent of a drawdown cone may intersect groundwater-dependent
features adjacent to an extraction bore. In such cases, this primary, localised impact of
groundwater extraction (i.e. drawdown) can lead to further (secondary) impacts, two of which
were considered in this study.
In the first case, a stream (or river or creek) that receives groundwater inflows may be impacted.
The magnitude of these inflows may be reduced by nearby groundwater extraction; this is known
as streamflow depletion. In the second case, rates of groundwater flow to a spring may be
impacted; this is known as spring flow depletion.
The theoretical bases for simulating each of these two potential secondary impacts of
groundwater extraction are discussed primarily in terms of the development of analytical
solutions. While numerical solutions were ultimately used in this study, analytical solutions
provide a succinct means of identifying the parameters on which a potential impact is dependent.
Furthermore, analytical solutions were used in this study to verify the development of numerical
solutions.
Numerical models of groundwater flow may also be employed to provide estimates of drawdown
propagation, as well as stream and spring flow depletion. The primary advantages of numerical
solutions are the ability to implement (i) spatially and temporally variable boundary conditions and
(ii) spatially variable hydraulic properties. For example, the specification of time-varying,
discontinuous groundwater extraction, or the specification of multi-layered groundwater flow
systems. In addition, numerical solutions enable straightforward implementation of complex
Cauchy (i.e. head-dependent flux) boundary conditions. For example, evapotranspiration fluxes
can be specified as using a piecewise function of depth to groundwater. Unlike analytical solutions,
numerical solutions are, by definition, approximations. For this reason, numerical groundwater
flow solutions are subject to head and flow convergence criteria. For particular combinations of
model geometry and parameterisation, some numerical solutions may not converge.

3.1

Local-scale single season drawdown propagation impacts

The propagation of reductions in hydraulic head (i.e. drawdown) resulting from extraction from a
groundwater bore into an aquifer is primarily a function of (i) the rate and duration of extraction,
(ii) the hydraulic diffusivity of the aquifer, and (ii) the radius of the bore. Importantly, the
propagation of drawdown is independent of the antecedent horizontal hydraulic gradient, as
discussed by Barlow and Leake (2012). For unconfined aquifers for which the saturated thickness
does not vary considerably in space (and therefore watertables are relatively flat), the physics of
drawdown response are consistent with those for confined aquifers. In such cases, the governing
equation for unconfined groundwater flow (which is nonlinear, and therefore difficult to solve) can
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be replaced by the governing equation for confined groundwater flow (which is linear, and
therefore easier to solve). The propagation of drawdown in unconfined aquifers over timescales of
days to years can be estimated using analytical, semi-analytical, or numerical approaches, which
are discussed as follows.
Analytical solutions to groundwater hydraulic problems were summarised by Bruggeman (1999)
and Kruseman and de Ridder (1990). A comprehensive review of the historical development of
drawdown solutions for unconfined aquifers was provided by Mishra and Kuhlman (2013). Each
solution is based on a set of assumptions with regards to aquifer geometry and properties,
boundary conditions, and bore dimensions. Following the steady-state solution of Theim (1906),
Theis (1935) derived a transient solution for drawdown propagation from a single, fully
penetrating bore sited in a single aquifer of uniform saturated thickness, featuring homogeneous
properties and underlain by an impervious basement. Subsequent developments in the estimation
of drawdown propagation were motivated by the characterisation of aquifer pumping test
responses (e.g. Boulton (1954a, 1954b, 1963, 1970), Dagan (1967), Streltsova (1972a, 1972b),
Neuman (1972, 1974), Kroszynski and Dagan (1975) and Moench (1993, 1995, 1997, 2008)).
Hantush (1961, 1962a, 1964) derived solutions for partially penetrating bores and observation
wells, as well as a solution for estimating drawdown in a vertical wedge aquifer (Hantush, 1962b).
However, many of the additional physical processes represented in these solutions (e.g. bore
storage) occur over timescales of minutes to hours. Therefore, these solutions are not relevant to
predictions of maximum drawdown extent and magnitude, which occur over timescales of days to
months.
In the Assessment the propagation of drawdown was simulated using the numerical code
MODFLOW-2000 (Harbaugh et al., 2000). The models developed were essentially generalisations
of the single-layer Theis (1935) solution for confined groundwater flow to multi-layer flow
systems. Early testing of single-layer numerical models involved matching of results to the Theis
(1935) solution.

3.2

Local-scale single season streamflow depletion impacts

The depletion of groundwater flow to a fully connected gaining stream as a result of groundwater
extraction is a function of: (i) the rate and duration of extraction, (ii) the hydraulic diffusivity of the
aquifer, and (iii) the radius of the bore. Importantly, the depletion of streamflow by groundwater
extraction is independent of groundwater recharge, as discussed by Barlow and Leake (2012). For
unconfined aquifers for which the saturated thickness does not vary considerably in space (and
especially at local scales), the physics of drawdown response are consistent with those for
confined aquifers. The estimation of streamflow depletion over timescales of days to years can be
estimated using analytical, semi-analytical, or numerical approaches, which are discussed below.
Analytical streamflow depletion solutions were reviewed by Reeves (2008) and Hunt (2012). The
simplest analytical approach to estimating streamflow depletion impacts was derived by Theis
(1941) and later simplified by Glover and Balmer (1954). This solution assumes full penetration of
an aquifer of uniform thickness by both a stream and a bore. Hantush (1965) subsequently derived
a solution that included a streambed conductance term, which can be used to test the assumption
of no or minimal streambed resistance to flow. Hunt (1999) derived a solution that accounted for
partial stream penetration, which can be used to test the assumption of a fully penetrating
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stream. Hunt (2003) derived a solution that included the effects of a surficial aquitard overlying
the aquifer of interest. Zlotnik and Huang (1999) derived a solution that accounted for partial
stream penetration and the presence of a streambed clogging layer. Analytical solutions have also
been developed for hydrogeological configurations featuring multiple aquifers and aquitards (e.g.
Butler et al. (2007), Zlotnik and Tartakovsky (2008), Ward and Lough (2011) and Ward and Falle
(2013)).
In the Assessment the depletion of groundwater flows to streams was simulated using the
numerical code MODFLOW-2000 (Harbaugh et al., 2000). The models developed were essentially
generalisations of the Theis (1941) – Glover and Balmer (1954) solution to multi-layer flow
systems. Early testing of single layer numerical models involved matching of results to the Theis
(1941) – Glover and Balmer (1954) solution.

3.3

Local-scale single season spring flow depletion impacts

In comparison to the study of streamflow depletion, analytical solutions for the estimation of
spring flow depletion are scarce or non-existent, with the only known example being the solution
first derived by Hunt (2004) and later improved by Hunt and Smith (2008). This solution was used
to calculate the reduction of groundwater flow to a partially penetrating spring in a surficial
aquitard. Groundwater extraction was simulated from a confined aquifer underlying the aquitard.
In the Assessment the depletion of groundwater flows to springs was simulated using the
numerical code MODFLOW-2000 (Harbaugh et al., 2000). The conceptualisation of spring flow
depletion represented by these models was consistent with that used to simulate streamflow
depletion impacts. Essentially, flow to a spring was simulated as a Darcy Law flux (i.e. a function of
the difference in between aquifer hydraulic head and spring stage elevation). Spring discharge
fluxes were parameterised using a conductance term, which was a function of streambed
hydraulic conductivity.

3.4

Flow system-scale multi-season drawdown propagation impacts

Spatial extents of flow system-scale drawdown impacts resulting from groundwater extraction at
multiple simultaneous developments were also estimated using a single deterministic flow
system-scale groundwater flow model. The physics simulated by this model, as well as the
parameterisation of hydraulic properties, were consistent with those of the local-scale drawdown
impact models described in Section 3.1. Conversely, the flow system-scale model featured a single
realisation of spatially variable geometry, including thicknesses of hydrostratigraphic units.
Cumulative impacts of multiple groundwater extractions over a timescale of 20 years were
simulated using the numerical code MODFLOW-2005 (Harbaugh, 2005).
The numerical methods used to simulate potential impacts resulting from groundwater extraction
at both local and flow system scales are described below.
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4

Methods

In the Mary–Wildman rivers area, it was assumed that the primary constraint on groundwater
extraction will be the reduction in flow to surface water features such as springs (which support
creeks), monsoon rainforest patches and lagoons. With this in mind, the key potential impacts
(i.e. predictions) of future groundwater extraction examined were:
(i) How far will drawdown propagate as a result of varying levels of groundwater extraction?
(ii) How will the quantity of groundwater discharge to a given stream be affected by
groundwater drawdown?
(iii) How will the quantity of groundwater discharge to a given spring be affected by
groundwater drawdown?
The Australian Groundwater Modelling Guidelines defined confidence levels associated with
groundwater modelling studies using three categories (Barnett et al., 2012). These ranged from
low confidence (Class 1) to high confidence (Class 3). Selected characteristics of Class 1 modelling
studies included: (i) a lack of datasets from which reliable groundwater and geological information
may be obtained, and (ii) a lack of datasets that may be used to constrain modelled predictions
and, consequently, non-performance of model calibration.
Barnett et al. (2012) also described an additional class of groundwater model, that of generic
models. Generic models were defined as models that are:
developed primarily to understand flow processes and not to provide quantitative outcomes for
any particular aquifer or physical location. They can be considered to provide a high level of
confidence as their accuracy is only limited by the ability of the governing equations to replicate
the physical processes of interest. While they provide high confidence when applied in a general,
non-specific sense, if the results are applied to or assumed to represent a specific site the
confidence level will automatically decrease. This is because the simplifying assumptions (e.g.
the aquifer geometry) implemented in the generic model are highly unlikely to be exactly
applicable to the real physical setting.
According to the criteria defined by Barnett et al. (2012), the Assessment modelling study is
classified here as a Class 1 study and the types of models used are classified as generic models.
In terms of point (i), while the study area contains more than 120 groundwater bores and over 80
exploration wells, these are not uniformly distributed. Furthermore, due to the complex nature of
the basement geology in the study area (including interbedded and/or steeply dipping units), point
(bore) observations are likely to be insufficient for the interpolation of hydrostratigraphic unit
(HSU) extents and thicknesses. In future, geophysical survey methods (particularly, airborne
electromagnetic) could be used to constrain these properties. In this study, and for all prediction
types, an existing lack of knowledge regarding flow system geometry was addressed by assuming
that all HSUs were of uniform thickness. Thickness values were sampled from specified prior
distributions. For predictions of stream and spring flow depletion, the thicknesses and hydraulic
properties of stream and spring bed sediments have never been characterised. In this study, and
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for all prediction types, this lack of knowledge was addressed by sampling hydraulic conductance
values for stream and spring bed materials from specified prior distributions based on literature
values and expert opinion from DENR hydrogeologists.
In terms of point (ii), and for predictions of drawdown, while 16 pumping tests have been
undertaken in the study area, these are not uniformly distributed. Due to the complex nature of
the basement geology in the study area, these observations could not be generalised. An existing
lack of knowledge regarding flow system geometry precluded spatially explicit predictions. For
predictions of stream and spring flow depletion, spring discharge fluxes have never been recorded.
Coincident streamflow fluxes and adjacent groundwater levels have never been recorded. For
these reasons, the calibration of models to observed data was not possible in this study.
When simulating each potential impact of groundwater extraction, several hydrostratigraphic
conceptualisations were considered (Figure 2-8). Each conceptualisation featured a combination
of two or three of the key HSUs identified in the Mary–Wildman rivers area. All conceptualisations
featured the leaky sandy clay aquitard as the surficial unit, as this is laterally extensive across the
study area. For conceptualisations A and B, the leaky sandy clay aquitard is underlain by the semiconfined sand aquifer or the confined karstic dolostone aquifer, respectively. In both
conceptualisations, groundwater extraction occurred from the lower HSU. Conceptualisations C
and D both feature three HSUs: (i) the leaky sandy clay aquitard, (ii) the semi-confined sand
aquifer, and (iii) the confined karstic dolostone aquifer. Conceptualisation C featured groundwater
extraction from the sand aquifer. Conversely, Conceptualisation D featured extraction from the
karstic dolostone aquifer.

4.1

Monte Carlo sampling

For each potential impact assessed, an ensemble of models was generated. Specifically, one set of
models was developed for each of the hydrostratigraphic conceptualisations presented in
Figure 2-8. These set of models varied only by the number of layers, which was specified in
accordance with the number of HSUs present. For each conceptualisation, an ensemble of 1000
realisations (i.e. models) was then generated by random sampling values from each parameter
distribution. Uniform distributions were used, which were parameterised using minimum and
maximum values. These values were obtained from the parameter ranges previously defined
following an expert elicitation workshop involving DENR hydrogeologists (see Section 2.4.7 for
details). Where parameter ranges varied over orders of magnitude, sampling was undertaken from
log-uniform distributions. These distributions are listed as ranges in Table 4-1. Note that not all
parameters were used in every model.
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Table 4-1 Parameters and value ranges used in local-scale modelling of potential impacts from extraction
HYDROSTRATIGRAPHIC UNIT

PARAMETER

UNITS

TRANSFORM

MINIMUM

MAXIMUM

Leaky sandy clay aquitard

Thickness

m

none

10

100

(All conceptualisations)

Horizontal hydraulic conductivity*

m/d

log10

0.01

1

Specific yield

%

none

1

35

Semi-confined sand aquifer

Thickness

m

none

5

50

(Conceptualisations A, C and D)

Horizontal hydraulic conductivity*

m/d

log10

1

10

/m

log10

1 × 10–4

0.01

m

none

5

15

m/d

log10

0.1

1000

/m

log10

1 × 10–4

0.01

Specific storage
Confined karstic dolostone aquifer Thickness
(Conceptualisations B, C and D)

Horizontal hydraulic conductivity*
Specific storage

Streambed

Conductance

m2/d

log10

0.01

1

Spring bed

Conductance

m2/d

log10

0.01

1

* Note: Vertical hydraulic conductivity values were calculated as one-tenth of the respective horizontal hydraulic
conductivity value.

Since uniform distributions were specified for each parameter, each parameter set was considered
equally likely, as was each model result. As conditioning data were not used, each resulting
modelled prediction was considered equally likely (i.e. possessing a likelihood function value of
unity). For each potential impact type and for each hydrostratigraphic conceptualisation, an
ensemble of 1000 modelled predictions was presented using a cumulative distribution function.
This method of presentation is non-parametric and (unlike a histogram) does not require the
specification of arbitrary bins. Ensembles of model predictions were summarised by reporting 95th
percentile values. For each prediction type, this metric represents the maximum likely value. 95th
percentile values were preferred to maximum values, as the former is considered to be more
robust to outliers.
This unconstrained Monte Carlo approach simultaneously addressed (i) conceptual uncertainty,
through the use of four conceptualisations of hydrostratigraphy, and (ii) parameter uncertainty,
through the sampling of parameter distributions. The design and construction of numerical models
for each potential impact type is described below.

4.2

General local-scale single season model construction

The models constructed to assess the three potential impacts of interest included several
consistent features. These are discussed as follows. Features specific to each impact model are
discussed subsequently.

4.2.1

GOVERNING EQUATIONS AND INITIAL AND BOUNDARY CONDITIONS

All three impact types were simulated using a combination of two governing equations; these
were the unsaturated and saturated forms of the transient three-dimensional groundwater flow
equation, respectively:
𝜕𝜕𝑑𝑑

𝑆𝑆𝑌𝑌 𝑑𝑑 𝜕𝜕𝜕𝜕 = ∇ ∙ (𝐊𝐊 𝑑𝑑 ∇𝑑𝑑)

(1)
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𝜕𝜕𝜕𝜕

(2)

𝑆𝑆𝑠𝑠 𝑏𝑏 𝜕𝜕𝜕𝜕 = ∇ ∙ (𝐊𝐊 𝑏𝑏 ∇𝑑𝑑)

where 𝑆𝑆𝑌𝑌 = specific yield (dimensionless), 𝑆𝑆𝑠𝑠 = specific storage (/L), 𝐊𝐊 = a three-dimensional tensor
of hydraulic conductivity (L/T) and 𝑏𝑏 = HSU thickness (L). Since all models were response models,
the modelled state variable (𝑑𝑑) represented changes from initial conditions, rather than actual
hydraulic head values. For this reason, initial values were set to zero at all locations in modelled
domains; in other words:
𝑑𝑑(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 0 ,

𝑡𝑡 = 𝑡𝑡0 = 0

(3)

𝑑𝑑(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 0 ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(4)

∇2 𝑑𝑑(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ∙ 𝐧𝐧 = 0 ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(5)

−𝐾𝐾 𝑏𝑏 ∇2 𝑑𝑑 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑄𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = (𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑧𝑧𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 )

(6)

The spatial extent of all models were specified such that deviations from initial conditions did not
reach lateral model boundaries (see below). Zero-value Dirichlet (i.e. specified value) boundary
conditions were specified on all lateral model boundaries, excluding those featuring stream or
spring boundary conditions; in other words:
The specification of zero values on lateral model boundaries represented zero change from initial
conditions. The use of Dirichlet (rather than Neumann) boundary conditions enabled the
observation of influxes through lateral model boundaries. This approach was used to ensure that
such influxes were zero or negligible. Zero-value Neumann (i.e. zero specified flux) boundary
conditions were specified on the base of the model; in other words:
where 𝐧𝐧 is the outward unit normal vector. These boundary conditions represented zero
interaction between the groundwater flow system and underlying basement rocks (e.g. the
Wildman Siltstone). Continuous groundwater extraction from a confined aquifer was specified at
the centre of all model domains using a Neumann (i.e. specified flux) boundary condition; in other
words:

4.2.2

PROXIMITIES, RATES AND DURATIONS OF GROUNDWATER EXTRACTION

For each of the four hydrostratigraphic conceptualisations tested, groundwater was extracted
from the relevant HSU (see Figure 2-8 for details). Extraction rates of 10, 60 and 315 L/second (i.e.
approximately 0.1, 1 and 5 GL per 183 days) were specified, representing a range of scales of
potential development. For stream and spring flow depletion predictions, extraction at lower rates
(i.e. 10 and 60 L/second) was specified at a distance of 1 km from a stream or spring. Extraction at
higher rates (i.e. 60 and 315 L/second) was specified at a distance of 10 km. The duration of
continuous extraction specified (i.e. 183 days) represented the maximum likely value. In practice,
groundwater extraction would likely occur over less than 6 months and would be extracted
periodically (e.g. over 6 hours per day), rather than as continuous use. Nonetheless, the simulation
of continuous extraction likely resulted in over estimation of prediction values, which ensured
conservative estimates of potential impacts. The potential for impacts to accumulate over time
(i.e. impacts resulting from extraction during multiple consecutive dry seasons) was not addressed
here. Instead, these modelling approaches provided first-order estimates of potential impacts
from a single dry season of continuous extraction.
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4.2.3

MODEL CONVERGENCE AND OTHER ERROR TESTING

The numerical convergence of each model was recorded at the conclusion of each model run, as
was the global mass balance error of each model. In addition, fractions of global mass balances
contributed by inflows through Dirichlet (i.e. specified head) conditions specified on lateral model
boundaries were also recorded.

4.3

Local-scale single season drawdown propagation impacts

Models to simulate drawdown propagation were developed according to the general construction
methods described in Section 4.2. Additional aspects of the development of drawdown
propagation models, including the specification of spatial and temporal extents and methods of
discretisation, are described as follows.

4.3.1

SPATIAL EXTENT AND DISCRETISATION

The spatial extent and discretisation of drawdown propagation models is depicted in Figure 4-1.
A simplified representation of model geometry is presented to improve clarity; specifically, the
number of model rows and columns was reduced from 103 to 13. Every hydrostratigraphic
conceptualisation featured a spatial extent of 50 × 50 km. This extent was found to be sufficient to
ensure that drawdown impacts did not reach lateral model boundaries. Influxes across boundary
fluxes were recorded and checked for each model run. By ensuring that inflows across model
boundaries did not occur, the model effectively represented an infinite domain, which is
consistent with many analytical drawdown propagation solutions. The lateral extent of each model
in both x and y planes was discretised using 103 cells. Cell dimensions increased exponentially
outward from the centre of the model (i.e. row 52, column 52; Δx = Δy = 1 m), from which
groundwater extraction was specified, to lateral model boundaries. This non-uniform method of
spatial discretisation (informally known as a tartan grid) is commonly used for applications in
which the gradient of the state variable varies spatially. In this study, hydraulic gradients were
expected to be relatively large in the vicinity of the extraction bore and decrease exponentially
with distance toward lateral model boundaries. For this reason, cell dimensions were smallest in
the vicinity of the extraction bore. In addition, cells of 1 m width (perpendicular to flow) were
specified on lateral model boundaries. These additional cells contained Dirichlet boundary
conditions, as described subsequently. The thickness of each model was dependent on the
number of HSUs represented. For example, Conceptualisation A featured two HSUs; therefore the
corresponding model featured two model layers. Thicknesses of model layers were sampled
randomly from specified uniform and log-uniform distributions (Table 4-1).

Chapter 4 Methods | 25

(a)

(b)

Figure 4-1 (a) Three-dimensional view and (b) two-dimensional plan view of model geometry used to simulate the
propagation of drawdown induced by groundwater extraction
Note: Model geometry was simplified to improve Figure clarity; specifically, the number of model rows and columns
was reduced from 103 to 13. Red cell = location of groundwater extraction; yellow cells = leaky sandy clay aquitard;
green cells = Dirichlet (i.e. fixed head) boundary conditions that were specified on all lateral model boundaries.

4.3.2

PREDICTION TYPES

Two types of drawdown impacts were observed: (i) the distance to the 1 m drawdown contour at
the end of the extraction period, and (ii) the magnitude of drawdown observed at a distance of
1 km.

4.3.3

COMPARISON TO ANALYTICAL SOLUTION

A simplified (i.e. single layer) version of the numerical drawdown propagation model was
compared to the equivalent Theis (1935) analytical solution (Figure 4-2).

Figure 4-2 Comparison between a single layer numerical drawdown propagation solution and the Theis (1935)
analytical solution
Drawdown values were calculated after 183 days of continuous extraction at a rate of 10 L/second from a single 50-mthick aquifer featuring a hydraulic conductivity of 1 m/day and a specific yield of 10%.
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This comparison was undertaken primarily to ensure that lateral model boundary conditions were
specified correctly. In particular, for a given extraction rate, the distance from an extraction bore
to lateral boundaries should be sufficiently large that water inflows through such boundaries are
zero or negligible. Minimal discrepancies between numerical and analytical solutions indicated
that boundary conditions were specified appropriately.

4.4

Local-scale single season streamflow depletion impacts

Models to simulate streamflow depletion were developed according to the general construction
methods described in Section 4.2. Additional aspects of the development of streamflow depletion
models, including the specification of spatial and temporal extents and methods of discretisation,
are described as follows.
Zero-value specified hydraulic head boundary conditions were specified on three of the four
horizontal boundaries of the domain. A Cauchy (i.e. mixed) boundary condition was specified on
the fourth boundary to represent a gaining stream. The extraction bore was 1 km away from the
stream boundary.

4.4.1

ADDITIONAL BOUNDARY CONDITIONS

Interaction with a stream on a model boundary (𝑄𝑄𝑆𝑆 ) was calculated as a Darcy flux, using a Cauchy
(i.e. head-dependent flow) boundary condition featuring a conductance term (𝐶𝐶𝑆𝑆 ); in other words:
𝑄𝑄𝑆𝑆 (𝑡𝑡) = 𝐾𝐾𝐶𝐶 𝐴𝐴

∆ℎ
∆𝐿𝐿

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝐶𝐶𝑆𝑆 ∆ℎ (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(7)

where 𝐾𝐾𝐶𝐶 = streambed hydraulic conductivity (L/T), A = the cross-sectional area perpendicular to
vertical flow between the aquifer and the stream (L2) and ∆𝐿𝐿 = streambed thickness (L). The
vertical hydraulic gradient term (∆ℎ) was calculated as the difference between the stream stage
and the hydraulic head of the HSU in which the stream was incised. The conductance of
streambed materials (commonly known as the streambed clogging layer) was sampled from a
uniform distribution ranging between 0.01 and 1.00 m2/day.

4.4.2

SPATIAL EXTENT AND DISCRETISATION

The spatial extent and discretisation of streamflow depletion models is depicted in Figure 4-3.
A simplified representation of model geometry is presented to improve clarity; specifically, the
number of model rows and columns was reduced from 100 to 11. Every hydrostratigraphic
conceptualisation featured a spatial extent of 2 × 2 km. This extent was sufficient to ensure that
drawdown impacts did not reach lateral model boundaries. Influxes across boundary fluxes were
recorded and checked for each model run. By ensuring that inflows across model boundaries did
not occur, the model effectively represented an infinite domain, which is consistent with many
analytical streamflow depletion solutions. The lateral extent of each model was discretised using
100 cells, each of which was 20 × 20 m in size. Groundwater extraction was simulated at a distance
of 1 km from the stream. The thickness of each model was dependent on the number of HSUs
represented. For example, Conceptualisation A featured two HSUs; therefore the corresponding
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model featured two model layers. Thicknesses of model layers were sampled randomly from
specified uniform and log-uniform distributions (Table 4-1).
(b)

(a)

Figure 4-3 (a) Three-dimensional view and (b) two-dimensional plan view of model geometry used to simulate the
depletion of groundwater flows to a fully connected stream
Red cell = location of groundwater extraction; yellow cells = leaky sandy clay aquitard; orange cells = semi-confined
sand aquifer; grey cells = confined Koolpinyah Dolostone aquifer; blue cells = stream boundary condition; green cells =
Dirichlet (i.e. specified head) boundary conditions. Note: model geometry was simplified to improve Figure clarity;
specifically, the number of model rows and columns was reduced from 100 to 11.

4.4.3

PREDICTION TYPE

The prediction of streamflow depletion was defined as the reduction in groundwater flow to the
stream along its entire extent.

4.4.4

COMPARISON TO ANALYTICAL SOLUTION

A simplified (i.e. single layer) version of the numerical streamflow depletion model was compared
to the equivalent Theis (1941) – Glover and Balmer (1954) analytical solution (Figure 4-4).
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Figure 4-4 Comparison between a single layer numerical streamflow depletion solution and the Theis (1941) –
Glover and Balmer (1954) analytical solution
Streamflow depletion fluxes were calculated after 183 days of continuous extraction at a rate of 10 L/second from a
single 50-m-thick aquifer featuring a hydraulic conductivity of 1 m/day and a specific yield of 10%. Streambed
conductivity was specified such that zero resistance to flow occurred.

This comparison was undertaken primarily to ensure that lateral model boundary conditions
(excluding the stream boundary condition) were specified correctly. In particular, for a given
extraction rate, the distance from an extraction bore to lateral boundaries should be sufficiently
large that water inflows through such boundaries are zero or negligible. Minimal discrepancies
between numerical and analytical solutions indicated that boundary conditions were specified
appropriately.

4.5

Local-scale single season spring flow depletion impacts

Models to simulate spring flow depletion were developed according to the general construction
methods described in Section 4.2. Additional aspects of the development of spring flow depletion
models, including the specification of spatial and temporal extents and methods of discretisation,
are described as follows.

4.5.1

ADDITIONAL BOUNDARY CONDITIONS

Interaction with a groundwater-dependent spring (𝑄𝑄𝑆𝑆 ) was calculated as a Darcy flux, using a
Cauchy (i.e. head-dependent flow) boundary condition featuring a conductance term (𝐶𝐶𝑆𝑆 ); in other
words:
𝑄𝑄𝑆𝑆 (𝑡𝑡) = 𝐾𝐾𝐶𝐶 𝐴𝐴

∆ℎ
∆𝐿𝐿

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝐶𝐶𝑆𝑆 ∆ℎ (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(8)

where 𝐾𝐾𝐶𝐶 = spring bed hydraulic conductivity (L/T), 𝐴𝐴 = the cross-sectional area perpendicular to
vertical flow between the aquifer and the spring (L2) and ∆𝐿𝐿 = streambed thickness (L). The vertical
hydraulic gradient term (∆ℎ) was calculated as the difference between the stream stage and the
hydraulic head of the HSU in which the spring was incised. The conductance of spring bed
materials was sampled from a uniform distribution ranging between 0.01 and 1.00 m2/day.
Importantly, the spring was located on a zero flux Neumann boundary. This is consistent with the
occurrence of springs in the Mary–Wildman rivers area. For example, Jimmies Creek spring and
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Opium Creek spring both occur at the edge of the groundwater flow system (i.e. the edge of the
Mesozoic–Cenozoic sediments), where the basement rock (i.e. Wildman Siltstone) outcrops. This
conceptualisation is different to that considered previously by Hunt (2004) and Hunt and Smith
(2008). These studies simulated the depletion of groundwater flow to a spring located in an
infinite aquifer. Testing of similar numerical models (not reported here) indicated that, for the
rates of extraction tested (i.e. up to 60 L/second), spring flow depletion would be negligible.
Conversely, springs on impermeable boundaries of groundwater flow systems (as modelled here)
are more susceptible to the impacts of extraction.

4.5.2

SPATIAL EXTENT AND DISCRETISATION

The spatial extent and discretisation of spring flow depletion models is depicted in Figure 4-5.
A simplified representation of model geometry is presented to improve clarity; specifically, the
number of model rows and columns was reduced from 100 to 11. Every hydrostratigraphic
conceptualisation featured a spatial extent of 2 × 2 km. This extent was found to be sufficient to
ensure that drawdown impacts did not reach lateral model boundaries. By ensuring that inflows
across model boundaries did not occur, the model effectively represented an infinite domain,
which is consistent with many analytical streamflow depletion solutions. The lateral extent of each
model was discretised using 100 cells, each of which was 20 × 20 m in size. Groundwater
extraction was simulated at a distance of 1 km from the spring. The thickness of each model was
dependent on the number of HSUs represented. For example, Conceptualisation A featured two
HSUs; therefore the corresponding model featured two model layers. Thicknesses of model layers
were sampled randomly from specified uniform and log-uniform distributions (Table 4-1).
(a)

(b)

Figure 4-5 (a) Three-dimensional view and (b) two-dimensional plan view of model geometry used to simulate the
depletion of groundwater flows to a fully connected spring on the lateral boundary of a groundwater flow system
Red cell = location of groundwater extraction; yellow cells = leaky sandy clay aquitard; orange cells = semi-confined
sand aquifer; grey cells = confined Koolpinyah Dolostone aquifer; blue cells = spring boundary condition; green cells =
Dirichlet (i.e. specified head) boundary conditions. Note: model geometry was simplified to improve Figure clarity;
specifically, the number of model rows and columns was reduced from 100 to 11.
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4.5.3

COMPARISON TO ANALYTICAL SOLUTION

Comparisons between the numerical solution for spring flow depletion presented in this study and
the Hunt (2004) or Hunt and Smith (2008) solutions were not undertaken. However, this numerical
solution is a simplification of the numerical streamflow depletion solution presented previously,
which featured minimal discrepancy when compared to the Theis (1941) – Glover and Balmer
(1954) analytical solution.

4.6

Flow system-scale multi-season drawdown propagation impacts

The governing equation, initial and boundary conditions used to simulate flow system-scale
drawdown impacts are described below. The specifics of the numerical solution are provided,
including spatial and temporal discretisation, as well as convergence and acceptance metrics.

4.6.1

GOVERNING EQUATIONS AND INITIAL AND BOUNDARY CONDITIONS

Governing equations
Drawdown impacts at the flow system-scale were simulated using a combination of two governing
equations; these were the unsaturated and saturated forms of the transient three-dimensional
groundwater flow equation, respectively:
𝜕𝜕ℎ

(9)

𝑆𝑆𝑌𝑌 ℎ 𝜕𝜕𝜕𝜕 = ∇ ∙ (𝐊𝐊 ℎ ∇ℎ)
𝜕𝜕ℎ

(10)

𝑆𝑆𝑠𝑠 𝑏𝑏 𝜕𝜕𝜕𝜕 = ∇ ∙ (𝐊𝐊 𝑏𝑏 ∇ℎ)

where 𝑆𝑆𝑌𝑌 = specific yield (dimensionless), 𝑆𝑆𝑠𝑠 = specific storage (/L), 𝐊𝐊 = a three-dimensional tensor
of hydraulic conductivity (L/T) and 𝑏𝑏 = HSU thickness (L).
Initial conditions

Initial hydraulic head values at all locations were set to the corresponding top of model elevation,
derived from the 1-second digital elevation model (𝑧𝑧𝐷𝐷𝐷𝐷𝐷𝐷 ) (Gallant et al., 2011); in other words:
ℎ(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝑧𝑧𝐷𝐷𝐷𝐷𝐷𝐷 (𝑥𝑥, 𝑦𝑦) ,

𝑡𝑡 = 𝑡𝑡0 = 0

(11)

For groundwater flow models, a static (i.e. time-invariant) three-dimensional spatial distribution of
groundwater hydraulic heads provides the initial conditions for transient simulations. These are
typically derived by solving the steady state form of the groundwater flow equation and represent
historical equilibrium hydraulic conditions. Conversely, in northern Australia some groundwater
flow systems can be highly dynamic (in response to high intra-annual rainfall variability) and
potentially never achieve static equilibrium conditions. To ensure that simulated groundwater
levels had achieved dynamic equilibrium (i.e. consistent minimum and maximum values each
year), a 20-year period was specified prior to the simulation of extraction. From the examination
of simulated hydrographs, this duration was found to be sufficient to ensure that pre-extraction
dynamic equilibrium conditions were achieved.
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Lateral model boundary conditions
Lateral outflows (𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ) from the flow system along two separate sections of the model
boundary were represented using Cauchy (i.e. head-dependent flux) boundary conditions; in other
words:
𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 𝐶𝐶(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ∆ℎ (𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(12)

where ∆ℎ = the difference between reference and simulated hydraulic heads at (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) and 𝐶𝐶 = a
conductance term (L2/T). A reference hydraulic head value of 20 mAHD was specified on both
outflow boundaries for all model layers. This value was approximated from potentiometric surface
mapping by Tickell and Zaar (2017) (Figure 2-6). Conductance values of 1 × 104 m2/day were
specified on both outflow boundaries for all model layers. This value ensured that reference
hydraulic head values were imposed at boundary condition cell locations; therefore lateral outflow
boundary conditions were equivalent to Dirichlet boundary conditions. Lateral outflow boundary
conditions were implemented using the Modflow Generalised Head Boundary package.
Zero-value Dirichlet (i.e. specified head) boundary conditions were specified on all lateral model
boundaries, excluding those featuring lateral outflow (Cauchy) boundary conditions; in other
words:
ℎ(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = 0 ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(13)

∇2 ℎ(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ∙ 𝐧𝐧 = 0 ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(14)

The specification of zero values on lateral model boundaries represented zero change in hydraulic
heads. Zero-value Neumann (i.e. zero specified flux) boundary conditions were also specified on
the base of the model; in other words:
where 𝐧𝐧 is the outward unit normal vector. These boundary conditions represented zero
interaction between the groundwater flow system and underlying basement rocks (e.g. the
Wildman Siltstone).
Recharge boundary conditions
Recharge fluxes to the upper boundary of the flow system (𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ; L3/T) was simulated using
Neumann (i.e. specified flux) boundary conditions; in other words:
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 𝑅𝑅(𝑥𝑥, 𝑦𝑦) 𝐴𝐴 (𝑥𝑥, 𝑦𝑦) ,

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑡𝑡𝑡𝑡𝑡𝑡

(15)

where 𝑅𝑅 = recharge rate (L/T) and 𝐴𝐴 = model cell area (L2). A spatially uniform recharge rate of
5.5 × 10–4 m/day was specified, which was equivalent to a recharge rate of 100 mm per wet
season. This value was consistent with estimates derived from a combination of upscaled chloride
mass balance and environmental tracer methods in this Assessment (Turnadge et al., 2018).
Recharge boundary conditions were implemented using the Modflow Recharge package.
Evapotranspiration boundary conditions
Evapotranspiration (ET) fluxes from the upper boundary of the flow system (𝑄𝑄𝐸𝐸𝐸𝐸 ; L3/T) were
simulated using Cauchy (i.e. hydraulic head-dependent flux) boundary conditions. Specifically, 𝑄𝑄𝐸𝐸𝐸𝐸
was simulated using a piecewise function of groundwater level. First, for groundwater levels (ℎ) at
or above a ground surface elevation (i.e. above the elevation of the top of a model cell; 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 ), 𝑄𝑄𝐸𝐸𝐸𝐸
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was specified as equal to the product of a specified maximum ET rate (𝐸𝐸𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ; L/T) and the model
cell area (𝐴𝐴; L2); in other words:
𝑄𝑄𝐸𝐸𝐸𝐸 (𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 (𝑥𝑥, 𝑦𝑦) 𝐴𝐴(𝑥𝑥, 𝑦𝑦) ,

ℎ(𝑥𝑥, 𝑦𝑦) ≥ 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥, 𝑦𝑦) ,

(16)

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑡𝑡𝑡𝑡𝑡𝑡

Second, for groundwater levels below a specified elevation (also commonly as an extinction depth;
𝑧𝑧𝑋𝑋𝑋𝑋 ), 𝑄𝑄𝐸𝐸𝐸𝐸 was specified as zero; in other words:
𝑄𝑄𝐸𝐸𝐸𝐸 (𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 0 ,

ℎ(𝑥𝑥, 𝑦𝑦) > 𝑧𝑧𝑋𝑋𝑋𝑋 (𝑥𝑥, 𝑦𝑦) ,

(17)

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑡𝑡𝑡𝑡𝑡𝑡

Third, for groundwater levels (i) below ground surface and (ii) above the extinction depth, 𝑄𝑄𝐸𝐸𝐸𝐸 was
specified using a linear function of groundwater level; in other words:
𝑄𝑄𝐸𝐸𝐸𝐸 (𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = −

𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 (𝑥𝑥,𝑦𝑦)
ℎ(𝑥𝑥, 𝑦𝑦)
𝑍𝑍𝑋𝑋𝑋𝑋 (𝑥𝑥,𝑦𝑦)

+ 𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 (𝑥𝑥, 𝑦𝑦) ,

𝑧𝑧𝑋𝑋𝑋𝑋 (𝑥𝑥, 𝑦𝑦) < ℎ(𝑥𝑥, 𝑦𝑦) < 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥, 𝑦𝑦) ,
(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝜖𝜖 𝛤𝛤𝑡𝑡𝑡𝑡𝑡𝑡

(18)

A maximum ET rate of 5.5 × 10–4 m/day was specified at all cells on the upper model boundary,
which was equivalent to an ET rate of 100 mm per wet season. An extinction depth of 2 m was
specified at all cells from which ET fluxes were prescribed. This value was considered to be
appropriate for shallow watertable evaporation, which was assumed to be the major component
of ET in the study area. Most vegetation in the study area is Eucalypt savanna vegetation, which is
not considered to be groundwater-dependent and is instead reliant on soil water (Kelley et al.,
2002). Evapotranspiration boundary conditions were implemented using the MODFLOW-2005 EVT
package.
Creek discharge boundary conditions
Discharge fluxes to creeks (𝑄𝑄𝐶𝐶𝐶𝐶 ; L3/T) were simulated using Cauchy (i.e. hydraulic head-dependent
flux) boundary conditions. Specifically, 𝑄𝑄𝐶𝐶𝐶𝐶 was simulated using a piecewise function of depth to
unconfined groundwater level. For groundwater levels (ℎ) above a ground surface elevation (i.e.
above the elevation of the top of a model cell; 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 ), 𝑄𝑄𝐶𝐶𝐶𝐶 was specified as equal to the product of
a conductance parameter (𝐶𝐶) and the difference between computed hydraulic head and ground
surface elevation; in other words:
𝑄𝑄𝐶𝐶𝐶𝐶 (𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 𝐶𝐶(𝑥𝑥, 𝑦𝑦) �ℎ(𝑥𝑥, 𝑦𝑦) − 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥, 𝑦𝑦)� ,

ℎ(𝑥𝑥, 𝑦𝑦) > 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥, 𝑦𝑦)

(19)

𝑄𝑄𝐶𝐶𝐶𝐶 (𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 0 ,

ℎ(𝑥𝑥, 𝑦𝑦) ≤ 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 (𝑥𝑥, 𝑦𝑦)

(20)

Conversely, for groundwater levels below ground surface, 𝑄𝑄𝐶𝐶𝐶𝐶 was specified as equal to the
product of a conductance parameter (𝐶𝐶) and the difference between computed hydraulic head
and ground surface elevation; in other words:
A conductance value of 1 x 10–4 m2/day was specified, which ensured that creek discharge fluxes
were removed from the model near-instantaneously. Creek discharge boundary conditions were
implemented using the MODFLOW-2005 Drain package.

Chapter 4 Methods | 33

4.6.2

SPATIAL AND TEMPORAL DISCRETISATION

The spatial extent of the flow system was developed from mapping by Tickell and Zaar (2017)
(Figure 2-5). The upper boundary of the model was defined using a downscaled version of the 1second digital elevation model derived by Gallant et al. (2011). The model spatial extent was
discretised using 200 rows, 200 columns and 7 layers. The width of each row and column was 200
m. The thickness of the upper model layer was varied spatially according to the mapped thickness
of sandy clay sediments (Tickell and Zaar, 2017). Underlying model layers all featured a uniform
thickness of 10 m; however, the top and bottom elevations of cells in these layers varied spatially.

Figure 4-6 Model boundary conditions used to represent lateral groundwater outflows (red cells) and shallow
groundwater discharge to creeks (blue cells)
OCS = Opium Creek Station; PB = Periscope Block; NP = National Park; CF = Cashew Farm.

Spatial extents of each of the three key HSUs in the Mary–Wildman rivers area were developed
from mapping by Tickell and Zaar (2017) (Figure 2-5). These included spatially variable thicknesses
of the leaky sandy clay surficial aquitard and the semi-confined sand aquifer. The total thickness of
the semi-confined sand aquifer varied spatially and, at some locations, comprised multiple model
layers. The thickness of the confined Koolpinyah Dolostone aquifer was assumed to be 10 m,
based on limited borehole information in the Mary–Wildman rivers area. Comparable thicknesses
of the weathered (i.e. karstic) upper horizon of the Koolpinyah Dolostone have been observed
nearer to Darwin; for example, a 10 m thickness was observed at McMinns–Benham Lagoon (Jolly,
1983). Greater thicknesses have been observed at other locations, including up to 20 m at
Palmerston (Quereshi, 1983; Power and Yin Foo, 1988) and at Howard Springs (Tickell, 2009), as
well as 40 m at Lambells Lagoon (Jolly, 1986; Jolly and Yin Foo, 1988).
The temporal extent of the model was 40 years, which was simulated using 80 stress periods, each
of which was 6 months in duration. Each stress period was discretised using 60 time steps and a
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time step length multiplier of 1.05. This configuration ensured model convergence for a range of
extraction volumes. The first 20 years of simulation (i.e. a ‘warm-up’ period) was found to be
sufficient to develop dynamic equilibrium conditions that were independent of model initial
conditions.

4.6.3

HYDRAULIC PROPERTIES

The hydraulic properties of the three key HSUs represented in the flow system model (i.e. leaky
sandy clay surficial aquitard, semi-confined sand aquifer, and confined karstic dolostone aquifer)
were specified in accordance with Table 4-1.

Figure 4-7 Spatial distributions of three hydrostratigraphic units in model layers 1 and 2
OCS = Opium Creek Station; PB = Periscope Block; CF = Cashew Farm.

4.6.4

RATES, DURATIONS AND LOCATIONS OF GROUNDWATER EXTRACTION

Continuous groundwater extraction was simulated over each dry season (i.e. 6-month period) over
a total duration of 20 years. Three rates of extraction were simulated (i.e. 1, 2 and 3 GL/year) at
three hypothetical locations, which were equivalent to cumulative extraction volumes of 3, 6 and
9 GL/year over a 20 year period. These represented developments of varying scales at locations (i)
where soils were considered suitable for irrigated agriculture (Thomas et al., 2018) and (ii) where
interconnected sand and dolostone aquifers are laterally extensive. Extraction was simulated at
three hypothetical sites, located (i) on the Cashew Farm (NT Portion 5088), (ii) on Opium Creek
Station (NT Portion 2707), and (iii) NT Portion 2623, west and south of the Cashew Farm. At each
site, the total extraction volume was distributed over five bores arranged in a cross configuration.
Specifically, four bores were separated from a central bore by 600 m in each of the four cardinal
directions. This bore separation distance was considered to be consistent with those used for
centre pivot irrigation developments. Time-varying groundwater extraction fluxes were specified
using the MODFLOW-2005 Well package.
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Figure 4-8 Locations of three hypothetical developments where groundwater extraction was simulated
OCS = Opium Creek Station; PB = Periscope Block; CF = Cashew Farm.

4.6.5

MODEL CONVERGENCE AND ACCEPTANCE METRICS

The numerical convergence of each flow system-scale model was recorded at the conclusion of
each model run, as was the global mass balance error of each model. The ability of the preextraction model (representing ambient hydraulic dynamic equilibrium conditions) to match
groundwater levels and wet season magnitude increases observed in 2016–17 was reported using
root-mean-square-error metrics. Specifically, reported root-mean-square-error values related to
three aspects of groundwater level dynamics: (i) the minimum groundwater level, typically
observed at the end of the dry season, (ii) the maximum groundwater level, typically observed at
the end of the wet season, and (iii) the range of intra-annual groundwater level variation,
observed as the difference between (i) and (ii).

4.6.6

PREDICTIONS SIMULATED

Flow system-scale drawdown predictions were calculated using differences between unconfined
groundwater levels calculated by two 40-year-long model scenarios. The first (‘baseline’) scenario
featured a 20-year-long ‘warm-up’ period, followed by a 20-year-long period of zero extraction.
The second (‘extraction’) scenario featured a 20-year-long ‘warm-up’ period, followed by a
20-year-long period of extraction. The latter was composed of alternating 6-month-long periods of
dry season extraction and wet season recovery. Spatial distributions of unconfined groundwater
levels were compared at the end of 40 years of simulation to estimate cumulative drawdown
impacts from simultaneous groundwater extraction at three hypothetical development sites.
Spatial distributions of drawdown were compared at the end of both (i) the dry season to estimate
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maximum drawdown, and (ii) the subsequent wet season to estimate whether drawdowns
induced by extraction were mitigated by subsequent wet season recharge. Key metrics recorded
included: (i) the maximum drawdown, which was typically observed at an extraction bore, (ii) the
maximum extent of the 2 m drawdown contour, with respect to distance from an extraction bore,
and (iii) the minimum distance between the 2 m drawdown contour and a groundwater discharge
spring, which was typically Brian Creek Spring.
The results of numerical modelling of potential impacts resulting from groundwater extraction at
both local and flow system scales are presented and discussed in Chapter 5.
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5

Results and discussion

5.1

Local-scale single season impacts

Three types of potential impacts were simulated using numerical groundwater flow models:
(i) the propagation of drawdown away from an extraction bore
(ii) the depletion of groundwater flow to a stream due to groundwater extraction
(iii) the depletion of groundwater flow to a spring due to groundwater extraction.
Specifically, six predictions of interest were examined:
(i) the spatial extent of the 1 m drawdown contour, relative to the location of an extraction
bore
(ii) the drawdown observed at a distance of 1 km from a production bore
(iii) the reduction in groundwater flow to a stream due to groundwater extraction at a distance
of 1 km
(iv) the reduction in groundwater flow to a stream due to groundwater extraction at a distance
of 10 km
(v) the reduction in groundwater flow to a spring due to groundwater extractions at a distance
of 1 km
(vi) the reduction in groundwater flow to a spring due to groundwater extractions at a distance
of 10 km.
For all impacts, the duration of continuous groundwater extraction simulated was 183 days. For
impacts (iii) to (vi), the separation distance between extraction bore and stream or spring was
specified as either 1 km (for lower extraction rates) or 10 km (for higher extraction rates).
Ensembles of 5000 realisations (for drawdown predictions) and 1000 realisations (for stream and
spring flow predictions) were generated. A greater number of realisations was specified for
drawdown predictions to maximise the total number of convergent models, as not all parameter
sets resulted in convergent models. These were typically due to complete desaturation of the cell
representing an extraction bore and, in some cases, adjacent cells.
The results of each of these impact analyses are presented here using cumulative density
functions, which (unlike histograms) do not require arbitrary binning of data. A cumulative density
function represents the probability of not exceeding a given threshold. As presented here, the
cumulative density function represents the fraction of model runs that did not exceed a given
value. This value was defined using the 95th percentile values of each cumulative density function,
which are presented in the following figures using vertical dashed lines. For each impact type and
hydrogeological conceptualisation, these identify the predicted value that 95% of convergent
model runs did not exceed. In practice, this reporting of an ensemble of (equally likely) model
outputs derived from stochastic sampling of parameter distributions (i.e. Monte Carlo simulation)
could be used to estimate whether predicted impacts are below regulatory thresholds. For
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example, whether 95% (or all) of an ensemble of modelled realisations predict that an impact will
not exceed a specified value.

5.1.1

LOCAL-SCALE SINGLE SEASON DRAWDOWN PROPAGATION IMPACTS

Model convergence rates and ensemble sizes
Model convergence rates and ensemble sizes are presented in Table 5-1.
Table 5-1 Ensemble sizes and convergence rates of modelled predictions of the magnitude and spatial extent of
drawdown resulting from groundwater extraction
EXTRACTION FLUX (L/s)

EXTRACTION FLUX
(GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

ENSEMBLE SIZE

CONVERGENCE RATE (%)

10

0.1

A

4555 / 5000

91

B

2399 / 5000

48

C

2848 / 5000

57

D

2003 / 5000

40

A

1818 / 5000

36

B

1334 / 5000

27

C

1822 / 5000

36

D

997 / 5000

20

A

30 / 5000

1

B

513 / 5000

10

C

886 / 5000

18

D

357 / 5000

7

60

315

1

5

For an extraction rate of 10 L/second, ensemble sizes were in excess of 2000 samples, which were
equivalent to convergence rates of 40% or greater. Model convergence rates were relatively lower
for extraction rates of 60 L/second (i.e. 20% or greater) and 315 L/second (i.e. less than 20%).
These considerable reductions in ensemble sizes were found to be a result of the complete
desaturation of model cells representing extraction bores and adjacent cells. Such results violate
the assumption of non-zero saturation conditions required by numerical codes such as
MODFLOW-2000. Poor convergence of models featuring extraction rates of 315 L/second
indicated the low level of confidence associated with the predictions produced by these models.
Due to the small ensemble sizes generated for drawdown predictions resulting from extraction
rates of 315 L/second, the results derived from these ensembles were not considered statistically
robust; therefore these results were omitted from further analyses of drawdown predictions. In
practice, extraction of groundwater at rates of 315 L/second or similar is unlikely; instead, an
extraction rate of this magnitude would be achieved from a borefield, rather than from a single
bore. While the impacts of simultaneous extraction from multiple bores was not simulated in the
Assessment, these would likely need to be addressed by proponents of future developments
seeking to use groundwater resources in the Mary–Wildman rivers area.
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Predictions of the magnitude of drawdown at 1 km distance from an extraction bore
Modelled predictions of the magnitude of drawdown at 1 km distance from an extraction bore are
tabulated in Table 5-2 and presented using cumulative density functions in Figure 5-1.
Table 5-2 Summary of modelled predictions of the magnitude of drawdown at a distance of 1 km resulting from
groundwater extraction
EXTRACTION
RATE (L/s)

EXTRACTION
RATE (GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

MINIMUM
PREDICTED VALUE
(m)

MAXIMUM
PREDICTED
VALUE (m)

95th PERCENTILE
PREDICTED
VALUE (m)

10

0.1

A

<0.1

0.3

0.1

B

<0.1

0.3

0.1

C

<0.1

0.2

0.1

D

0.0

0.3

0.1

A

<0.1

1.7

0.3

B

<0.1

1.5

0.4

C

<0.1

1.4

0.3

D

0.0

0.8

0.2

60

1

For both extraction rates all conceptualisations tested, 95th percentiles of drawdown magnitude
predictions were less than 0.5 m. Drawdowns of such limited magnitude would be considered
negligible in most groundwater flow systems.

Figure 5-1 Estimates of the magnitude of drawdown at a distance of 1 km resulting from groundwater extraction
Four hydrogeological conceptualisations (A, B, C and D) and two extraction rates were tested: 10 L/second
(≈ 0.1 GL/183 days; green lines) and 60 L/second (≈ 1 GL/183 days; blue lines). Solid lines = cumulative density
functions; dashed lines = 95th percentiles of predicted values.
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Predictions of the spatial extent of the 1 m drawdown contour with distance from an extraction
bore
Modelled predictions of the spatial extent of the 1 m drawdown contour are tabulated in
Table 5-3 and presented using cumulative density functions in Figure 5-2.
Table 5-3 Summary of modelled predictions of the spatial extent of the 1 m drawdown contour resulting from
groundwater extraction
EXTRACTION
RATE (L/s)

EXTRACTION
RATE (GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

MINIMUM
PREDICTED VALUE
(m)

MAXIMUM
PREDICTED
VALUE (m)

95th PERCENTILE
PREDICTED
VALUE (m)

10

0.1

A

0.0

1.0

0.4

B

0.0

1.1

0.4

C

0.0

0.7

0.2

D

0.0

1.0

0.3

A

0.0

2.7

1.1

B

0.0

2.5

1.1

C

0.0

2.5

1.0

D

0.0

1.8

0.9

60

1

95th percentiles of 1 m drawdown extent predictions ranged from less than 0.2 km to 2.1 km.
Extraction rates of 60 L/second generally resulted in more than twofold increases in predictions of
1 m drawdown contour extent, in comparison to extraction rates of 10 L/second. Given the scale
of the Mary–Wildman rivers area groundwater flow system (i.e. approximately 20 × 20 km), spatial
extents of drawdown of up to 2.1 km are not insignificant. However, given that groundwater levels
in most areas fluctuate by up to 10 m over a 12-month period, a drawdown magnitude of around
1 m would not be considered significant. Nonetheless, extraction in the vicinity of groundwater
discharge features (such as springs) can reduce discharge fluxes, even when reductions in
groundwater levels are limited, as noted by Currell (2016).

Figure 5-2 Estimates of the spatial extent (km) of the 1 m drawdown contour resulting from groundwater extraction
Four hydrogeological conceptualisations (A, B, C and D) and two extraction rates were tested: 10 L/second
(≈ 0.1 GL/183 days; green lines) and 60 L/second (≈ 1 GL/183 days; blue lines). Solid lines = cumulative density
functions; dashed lines = 95th percentiles of predicted values.

Comparisons of parameter values in terms of model convergence
As mentioned previously, significant reductions in ensemble sample sizes were observed,
particularly for extraction rates of 315 L/second. These were determined to be due to the
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complete desaturation of model cells representing an extraction bore. To determine the cause of
model cell desaturation model parameter sets were compared in terms of model convergence. An
example of such a comparison is presented in Figure 5-3, in which the sensitivity of model
convergence to parameter values was examined for hydrostratigraphic Conceptualisation B,
featuring extraction at rates of 10, 60 and 315 L/second from a confined karstic dolostone aquifer
(i.e. HSU 2).

Figure 5-3 Comparisons of parameter values in terms of convergence of drawdown prediction models representing
hydrostratigraphic Conceptualisation B
Green shading = histograms of parameter values resulting in converged models; blue shading = histograms of
parameter values resulting in non-converged models; log10KH = log10 horizontal hydraulic conductivity (m/day);
b = thickness (m); SY = specific yield (dimensionless); log10SS = log10 specific storage (/m); HSU 1 = leaky sandy clay
aquitard; HSU 2 = confined karstic dolostone aquifer.

For most model parameters presented in Figure 5-3, the ranges of parameter values for both
converged and non-converged models both span the full parameter range specified. These
indicated parameters to which the desaturation of model cells was insensitive. Conversely,
variations in the horizontal hydraulic conductivity of the confined karstic dolostone aquifer were
found to be the primary cause of model non-convergence. For extraction rates of 10 L/second,
log10KH values between approximately 0.0 and 2.5 mostly resulted in convergent models (green
shading). Similar effects were observed for extraction rates of 60 L/second and 315 L/second.
Values above and below these thresholds generally resulted in model non-convergence (blue
shading). Where the K of the HSU from which extraction occurred was relatively low, this likely
resulted in discrepancies between the extraction rate and the rate at which groundwater could be
transmitted, thereby causing model mass balance errors. Conversely, where the K of the HSU from
which extraction occurred was relatively high, this likely resulted in complete desaturation of the
cell containing the extraction well at the onset of extraction.
Using these diagnostics, the non-convergence of drawdown prediction models was consistently
attributed to the desaturation of model cells in the vicinity of the extraction bore, rather than to
inflows across lateral model boundaries or other effects. These results suggest that the specified
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statistical distribution of horizontal hydraulic conductivity values (which ranged over four orders of
magnitude, from 0.1 to 1000 m/day) was likely too large. In particular, K values below 1 m/day
may be unrealistic for this HSU.
Model sensitivity analyses
The sensitivity of modelled drawdown predictions was investigated by inspection of scatterplots of
modelled predictions versus model parameter values. This provided a means of qualitatively
identifying parameters to which predictions were most sensitive. An example set of bivariate plots
of modelled predictions versus model parameters is presented in Figure 5-4 for extraction rates of
10, 60 and 315 L/second.

Figure 5-4 Bivariate plots of drawdown magnitude prediction values versus parameter values specified for models
representing hydrostratigraphic Conceptualisation B

For most parameters, sampling of the specified parameter range resulted in both convergent
models. Conversely, the horizontal hydraulic conductivity (KH) of the confined karstic dolostone
aquifer (i.e. HSU 2) was again found to affect model convergence. Specifically, KH values above and
below a particular range (depending on the extraction rate specified) resulted in model nonconvergence. This finding was consistent with the model convergence analysis reported
immediately above. For convergent models, drawdown predictions were found to be most
sensitive to the specific yield (SY) of the leaky sandy clay aquitard (i.e. HSU 1). Specifically,
increases in SY resulted in exponential decreases in predicted values. Interactions between other
parameters precluded further identification of other parameter–prediction relationships,
observed as the absence of additional visible trends.

5.1.2

LOCAL-SCALE SINGLE SEASON STREAMFLOW DEPLETION IMPACTS

Model convergence rates and ensemble sizes
Model convergence rates and resulting ensemble sizes are presented in Table 5-4. All ensemble
sizes were in excess of 900 samples.
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Table 5-4 Ensemble sizes and convergence rates of modelled predictions of streamflow depletion resulting from
groundwater extraction at a distance of 1 km
EXTRACTION FLUX (L/s)

EXTRACTION FLUX
(GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

ENSEMBLE SIZE

CONVERGENCE RATE (%)

10

0.1

A

993 / 1000

99

B

992 / 1000

99

C

976 / 1000

98

D

993 / 1000

99

A

946 / 1000

95

B

992 / 1000

99

C

977 / 1000

98

D

940 / 1000

94

60

1

Predictions of streamflow depletion resulting from extraction at a distance of 1 km
Modelled predictions of streamflow depletion resulting from groundwater extraction at a distance
of 1 km are tabulated in Table 5-5 and presented using cumulative density functions in Figure 5-5.
Table 5-5 Summary of modelled predictions of streamflow depletion resulting from groundwater extraction at a
distance of 1 km
EXTRACTION
RATE (L/s)

EXTRACTION
RATE (GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

MINIMUM
PREDICTED VALUE
(m3/DAY)

MAXIMUM
PREDICTED
VALUE (m3/DAY)

95th PERCENTILE
PREDICTED
VALUE (m3/DAY)

10

0.1

A

0

88

20

B

0

111

10

C

0

74

10

D

0

71

13

A

0

413

106

B

0

385

49

C

0

479

57

D

0

745

64

60

1

95th percentiles of streamflow depletion predictions ranged from 10 m3/day to more than
100 m3/day (i.e. 10–4 to 10–3 m3/second). Predictions for Conceptualisation A were consistently the
highest of the conceptualisations tested. This conceptualisation featured extraction from a semiconfined sand aquifer overlain by a leaky sandy clay aquitard. Extraction rates of 60 L/second
generally resulted in around fivefold increases in predictions of streamflow depletion, in
comparison to extraction rates of 10 L/second. Dry season streamflow fluxes of 0.1 to
0.5 L/second (i.e. approximately 10 to 50 m3/day) are typically observed in the Mary–Wildman
rivers area; specifically, at Opium and Jimmies creeks (Turnadge et al., 2018). Therefore,
streamflow depletion impacts in the order of 10 to 100 m3/day would be expected to significantly
adversely affect groundwater-fed creeks in the Mary–Wildman rivers area. These results suggest
that extraction at such rates within 1 km of a groundwater-dependent stream would reduce
groundwater baseflows considerably.
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Figure 5-5 Estimates of streamflow depletion resulting from groundwater extraction at a distance of 1 km
Four hydrogeological conceptualisations (A, B, C and D) and two extraction rates were tested: 10 L/second (≈ 0.1
GL/183 days; green lines) and 60 L/second (≈ 1 GL/183 days; blue lines). Solid lines = cumulative density functions;
dashed lines = 95th percentiles of predicted values.

Predictions of streamflow depletion resulting from extraction at a distance of 10 km
Model convergence rates and resulting ensemble sizes are presented in Table 5-6. All ensemble
sizes were in excess of 900 samples, with the exception of extraction at a rate of 315 L/second for
Conceptualisation D, which featured an 83% convergence rate.
Table 5-6 Ensemble sizes and convergence rates of modelled predictions of streamflow depletion resulting from
groundwater extraction at a distance of 10 km
EXTRACTION FLUX (L/S)

EXTRACTION FLUX
(GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

ENSEMBLE SIZE

CONVERGENCE RATE (%)

60

1

A

937 / 1000

94

B

975 / 1000

98

C

923 / 1000

92

D

948 / 1000

95

A

957 / 1000

96

B

989 / 1000

99

C

930 / 1000

93

D

834 / 1000

83

315

5

Modelled predictions of streamflow depletion resulting from groundwater extraction at a distance
of 10 km are tabulated in Table 5-7 and presented using cumulative density functions in
Figure 5-6.
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Table 5-7 Summary of modelled predictions of streamflow depletion resulting from groundwater extraction at a
distance of 10 km
EXTRACTION
RATE (L/s)

EXTRACTION
RATE (GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

MINIMUM
PREDICTED VALUE
(m3/DAY)

MAXIMUM
PREDICTED
VALUE (m3/DAY)

95th PERCENTILE
PREDICTED
VALUE (m3/DAY)

60

1

A

0

1

<1

B

0

26

2

C

0

43

1

D

0

32

1

A

0

2

<1

B

0

518

7

C

0

112

6

D

0

84

3

315

5

95th percentiles of streamflow depletion predictions ranged up to 7 m3/day (i.e. 8 × 10–5
m3/second. Based on these results, for the four hydrostratigraphic conceptualisations tested,
streamflow depletion impacts from a bore at 10 km distance and extracting groundwater at rates
of 315 L/second or less were predicted to be negligible.

Figure 5-6 Estimates of streamflow depletion resulting from groundwater extraction at a distance of 10 km
Four hydrogeological conceptualisations (A, B, C and D) and two extraction rates were tested: 60 L/second
(≈ 1 GL/183 days; blue lines) and 315 L/second (≈ 5 GL/183 days; gold lines). Solid lines = cumulative density functions;
dashed lines = 95th percentiles of predicted values.

Model sensitivity analyses
The sensitivity of modelled predictions was investigated by inspection of scatterplots of modelled
predictions versus model parameter values. This provided a means of qualitatively identifying
parameters to which predictions were most sensitive. An example set of bivariate plots of
modelled predictions versus model parameters is presented in Figure 5-7 for Conceptualisation B
featuring extraction rates of 10 and 60 L/second at a bore–stream separation distance of 1 km.
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Figure 5-7 Bivariate plots of streamflow depletion prediction values versus parameter values specified for models
representing hydrostratigraphic Conceptualisation B

For most parameters, sampling of the specified parameter range resulted in a wide range of
predicted values (i.e. up to 40 m3/day for extraction rates of 10 L/second, and up to 200 m3/day
for extraction rates of 60 L/second). The horizontal hydraulic conductivity (KH) of the confined
karstic dolostone aquifer (i.e. HSU 2) was again found to affect model convergence. Interactions
between parameters and the limited prediction ensemble size precluded identification of
parameters to which predictions of streamflow depletion were most sensitive.

5.1.3

LOCAL-SCALE SINGLE SEASON SPRING FLOW DEPLETION IMPACTS

Model convergence rates and ensemble sizes
Model convergence rates and resulting ensemble sizes are presented in Table 5-8. All ensemble
sizes were in excess of 900 samples.
Table 5-8 Ensemble sizes and convergence rates of modelled predictions of spring flow depletion resulting from
groundwater extraction at a distance of 1 km
EXTRACTION FLUX (L/s)

EXTRACTION FLUX
(GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

ENSEMBLE SIZE

CONVERGENCE RATE (%)

10

0.1

A

991 / 1000

99

B

994 / 1000

99

C

989 / 1000

99

D

997 / 1000

99

A

960 / 1000

96

B

995 / 1000

99

C

971 / 1000

97

D

936 / 1000

94

60

1
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Predictions of spring flow depletion resulting from extraction at a distance of 1 km
Modelled predictions of spring flow depletion resulting from groundwater extraction at a distance
of 1 km from a spring are tabulated in Table 5-9 and presented using cumulative density functions
in Figure 5-8.
Table 5-9 Summary of modelled predictions of spring flow depletion resulting from groundwater extraction at a
distance of 1 km
EXTRACTION
RATE (L/s)

EXTRACTION
RATE (GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

MINIMUM
PREDICTED VALUE
(m3/DAY)

MAXIMUM
PREDICTED
VALUE (m3/DAY)

95th PERCENTILE
PREDICTED
VALUE (m3/DAY)

10

0.1

A

0

5

1

B

0

6

<1

C

0

2

<1

D

0

4

<1

A

0

20

3

B

0

24

1

C

0

11

2

D

0

19

2

60

1

95th percentiles of spring flow depletion predictions ranged up to 3 m3/day (i.e. 3 × 10–5
m3/second), for Conceptualisation A featuring extraction at 60 L/second. Based on these results,
for the four hydrostratigraphic conceptualisations tested, spring flow depletion impacts from a
bore 1 km from a spring and extracting water at rates of 10 to 60 L/second were predicted to be
negligible. While dry season streamflow rates of 0.1 to 0.5 m3/second (i.e. approximately 10 to
50 m3/day) are observed in Mary–Wildman rivers area, spring discharge fluxes have never been
measured directly. Therefore, spring flow depletion impacts in the order of 1 m3/day or greater
would not be expected to significantly adversely affect groundwater-fed springs.

Figure 5-8 Estimates of spring flow depletion resulting from groundwater extraction at a distance of 1 km
Four hydrogeological conceptualisations (A, B, C and D) and two extraction rates were tested: 10 L/second
(≈ 0.1 GL/183 days; green lines) and 60 L/second (≈ 1 GL/183 days; blue lines). Solid lines = cumulative density
functions; dashed lines = 95th percentiles of predicted values.
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Predictions of spring flow depletion resulting from extraction at a distance of 10 km
Model convergence rates and resulting ensemble sizes are presented in Table 5-10. All ensemble
sizes were in excess of 900 samples.
Table 5-10 Ensemble sizes and convergence rates of modelled predictions of streamflow depletion resulting from
groundwater extraction at a distance of 10 km
EXTRACTION FLUX (L/s)

EXTRACTION FLUX
(GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

ENSEMBLE SIZE

CONVERGENCE RATE (%)

60

1

A

940 / 1000

94

B

983 / 1000

98

C

918 / 1000

92

D

959 / 1000

96

A

952 / 1000

95

B

992 / 1000

99

C

925 / 1000

93

D

860 / 1000

86

315

5

Modelled predictions of spring flow depletion resulting from groundwater extraction at a distance
of 10 km from a spring are tabulated in Table 5-11 and presented using cumulative density
functions in Figure 5-9.
Table 5-11 Summary of modelled predictions of spring flow depletion resulting from groundwater extraction at a
distance of 10 km
EXTRACTION
RATE (L/s)

EXTRACTION
RATE (GL/183 DAYS)

HYDROSTRATIGRAPHIC
CONCEPTUALISATION

MINIMUM
PREDICTED VALUE
(m3/DAY)

MAXIMUM
PREDICTED
VALUE (m3/DAY)

95th PERCENTILE
PREDICTED
VALUE (m3/DAY)

60

1

A

0

<1

<1

B

0

<1

<1

C

0

<1

<1

D

0

<1

<1

A

0

<0.1

<1

B

0

2.8

<1

C

0

1.3

<1

D

0

2.3

<1

315

5

95th percentiles of spring flow depletion predictions were all less than 1 m3/day. Based on these
results, for the four hydrostratigraphic conceptualisations tested, spring flow depletion impacts
from a bore at 10 km distance and extracting water at a rate of 60 L/second were predicted to be
negligible.
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Figure 5-9 Estimates of spring flow depletion resulting from groundwater extraction at a distance of 10 km
Four hydrogeological conceptualisations (A, B, C and D) and two extraction rates were tested: 60 L/second
(≈ 1 GL/183 days; blue lines) and 315 L/second (≈ 5 GL/183 days; gold lines). Solid lines = cumulative density functions;
dashed lines = 95th percentiles of predicted values.

Model sensitivity analyses
The sensitivity of modelled predictions was investigated by inspection of scatterplots of modelled
predictions versus model parameter values. This provided a means of qualitatively identifying
parameters to which predictions were most sensitive. An example set of bivariate plots of
modelled predictions versus model parameters is presented in Figure 5-10 for Conceptualisation B
featuring extraction rates of 10 and 60 L/second at a bore–spring separation distance of 1 km.

Figure 5-10 Bivariate plots of spring flow depletion prediction values versus parameter values specified for models
representing hydrostratigraphic Conceptualisation B

For most parameters, sampling of the specified parameter range resulted in a wide range of
predicted values (i.e. up to 2 m3/day for extraction rates of 10 L/second and up to 10 m3/day for
extraction rates of 60 L/second). The horizontal hydraulic conductivity (KH) of the confined karstic
dolostone aquifer (i.e. HSU 2) was again found to affect model convergence. Interactions between
parameters and the limited prediction ensemble size precluded identification of parameters to
which predictions of spring flow depletion were most sensitive.

5.2

Flow system-scale multi-season drawdown propagation impacts

Flow system-scale drawdown propagation impacts were calculated by computing differences in
simulated hydraulic head values between a ‘baseline’ scenario and various extraction scenarios.
Model convergence was achieved for all simulations. Global model mass balance errors did not
exceed 1% in any model simulation. The results simulated for extraction rates of 1 GL and 4 GL per
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dry season are presented in Section 5.2.3. Prior to presenting these results, details of dynamic
equilibrium testing (5.2.1) and model–measurement fit (5.2.2) are first provided.

5.2.1

MODEL DYNAMIC EQUILIBRIUM TESTING

Groundwater level variations simulated over a 20-year period were examined at 18 locations to
ensure that pre-extraction dynamic equilibrium conditions were achieved. An example hydrograph
is presented in Figure 5-11.
Hydraulic head (mAHD)
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Figure 5-11 Example of a simulated hydrograph demonstrating dynamic equilibrium conditions achieved after
10 years of model simulation

An initial hydraulic head value of approximately 52 mAHD was specified, consistent with the top of
model elevation in this model cell. During the former 10 years of simulation, the mean hydraulic
head value decreased to approximately 83 mAHD. During the latter 10 years, minimum and
maximum hydraulic head values were consistent between years, thereby indicating hydraulic
equilibrium conditions. Similar results were observed in all 18 hydrographs examined.

5.2.2

MODEL–MEASUREMENT COMPARISONS

Model results were compared to observed values at 18 locations. As described by Turnadge et al.
(2018), groundwater observations were recorded at these locations over the 2016–17 period.
Three key features were derived from these observations: (i) the minimum hydraulic head value,
observed at the end of the dry season, (ii) the maximum hydraulic head value, observed at the end
of the wet season, and (iii) the magnitude of groundwater level increase over the wet season,
calculated as the difference between (i) and (ii). These same three features were derived from the
final 12 months of the 20-year-long simulated pre-extraction period and subsequently compared
to the corresponding observed values. For each of these three key features, modelled and
observed values are compared in Figure 5-12.
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Figure 5-12 Comparisons between modelled and observed values: (a) minimum hydraulic heads, (b) maximum
hydraulic heads, and (c) maximum differences between minimum and maximum values
Thick dashed black lines indicate perfect (i.e. 1:1) correlation; data points that plot on this line indicate minimal
difference between modelled and observed values.

Minimum hydraulic heads were almost consistently over-predicted, by up to 10 m or more. This
suggested that simulated values were too high, likely due to one or more of the following factors:
estimation of recharge rates, underestimation of the hydraulic conductivity of the surficial leaky
aquitard, overestimation of creek discharge reference elevations, and/or mis-specification of ET
parameters.
Conversely, differences in maximum hydraulic heads were smaller. A limited number of simulated
confined values were underpredicted. At many locations, maximum hydraulic heads were limited
by the top of flow system elevation. The flow system-scale model used in this study used the
1-second digital elevation model (DEM) (Gallant et al., 2011) to specify top of flow system
elevations. These data, which were originally obtained from shuttle mission remote sensing,
feature a mean vertical error of approximately 3 to 4 m and a root-mean-square-error of
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approximately 7 to 8 m (Gallant et al., 2011). Discrepancies between modelled and observed
values in this study may, in part, be attributed to errors in DEM elevation data. The limited vertical
resolution of DEM data indicates the potential benefits of LiDAR-based topography mapping in a
low relief area such as the Mary–Wildman rivers area.
In addition, DEM elevation data were obtained at approximately 30 m resolution and were
subsequently down-sampled to 200 m resolution for incorporation in groundwater flow modelling.
Therefore specified top of flow system elevations each represented a spatial mean value over a
40,000 m2 area. In areas of considerable topographic relief, this may result in discrepancies
between point observations of hydraulic head and spatially averaged values of ground surface
elevation.
Significant differences in maximum annual variation between simulated and measured values
were observed. Specifically, while observed variations ranged from 1 to 9 m, modelled variations
at many locations were less than 1 m. For confined values, this suggested that preferential
recharge (which was not represented in the model) is the primary driver of hydraulic head
variations.

5.2.3

DRAWDOWN PREDICTIONS

Drawdown predictions after 20 years of simulated extraction were observed in the two uppermost
model layers at (i) the end of the dry season, representing maximum drawdowns, and (ii) at the
end of the subsequent wet season to examine whether wet season recharge mitigated against dry
season extraction impacts. Drawdowns were calculated as the difference between a ‘baseline’ (i.e.
no extraction) scenario and a second scenario featuring extraction at a specified rate at each of
three hypothetical development sites. Simulated drawdown impacts resulting from extraction
volumes of 6 GL (from three developments, each using 2 GL per 12-month period) and 9 GL (from
three developments, each using 3 GL) are presented here. Scenarios featuring discontinuous (i.e.
dry season only) extraction are reported first, followed by scenarios featuring continuous (i.e.
year-round) extraction.
6 GL cumulative discontinuous extraction scenario
End of dry season

Drawdown impacts observed at the end of the dry season following 20 years of discontinuous
extraction at a rate of 2 GL per dry season at three hypothetical developments are presented in
Figure 5-13.
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Figure 5-13 Simulated drawdown impacts observed at the end of the dry season following 20 years of discontinuous
extraction at a rate of 2 GL per dry season at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The spatial extent of the 2 m drawdown contour in the surficial leaky aquitard (i.e. model layer 1)
was limited to areas of the palaeovalley south and south-west of the Cashew Farm. The spatial
extent was broader in model layer 2 (representing semi-confined sand and confined dolostone
aquifers). Drawdown simulated in the vicinity of the development on Opium Creek Station was
less than 2 m.
End of wet season

Drawdown impacts observed at the end of the wet season following 20 years of discontinuous
extraction at a rate of 2 GL per dry season at three hypothetical developments are presented in
Figure 5-14.
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Figure 5-14 Simulated drawdown impacts observed at the end of the wet season following 20 years of
discontinuous extraction at a rate of 2 GL per dry season at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The spatial extent of the 2 m drawdown contour in model layer 1 was nearly identical to that
observed for the preceding dry season. Conversely, the spatial extent of drawdown in model layer
2 was reduced in comparison to that observed for the preceding dry season. Drawdown simulated
in the vicinity of the development on Opium Creek Station was again less than 2 m. Based on these
results, for this scenario it was predicted that wet season recharge would not be sufficient to
mitigate drawdown impacts resulting from extraction during the preceding dry season.
9 GL cumulative discontinuous extraction scenario
End of dry season

Drawdown impacts observed at the end of the dry season following 20 years of discontinuous
extraction at a rate of 3 GL per dry season at three hypothetical developments are presented in
Figure 5-15.
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Figure 5-15 Simulated drawdown impacts observed at the end of the dry season following 20 years of discontinuous
extraction at a rate of 3 GL per dry season at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The spatial extent of the 2 m drawdown contour in the surficial leaky aquitard (i.e. model layer 1)
extended beyond the palaeovalley south and south-west of the Cashew Farm. The 2 m contour
propagated north into Periscope Block, west toward Brian Creek and east into Kakadu National
Park. The latter extent was likely affected by the Cauchy boundary condition used to represent
lateral outflows via the north-eastern boundary of the model. In reality it is likely that drawdown
impacts would propagate beyond the north-eastern model boundary. The spatial extent of the 2 m
contour was relatively larger in model layer 2 (representing semi-confined sand and confined
dolostone aquifers). Drawdowns of more than 2 m in model layer 1 were simulated in the vicinity
of the development on Opium Creek Station.
End of wet season

Drawdown impacts observed at the end of the dry season following 20 years of discontinuous
extraction at a rate of 3 GL per dry season at three hypothetical developments are presented in
Figure 5-16.
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Figure 5-16 Simulated drawdown impacts observed at the end of the wet season following 20 years of
discontinuous extraction at a rate of 3 GL per dry season at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The spatial extent of the 2 m drawdown contour in model layer 1 was again nearly identical to that
observed for the preceding dry season. Conversely, the spatial extent of drawdown in model layer
2 was again reduced in comparison to that observed for the preceding dry season. Drawdown
simulated in the vicinity of the development on Opium Creek Station was again less than 2 m.
Based on these results, for this scenario it was again predicted that wet season recharge would
not be sufficient to mitigate drawdown impacts resulting from extraction during the preceding dry
season.
6 GL cumulative continuous extraction scenario
End of dry season

Drawdown impacts observed at the end of the dry season following 20 years of continuous
extraction at a rate of 2 GL/year at three hypothetical developments are presented in Figure 5-17.
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Figure 5-17 Simulated drawdown impacts observed at the end of the dry season following 20 years of continuous
extraction at a rate of 2 GL/year at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The results presented in Figure 5-17 were directly comparable to those of the corresponding
discontinuous extraction case. The spatial extent of the 2 m drawdown contour in model layer 1
was limited to areas of the palaeovalley south and south-west of the Cashew Farm. The spatial
extent of the 2 m drawdown contour was relatively larger in model layer 2. Drawdown simulated
in the vicinity of the development on Opium Creek Station was less than 2 m.
End of wet season

Drawdown impacts observed at the end of the dry season following 20 years of continuous
extraction at a rate of 2 GL/year at three hypothetical developments are presented in Figure 5-18.
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Figure 5-18 Simulated drawdown impacts observed at the end of the wet season following 20 years of continuous
extraction at a rate of 2 GL/year at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The spatial extent of the 2 m drawdown contour in both model layers was nearly identical to that
observed for the preceding dry season. This was attributed to the imposition of continuous
extraction.
9 GL cumulative continuous extraction scenario
End of dry season

Drawdown impacts observed at the end of the dry season following 20 years of continuous
extraction at a rate of 3 GL/year at three hypothetical developments are presented in Figure 5-19.
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Figure 5-19 Simulated drawdown impacts observed at the end of the dry season following 20 years of continuous
extraction at a rate of 3 GL/year at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The results presented in Figure 5-19 were directly comparable to those of the corresponding
discontinuous extraction case. The spatial extent of the 2 m drawdown contour in model layer 1
extended beyond the palaeovalley south and south-west of the Cashew Farm. The 2 m contour
propagated north into Periscope Block, west toward Brian Creek and east into Kakadu National
Park. The spatial extent of the 2 m contour was relatively larger in model layer 2. Drawdowns of
more than 2 m in model layer 1 were simulated in the vicinity of the development on Opium Creek
Station.
End of wet season

Drawdown impacts observed at the end of the dry season following 20 years of continuous
extraction at a rate of 3 GL/year at three hypothetical developments are presented in Figure 5-20.
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Figure 5-20 Simulated drawdown impacts observed at the end of the wet season following 20 years of continuous
extraction at a rate of 3 GL/year at three hypothetical developments
Source (monsoon rainforest patches): Russell-Smith (1991). OCS = Opium Creek Station; PB = Periscope Block;
CF = Cashew Farm.

The spatial extent of the 2 m drawdown contour in both model layers was nearly identical to that
observed for the preceding dry season. This was attributed to the imposition of continuous
extraction.
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6

Summary and conclusions

In the Mary–Wildman rivers area, it was assumed that the primary constraint on groundwater
extraction will be the potential for reductions in flow to surface water features such as creeks
(streams) and springs. With this in mind, the key questions (i.e. predictions) with regards to future
groundwater extraction were:
(i) How far will drawdown propagate as a result of varying levels of groundwater extraction?
(ii) How will the quantity of groundwater discharge to a given stream be affected by
groundwater drawdown?
(iii) How will the quantity of groundwater discharge to a given spring be affected by
groundwater drawdown?
When simulating each potential impact of groundwater extraction several hydrostratigraphic
conceptualisations were considered (Figure 2-8). Each conceptualisation featured a combination
of two or three of the key hydrostratigraphic units (HSUs) identified in the Mary–Wildman rivers
area. For each conceptualisation, an ensemble of 1000 or 5000 realisations (i.e. models,
depending on prediction type) was generated by random sampling of values from parameter
distributions. Uniform or log-uniform distributions were specified, which were parameterised
using minimum and maximum values. Each parameter set was considered equally likely and, as
conditioning data were not used, each resulting modelled prediction was also considered equally
likely (i.e. possessing a likelihood function value of unity). This unconstrained Monte Carlo
approach simultaneously addressed (i) conceptual uncertainty, through the use of four
conceptualisations of hydrostratigraphy, and (ii) parameter uncertainty, through the sampling of
specified parameter distributions. Ensembles of modelled prediction values were summarised
using the 95th percentile statistic, which represented the maximum likely value. 95th percentile
values were preferred to actual maximum values, as the former were considered to be more
robust to outlying values.

6.1

Local-scale single season drawdown propagation impacts

Two drawdown-related predictions were assessed:
(i) the magnitude of drawdown observed at a distance of 1 km from a production bore
(ii) the spatial extent of the 1 m drawdown contour, relative to the location of an extraction
bore.
95th percentiles of drawdown magnitude predictions were all less than 0.5 m. Groundwater levels
in the Mary–Wildman rivers area typically vary by up to 10 m over a 12-month period, in response
to wet season recharge. Groundwater levels in the Howard East – Darwin Rural Area also vary over
similar amplitudes (A Knapton, 2018, pers. comm.). For these reasons, drawdown impacts of less
than 0.5 m in the Mary–Wildman rivers area would not be considered significant.

62 | Groundwater flow modelling of the Mary–Wildman rivers area, Northern Territory

95th percentiles of 1 m drawdown extent predictions ranged from less than 200 m to 2.1 km.
Extraction rates of 60 L/second generally resulted in more than twofold increases in predictions of
1 m drawdown contour extent, in comparison to extraction rates of 10 L/second. Given the scale
of the Mary–Wildman rivers area groundwater flow system (i.e. approximately 20 × 20 km), spatial
extents of drawdown of up to 2.1 km would not be considered insignificant. However, given that
groundwater levels in most areas fluctuate by up to 10 m over a 12-month period, a drawdown
magnitude of around 1 m would not generally be considered significant. Nonetheless, extraction in
the vicinity of groundwater discharge features (such as springs) can reduce discharge fluxes, even
when reductions in groundwater levels are limited, as noted by Currell (2016).

6.2

Local-scale single season streamflow depletion impacts

Two streamflow depletion-related predictions were assessed:
(i) the reduction in groundwater flow to a stream due to groundwater extraction at a distance
of 1 km
(ii) the reduction in groundwater flow to a stream due to groundwater extraction at a distance
of 10 km.
For groundwater extraction at 1 km distance from a stream, 95th percentiles of streamflow
depletion predictions ranged from 10 m3/day to more than 100 m3/day (i.e. 10–4 to 10–3
m3/second). Extraction rates of 60 L/second generally resulted in around fivefold increases in
predictions of streamflow depletion, in comparison to extraction rates of 10 L/second. Dry season
streamflow fluxes of 0.1 to 0.5 L/second (i.e. approximately 10 to 50 m3/day) are typically
observed in the Mary–Wildman rivers area; specifically, at Opium and Jimmies creeks (Turnadge
et al., 2018). Therefore, streamflow depletion impacts in the order of 10 to 100 m3/day would be
expected to significantly adversely affect groundwater-fed creeks in the Mary–Wildman rivers
area. These results suggest that extraction at such rates within 1 km of a groundwater-dependent
stream would reduce groundwater baseflows considerably.
For groundwater extraction at 10 km distance from a stream, 95th percentiles of streamflow
depletion predictions ranged up to 7 m3/day (i.e. 8 × 10–5 m3/second). Based on these results, for
the four hydrostratigraphic conceptualisations tested, streamflow depletion impacts from a bore
at 10 km distance and extracting groundwater at rates of 315 L/second or less were predicted to
be negligible.

6.3

Local-scale single season spring flow depletion impacts

Two spring flow depletion-related predictions were assessed:
(i) the reduction in groundwater flow to a spring due to groundwater extraction at a distance
of 1 km
(ii) the reduction in groundwater flow to a spring due to groundwater extraction at a distance
of 10 km.
For groundwater extraction at 1 km distance from a spring, 95th percentiles of spring flow
depletion predictions ranged up to 3 m3/day (i.e. 3 × 10–5 m3/second). Based on these results, for
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the four hydrostratigraphic conceptualisations tested, spring flow depletion impacts from a bore
located 1 km from a spring and extracting water at rates of 10 to 60 L/second were predicted to be
negligible. While dry season streamflow rates of 0.1 to 0.5 m3/second (i.e. approximately 10 to
50 m3/day) are observed in Mary–Wildman rivers area, spring discharge fluxes have never been
measured directly. Therefore, spring flow depletion impacts in the order of 1 m3/day or greater
would not be expected to significantly adversely affect groundwater-fed springs.
For groundwater extraction at 10 km distance from a spring, 95th percentiles of streamflow
depletion predictions were all less than 1 m3/day (i.e. <1 × 10–5 m3/second). Based on these
results, for the four hydrostratigraphic conceptualisations tested, spring flow depletion impacts
from a bore at 10 km distance and extracting water at a rate of 60 L/second were predicted to be
negligible.

6.4

Flow system-scale multi-season drawdown propagation impacts

Three volumes of cumulative groundwater extraction (i.e. 3, 6 and 9 GL/year) were simulated.
These volumes were distributed evenly across 3 hypothetical locations as 3 × 1 GL, 3 × 2 GL and 3 ×
3 GL/year developments, respectively. These locations were assessed as featuring soils considered
suitable for irrigated agriculture and spatially extensive aquifers in which bores could be
constructed at depths of less than 100 mBGL. Groundwater extraction over a 20 year period was
simulated using two regimes: (i) discontinuous extraction (i.e. occurring during the dry season
only) and (ii) continuous extraction (i.e. occurring all year-round). Simulated aquifer drawdown
results for each hypothetical scenario are summarised in Discontinuous extraction at cumulative
rates of 3, 6 and 9 GL/6 months resulted in end-of-dry-season maximum simulated drawdowns of
3.9, 8.9 and 14.3 m respectively. Continuous extraction at cumulative rates of 3, 6 and 9 GL/6
months resulted in end-of-dry-season maximum simulated drawdowns of 3.0, 7.0 and 11.5 m
respectively.
For the 3 cumulative extraction volumes tested, end-of-dry-season maximum simulated
drawdowns at any of the 3 development sites were relatively larger for discontinuous extraction
scenarios. This resulted from the extraction of the same groundwater volume over a 6- month
period (discontinuous scenario) rather than a 12-month period (continuous scenario). Conversely,
end-of-wet-season maximum simulated drawdowns at any of the 3 development sites were
relatively smaller for discontinuous extraction scenarios. This resulted from the recovery of
hydraulic heads due to wet season recharge.
Table 6-1, in terms of: (i) the maximum drawdown simulated at any of the 3 development
locations, (ii) the maximum extent of the 2 m drawdown contour, and (ii) the minimum distance of
the 2 m contour from the nearest spring. The 2 m drawdown contour was selected as a prediction
metric since a change in groundwater level of this magnitude (with respect to baseline conditions)
is considered to be easily measurable, and therefore distinguishable from ambient variations.
Aquifer drawdown results included responses in both semi-confined sand aquifers and confined
karstic dolostone aquifers, as these are considered to be hydraulically connected.
Importantly, the flow system-scale modelling undertaken did not provide an assessment or expert
opinion of whether the potential groundwater level drawdown impacts simulated to receptors
(such as environmental assets or existing users) would be considered to be acceptable. Instead,
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the information provided is suitable for use by various stakeholders to inform discussions on
future groundwater resource development, planning, management and investment.
Discontinuous extraction at cumulative rates of 3, 6 and 9 GL/6 months resulted in end-of-dryseason maximum simulated drawdowns of 3.9, 8.9 and 14.3 m respectively. Continuous extraction
at cumulative rates of 3, 6 and 9 GL/6 months resulted in end-of-dry-season maximum simulated
drawdowns of 3.0, 7.0 and 11.5 m respectively.
For the 3 cumulative extraction volumes tested, end-of-dry-season maximum simulated
drawdowns at any of the 3 development sites were relatively larger for discontinuous extraction
scenarios. This resulted from the extraction of the same groundwater volume over a 6- month
period (discontinuous scenario) rather than a 12-month period (continuous scenario). Conversely,
end-of-wet-season maximum simulated drawdowns at any of the 3 development sites were
relatively smaller for discontinuous extraction scenarios. This resulted from the recovery of
hydraulic heads due to wet season recharge.
Table 6-1 Modelled drawdown in groundwater level in the semi-and-fully confined aquifers using 3 different
extraction rates and either discontinuous and continuous extraction regimes
CUMULATIVE
EXTRACTION
VOLUME (GL/y)

EXTRACTION TYPE

OBSERVATION
SEASON

MAXIMUM
DRAWDOWN AT
DEVELOPMENT SITE
(m)

MAXIMUM EXTENT
OF 2 m DRAWDOWN
CONTOUR FROM
DEVELOPMENT SITE
(km)

MINIMUM DISTANCE
FROM THE 2 m
DRAWDOWN
CONTOUR TO THE
NEAREST SPRING
(km)

3

Discontinuous

Dry

3.9

7.5

6.0

Wet

2.5

7.5

6.0

Dry

3.0

7.5

6.0

Wet

3.0

7.5

6.0

Dry

8.9

8.5

2.0

Wet

7.4

8.5

2.0

Dry

7.0

8.5

2.0

Wet

7.7

8.5

2.0

Dry

14.3

9.0

<1.0

Wet

11.5

9.0

<1.0

Dry

11.5

9.0

<1.0

Wet

11.8

9.0

<1.0

Continuous

6

Discontinuous

Continuous

9

Discontinuous

Continuous

Variations in the maximum spatial extent of the 2 m drawdown contour were minimal, regardless
of either the extraction regime specified or the cumulative extraction volume simulated.
For continuous extraction at a rate of 6 GL/year for 20 years, at the end of the dry season the 2 m
drawdown contour propagated to a maximum distance of 8.5 km from the southern-most
development site. This corresponded to a minimum distance of 2 km from the nearest
groundwater spring. The spatial extent of the 2 m drawdown contour toward the eastern model
boundary was relatively smaller. Limited drawdowns (i.e. <=2 m) were simulated in the vicinity of
the northern-most development. This was likely due to the proximity of the boundary condition
specified along the northern model boundary.
Chapter 6 Summary and conclusions | 65

For continuous extraction at a rate of 9 GL/year for 20 years, at the end of the dry season the 2 m
drawdown contour propagated to a maximum distance of 9 km from the southern-most
development site. This corresponded to a minimum distance of <1 km from the nearest
groundwater spring. As for the 6 GL/year cumulative extraction scenario, the spatial extent of the
2 m drawdown contour toward the eastern model boundary was relatively smaller. Limited
drawdowns (i.e. <=2 m) were again simulated in the vicinity of the northern-most development.
Given the scale of the groundwater flow system in the Mary–Wildman rivers area (i.e.
approximately 20 × 20 km), cumulative annual extraction of >10 GL/year is likely to result in
drawdowns propagating to springs and spring-fed monsoon rainforest patches. Field investigations
undertaken as part of the Assessment and previously by the Department of Environment and
Natural Resources indicated that groundwater discharge occurs to many springs and creeks in the
Mary–Wildman rivers area. Tickell and Zaar (2017) identified a range of mechanisms by which
groundwater discharge occurs, including karstic collapse features, breaks in topographic slope and
basement rock boundaries. Groundwater discharge maintains the persistence of dry season flows
in Opium and Jimmies creeks. In summary, the results of the flow system-scale drawdown
simulations presented here indicated that 5 to 10 GL/year could potentially be extracted in the
Mary–Wildman rivers area groundwater flow system. However, suitable site-specific extraction
volumes will be location-dependent. Specifically, extraction-induced drawdowns will be spatial
variable. At some locations, changes to the natural groundwater flow regime may affect
groundwater-dependent ecosystems such as springs and creeks.

6.5

Recommendations for future modelling of potential impacts

6.5.1

LOCAL-SCALE GROUNDWATER FLOW MODELLING

Drawdown propagation, streamflow depletion and spring flow depletion impacts resulting from
groundwater extraction are local-scale processes. Such impacts are primarily functions of the
local-scale hydraulic diffusivity of a groundwater flow system (Barlow and Leake, 2012), which
controls the timing and spatial extent of changes in pressure (i.e. water level). For stream and
spring flow depletion impacts, stream and spring bed conductances are also determining factors.
The local-scale groundwater balance (including rates of recharge and evapotranspiration), which is
reflected by the gradient of the watertable, is not a primary controlling factor (Barlow and Leake,
2012). In practice, local-scale impact modelling is best undertaken on a site-specific basis, based
on locally-appropriate datasets.
The local-scale approaches described in the Assessment were used to generate probabilistic
predictions of drawdown propagation, streamflow depletion and spring flow depletion. These
approaches accounted for both conceptual and parameter uncertainty through (i) variations in
model structure (i.e. the number of HSUs) and (ii) random sampling from parameter statistical
distributions. These models contained many simplifying assumptions; for example, that all model
layers (and therefore HSUs) were flat. These assumptions reflect the lack of availability of many
data types in the Mary–Wildman rivers area. In future, more robust predictions could be produced
through the development of more complex models that incorporate better estimates of flow
system geometry (particularly HSU extents and thicknesses), hydraulic properties (particularly
hydraulic diffusivities and stream/spring bed conductances) and additional physical processes
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(particularly unsaturated zone flow and evapotranspiration). In terms of the presentation of
results provided in the Assessment, increased robustness of modelled predictions would be
observed as (i) reductions in the number of hydrostratigraphic conceptualisations tested, and/or
(ii) reductions in the ranges of the statistical distributions from which parameter values were
sampled.
A range of data collection activities would improve the prediction of potential impacts resulting
from groundwater extraction. In accordance with Bayes’ Theorem, data that are useful in the
development of such models can be categorised as one of two types. The first are data types that
could be used to directly improve the parameterisation of predictive models. In other words, by
directly refining the prior distributions of model parameters (i.e. constraining priors). The second
are data types that could be used to constrain the range of model outputs. In other words, by
providing criteria by which to accept, reject or weight modelled predictions (i.e. defining likelihood
functions).
Data types that could be used to improve the characterisation of prior distributions of model
parameters include the following. Improvements in the robustness of all prediction types could be
achieved through continuous mapping of the geometry of the groundwater flow system. Mapping
the extent of the groundwater flow system north of Shady Camp to the coast would provide
insights into the full extent of the system, including additional recharge areas. Airborne
geophysical surveys (including electromagnetic methods) could be used to continuously map the
presence, depth and thickness of various HSUs. High precision mapping of the topography of the
Mary–Wildman rivers area by use of LiDAR methods (which are commonly incorporated in
airborne electromagnetic surveys) would also assist in determining the geometry of the surficial
sandy clay aquitard.
Further characterisation of the hydraulic properties of the three key HSUs in the area would also
enhance the robustness of modelled predictions. In particular, the hydraulic properties of the
leaky sandy clay aquitard and the confined karstic dolostone aquifer are currently poorly
characterised. Most historical pumping tests were undertaken for the semi-confined sand aquifer.
New hydraulic property characterisation could be undertaken using active hydraulic testing
methods (including pump and slug test methods) and/or passive hydraulic testing methods (i.e.
interpretation of groundwater level responses to barometric, Earth tide and ocean tide
fluctuations). Characterisation of the leaky sandy clay aquitard could also be improved by
laboratory testing of core samples obtained from conventional and/or direct push drilling, which
could be combined with the use of shallow seismic surveys. For predictions of stream and spring
flow depletion, characterisation of stream and spring bed materials (in order to constrain
estimates of hydraulic conductance terms) could be undertaken by laboratory testing of the
hydraulic conductivity of sediment samples. Alternatively, simultaneous monitoring of
stream/spring stage elevations and nearby groundwater levels could be used to estimate localspecific hydraulic conductance terms.
Data types that could be used to define likelihood functions (for use in model calibration and/or
uncertainty analyses) include the following. Temporal observations of drawdown resulting from a
pumping test at a given location would be suitable to constrain predictions of drawdown
magnitude and spatial extent at that location. Observations of both stream flux and adjacent
groundwater levels that are coincident in time would be suitable to constrain predictions of
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streamflow depletion. Ambient (i.e. baseline) spring fluxes have never been measured directly.
These could be derived from simultaneous observations of stream flux upstream and downstream
of a given spring. These, in combination with groundwater level observations that are coincident in
time, would be suitable to constrain predictions of spring flow depletion. Stream and spring flux
observations would ideally be continuous (i.e. derived from a stream gauging station) but could
alternatively be sporadic (i.e. from a flow meter).

6.5.2

FLOW SYSTEM-SCALE GROUNDWATER FLOW MODELLING

Assessments of impacts resulting from cumulative groundwater extraction at multiple
development sites require calculations of the groundwater balance at a flow system scale. More
specifically, in order to assess the impacts of a given volume of cumulative extraction, the latter
need to be compared to the total rates (and locations) of recharge and discharge fluxes to and
from the groundwater flow system. In practice, flow system-scale impact modelling can be used to
integrate a range of observed data to derive a robust estimate of the global groundwater balance.
Recommendations for data collection as a basis for flow system-scale groundwater flow modelling
in the Mary–Wildman rivers area are discussed in terms of: (i) the geometry of the system, (ii) the
dynamics of flow within the system, as well as rates of (iii) recharge and (iv) discharge.
With regards to the geometry of the flow system, a number of aspects remain unresolved,
including: the spatial extent of the recharge area, the depth of Mesozoic–Cenozoic sediments
across the area, the spatial distribution and thickness of the semi-confined sand aquifer, the
spatial distribution of hydraulic connectivity between palaeovalleys, and the minimum depth of
dolerite dyke intrusions located between palaeovalleys. Existing knowledge of the geometry of the
flow system could be improved through a number of research activities, described as follows. An
airborne electromagnetic (AEM) survey of the area would provide insights into each of these
aspects of the geometry of the flow system. Alternatively, the existing Rum Jungle AEM survey
(parts of which include the Mary–Wildman rivers area) could be re-inverted to provide greater
resolution at shallow depths (i.e. <200 mBGL). Surface geophysical surveys could be undertaken in
priority locations, such as palaeovalleys and where lateral outflows occur (e.g. at the border
between the Cashew Farm and Kakadu National Park). In comparison, additional exploration
drilling would be relatively expensive, would be restricted by limited existing access in the area,
and would only yield additional point, rather than continuous, observations.
Existing knowledge of the dynamics of the flow system could be improved through various
research activities. Specifically, groundwater level responses to diffuse recharge during the wet
season could be better characterised through sediment sampling and analysis (e.g. grain size
analysis). This could be used to characterise the specific yield of the leaky sandy clay aquifer,
which would assist in determining the contribution of diffuse recharge to the total groundwater
balance.
Rates of net recharge to groundwater could be improved through various research activities.
Specifically, the hydraulic conductivity of the leaky sandy clay aquifer could be estimated from
sediment sampling and analysis (e.g. grain size analysis). This could be used to characterise the
hydraulic conductivity of the leaky sandy clay aquifer, which would constrain maximum rates of
diffuse recharge. Pumping or slug tests could also be employed, for which direct-push techniques
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could be used rather than conventional bore drilling and pumping methods. Alternatively, the
contribution of preferential recharge (via dolines; i.e. karstic collapse features) to the total
groundwater balance could be examined through surface geophysical surveys. This could be used
to examine the geometry of subsurface collapse features. Shallow piezometer installation(s) could
be used in combination to examine groundwater response times to doline inundation.
Rates of groundwater discharge could be improved through various research activities.
Specifically, spring discharge fluxes could be characterised through simultaneous monitoring of
stream flows and levels, and adjacent shallow groundwater levels. This would enable development
of quantitative relationships between groundwater levels and spring flows. Rates of seepage to
creeks could be investigated through further analyses of satellite-derived actual
evapotranspiration observations. These could be used to constrain estimates of locations and
magnitudes of groundwater seepage to creeks. In addition to providing high accuracy mapping of
land surface topography, an additional benefit of LiDAR survey would be the surveying of creek
bed elevations. These could be used to provide accurate reference elevations for creek discharge
boundary conditions, where included in a flow system-scale model.
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