Conjunctive Water Management
in the Lower Richmond Catchment

Ross Stuart Brodie
December 2007

A thesis submitted for the degree of Doctor of Philosophy
of The Australian National University.

+

'

•

J*:'

,

-

, \

T

-

ft-'-'A,. J*

•

'

' w^"'* '

-.V,-

..J-

.

—

' --W-' -C • "-i--

•

*

1'

i

•al

« ;

jA".

U

M
•<

-

».

»

-

-

'

'

-

i-T

statement
This thesis is an original and independent written work with the exception of joint research that
is outhned below.
Part 2 of the thesis provides an overview of the conjunctive water management framework and
sourced from a project report (Brodie et al. 2007a), for which I was the major contributing
author. Part 2 focuses on the material written by me in this report. Brodie et al. (2007a) also
forms the basis of much of the structure and content of the Connected Water website
(vmw.connectedwater.gov.au).
The hydrographic analysis method described in Section 6.4 was jointly developed with Stephen
Hostetler and Emily Slatter (Bureau of Rural Sciences) and documented in Brodie et al.
(2007b). I undertook the application of the methodology to the Lower Richmond datasets as
reported in Section 6.4.
The interpretation of airborne gamma-radiometrics to map acid sulfate soils described in Section
7.3 was jointly undertaken with Phil Bierwirth (BRS) and documented in Bierwirth and Brodie
(2005).
The contributions by co-authors are indicated in the acknowledgements and within the text.
A listing of publications relevant to this study for which I was the major contributing author is
provided below. These publications reflect field work and data analysis undertaken by me in the
Lower Richmond study, as well as broader literature review.
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Abstract
In this study, integration of water issues and management responses was investigated for the
Lower Richmond, a coastal catchment in northern New South Wales, Australia. Although
relatively small (23,000 hectares), the catchment is complex and consists of three discrete
landforms of an upland basah plateau (Alstonville Plateau), a drained coastal plain wetland
(Tuckean Swamp) and an estuary (Tuckean Broadwater of the Richmond River). Linkages
between water and land, water quantity and quality, as well as upstream and downstream
interests were recognised as part of the integration process. However, the principle focus of the
study was towards the coordinated management of surface water and groundwater resources in
the catchment. Hence, a conjunctive management approach was taken.
A conjunctive water management framework was designed based on adaptive management
principles. The framework defines a general process that can be followed regardless of the size
and nature of the catchment, covering the generic aspects of:
(i.)

Identify Management Setting, which are the key features that define the management
of land and water resources;

(ii.)

Investigate and Assess, to acquire the baseline information necessary to describe the
characteristics of surface water and groundwater systems, and their interactions, both
spatially and temporally;

(iii.)

Understand and Predict, to summarise the current understanding of the processes,
dependencies and impacts on the water resource in a conceptual model. This can
become the foundation for a mathematical model for use as a predictive tool;

(iv.)

Set Management Targets, and thereby identify the goals and objectives to be achieved
for water management;

(v.)

Develop and Implement Management Options, involving the appropriate mix of
policy and on-ground investment options for conjunctive water management;

(vi.)

Monitor and Review Performance, using key indicators to review catchment
conditions and the performance of management strategies.

Identify Management Setting
Five key water management issues were identified in the Lower Richmond catchment. Water
sharing arrangements aim to resolve the tension between limited water storage and growing
high-value consumptive demands (such as horticulture and town water supply). The water
requirements oi environmental assets such as spring-fed plateau streams, rainforest remnants
and coastal wetlands need to be recognised and managed. Water quality needs to be protected
from land use impacts such as septic tank discharges, soil erosion from horticultural enterprises,
or deoxygenation due to vegetative decay following flooding. Acid sulfate soil in the Tuckean
Swamp is a major issue in its own right. Dealing with climate variability and change has
historically focussed on flooding, but prolonged dry periods due to climate change is an
emerging issue.
Analysis of the existing management structures relating to these five issues highlighted the
hierarchy of principal agencies, policies and strategies at the national, state, regional and local
level. The interplay of multiple government agencies at all levels and non-government bodies
such as industry, community and environment-based groups reflects the complexity of water
management at the catchment scale. Like most of Australia, management of groundwater and
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surface water resources in the Lower Richmond is largely segregated and there are significant
opportunities for taking a conjunctive approach.
Investigate and Assess
Hydrological assessment in the Lower Richmond focused on the connectivity between surface
water and groundwater systems, with a wide variety of methods trialled. Geological cross
sections and structural contours were collated to help define the hydrogeological setting.
Techniques such as field indicators (e.g. iron precipitates), mapping of springs and seepages by
air-photo interpretation, field chemistry surveys (e.g. EC, pH, Eh) and stream flow surveys were
simple but highly effective in mapping groundwater discharge. Hydrochemistry, where analyses
of major and minor ions, stable and radioisotopes were interpreted, helped define the relative
contribution of aquifers to baseflow. Seepage meters provided a direct measurement of seepage
flux at specific sites but were prone to technical problems such as gas accumulation and
pressure effects of stream flow. Monitoring of stream and sediment bed temperatures shows
promise as a cost-effective tool in investigating stream-aquifer interactions. Hydrometric studies
involving the comparison of groundwater and surface water levels was undertaken at two scales,
at the stream bed and the stream reach. Seasonal changes to the hydraulic gradient between the
aquifer and stream could be identified. A new hydrographic technique based on daily percentiles
of streamfiow and rainfall was developed as part of this study. This provided insights into
changes in the relative contribution of groundwater systems over the stream flow regime. The
effects of water extraction on stream flow could also be identified. Geophysical surveys such as
land-based EM31 and run-of-drain electrical conductivity imaging were undertaken in the
Tuckean Swamp to map groundwater salinity in the horizontal and vertical dimension
respectively. This was then related to processes such as estuarine water intrusion and acid
sulfate soil development. A method to map the distribution of near-surface acidity using
airborne radiometric data and based on thorium depletion was also developed.
Understand and Predict
A conceptual model for the Lower Richmond was developed based on the hydrological
investigations. The Alstonville Plateau consists of Lismore Basah, a sequence of basaltic flows,
pyroclastics and interbedded sediments draped over ridges evident in the underlying preTertiary basement. Aquifer horizons of highly fractured, weathered or vesicular basalt or sands
represent the tops of lava flows and periods of weathering and sedimentation. The length of the
groundwater flowpath in these aquifers is a function of aquifer depth and the degree of
topographic incision. Weathering since the cessation of volcanic activity has developed a
significant shallow regolith aquifer. The plateau streams are essentially perennial due to
groundwater discharge from the Lismore Basalt. Overall, the shallow regolith aquifer is the
major contributor to basefiow. However, the relative contribution from mid-level aquifers in the
basalt pile increases as streamflow decreases. There is evidence that stream connectivity with
the deep basalt aquifers is limited. Most of the deep groundwater flow is directed northwards
and away from the Tuckean Swamp.
In the Tuckean Swamp, the watertable is shallow (<lm) and typically within a profile of pyritic
estuarine Pimlico Clay and variable cover of peaty floodplain material. Following drainage, acid
products have been generated in the backswamp areas by fluctuating watertables allowing pyrite
oxidation and sulfuric acid production. Macropores developed from dewatering, oxidation, soil
shrinkage and root development means that the upper oxidised part of the soil profile has
hydraulic conductivities several orders of magnitude greater than the unoxidised clay gel.
Shallow lateral groundwater flow can occur in the actual acid sulfate soil zone and the
underlying potential acid sulfate soil zone is an effective aquitard limiting vertical groundwater
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movement. Most of the lateral exchange between shallow aquifer and drain occurs within a
corridor less than 100 wide. Deeper in the coastal sediment sequence are aquifers such as the
Buckendoon Sand and the South Casino Gravel.
The seasonal interplay between rainfall and evapotranspiration drives the hydraulic gradient
between the shallow acid groundwater system and the drainage network in the Tuckean Swamp.
Evapotranspiration controls watertable recession for most of the floodplain away from the
drains. The main impact of the drainage network is the rapid removal of surface water from the
floodplain following rainfall and inundation. This gives greater opportunity for evaporation to
subsequently remove water from soil and shallow groundwater storages, rather than from
surface water storage. This results in a greater watertable decline before the next significant
rainfall event when compared with undrained conditions. During winter, low evapotranspiration
rates means that the shallow watertable is relatively stable and a positive hydraulic gradient (and
acid groundwater discharge) to the drain is maintained. This means that acid drain conditions
can persist for many months following autumn or early-winter flooding. During the summer,
high evapotranspiration rates can lower the watertable below the drain level, constraining acid
groundwater discharge.
A drain with near-neutral pH conditions was compared with a persistently acid drain. The
dilution effect of higher plateau inflows as well as near-drain soil hydraulic conductivities being
lower were inferred to be the main factors limiting acid discharge. There were no significant
differences in acid storage in the floodplain or hydraulic gradients towards the drain. The
positive influence of the overlying peaty layer in terms of reducing evapotranspiration was also
highlighted. In the degraded acid sulfate soil areas, the floodplain peats have largely been
removed by oxidation, fire or erosion.
Set Management Targets
There is an opportunity to provide more rigour and structure to the existing water management
targets established for the Lower Richmond. This includes having a logical sequence where
management action targets relating to short-term (1-5 year) actions address resource condition
targets set over the medium-term (10-20 year) that make progress towards aspirational targets
that reflect the long-term (>50 year) vision. There should be greater linkages between existing
targets, considering both potential synergies and conflicts. The concept of uncertainty in targets
was explored, using sustainable yield estimates of groundwater resources as an example.
Terminology, similar to that used in the mining industry, is proposed to communicate the level
of confidence placed on the quantification of water resource management targets.
Develop and Implement Management Options
A matrix of options for managing the five key water issues for the catchment was developed
based on the conceptual understanding of hydrological processes. As a priority, the plateau
streams and the shallow to mid-level aquifers in the Lismore Basalt should be conjunctively
managed. Parameters such as major ion chemistry, field chemistry measurements or a simple
depth threshold could be used to define the connected water resource, particularly for
establishing water trading. The management focus is the protection of minimum flows in the
plateau streams. A zoning approach was developed to help manage the impacts of shallow
groundwater extraction on priority ecosystems on the plateau.
The deep aquifers in the Lismore Basalt and the Quaternary coastal sediments which show
limited surface water connectivity could be strategically managed and used as drought reserves.
This includes the potential operation of aquifer storage and recovery (ASR) schemes.
Maintaining groundwater levels within defined thresholds would be the main management
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criteria for these deeper aquifers. To this end, a tool based on groundwater level percentiles was
developed to help predict trends as part of a risk management approach.
Water storage is a key issue on the Alstonville Plateau due to the combination of limited dam
sites, small holdings of valuable agricultural land and permeable soils. As well as ASR, other
water banking technologies such as infiltration ponds could be constructed on the plateau. These
are designed to enhance recharge into the shallow regolith aquifer rather than direct runoff to
the Tuckean during storm events. Works such as grassed swales, contour banks or small
depressions could be engineered at the farm scale with the added benefit of reducing erosion
and mobilisation of contaminants such as pesticides and nutrients.
It is recommended that high-priority degraded areas in the Tuckean Swamp where acid is being
generated and mobilised be formally designated for targeted management. These low-lying
areas are characterised by acid scalding and melaleuca encroachment and currently used for
low-level grazing. The two key management objectives in these areas are to maintain watersaturated soil conditions and to re-establish vegetation to help restore a peaty soil cover. These
designated areas should be incorporated into the water sharing process, either as part of a lowflow condition or assigned a water allocation to enable strategic irrigation or inundation to
offset soil moisture losses during prolonged dry periods. Potential water sources could include
direct drain offtake, pumping of fresh or brackish groundwater from the deeper coastal sand
aquifers, or supplementing from nearby sewage treatment plants. A high watertable - high drain
level configuration is advocated to minimise acid production, hydraulic gradients and acid
groundwater discharge. This includes incorporating water retention structures (such as
penstocks, weirs or dropboard culverts) in the primaiy drains and the redesign (including
blocking or infilling) of arterial drains from the designated acid sulfate soil areas. Strategic
liming, mulching, rotary hoeing, furrowing and addition of neutralising agents and fertilisers
with irrigation would encourage revegetation and accumulation of soil organic matter.
The current low agricultural productivity of the degraded acid sulfate soil areas is a constraint to
active management. Different approaches to the sharing of management costs such as
participation in a carbon trading market, involvement of the new generation of environmental
organisations that purchase and manage land for biodiversity outcomes, and engagement of
business support through the provision of environmental labelling was explored. One scenario is
to use the degraded acid sulfate soil areas as soil storages for the long-term retention of
imported carbon. The greatest potential is the application of biochar (charcoal) produced by the
pyrolysis of locally sourced residues (e.g. from macadamia processing, sugar cane mills,
sawmills, sewage treatment plants) as well as from harvesting of woody weeds (such as
camphor laurel and privet).
The Bagotville Barrage separates the Tuckean Swamp from the estuarine reaches of the
Richmond River. Water quality monitoring confirms that active management of the barrage to
allow tidal inflows has been positive in terms of neutralisation of drain acidity.

Monitor and Review Performance
The existing monitoring in the Lower Richmond was compared with the priority management
issues and targets. The catchment has the foundations for setting 'end-of-valley' targets as
currently being undertaken for salt loads in catchments of the Murray-Darling Basin.
Monitoring of water quality parameters near the Bagotville Barrage can help define targets
based on the magnitude and frequency of discharge of acid or deoxygenated waters. An
example of an integrated approach to monitoring of surface water and groundwater system is
also suggested based on field investigations in the Lower Richmond.
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Part 1: Background
Chapter 1

Introduction

1.1 Integrated Water Resource Management
Integrated Water Resource Management (IWRM) is a "process that promotes the coordinated
development and management of water, land and related resources, in order to maximise the
resultant economic and social welfare in an equitable manner without compromising the
sustainability of vital ecosystems" (GWP 2000). In this way, social, economic, environmental
and technical dimensions are all taken into account when managing water resources. This
involves linking the management of the parts of the natural world that are important for the
availability and quality of water, including:
(i.)

Land and water, recognising that land use and vegetation can have an effect on water
resources;

(ii.)

Water quantity and water quality, so that the usability of water for different purposes is
maintained or enhanced;

(iii.)

Upstream and downstream interests, as the practices of people high in the catchment
can effect the quantity and quality of water for people downstream;

(iv.)

Surface water and groundwater, recognising the connectivity of streams and aquifers
and the influence of this connectivity on water quantity and quality;

(v.)

"Green water " and "blue water ", as there tends to be a focus on the water flowing
down rivers or through aquifers ("blue water") in catchment management. This is at the
expense of the management of the water involved in plant growth such as rainfall, soil
moisture and evapotranspiration ("green water"); and

(vi.)

Water and "waste water", by providing alternative water supplies with the treatment
and re-use of water flows traditionally viewed as waste such as saline or brackish
sources, storm water or sewage (GWP 2000).

The other critical aspect of IWRM is the linking of the social dimension. This is fundamental, as
people and the decisions they make define how water is used or misused. This can be achieved
through:
(i.)

Coordinating water management and policy-making at all levels from global and
national to local and community;

(ii.)

Involving all stakeholders in the decision-making process and providing avenues for
conflict resolution and mechanisms for evaluating trade-offs. This requires effort in
capacity building so that stakeholders have the necessary knowledge and skills for full
participation;

(iii.)

Making mainstream planning and policy assess and account for any impacts on water
resources. This acknowledges that decisions made in many sectors (such as food,
transport, energy, immigration) need to be water sensitive;

(iv.)

Miking available adequate information on the biophysical, economic, social and
ecological characteristics of a catchment to support appropriate decision-making;

(v.)

Influencing water users to make consumptive choices based on the real value of water,
and the need for long-term viability of the water resource (GWP 2000).
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The concept of IWRM is based on the Dublin Principles, so called as they were adopted from
the 1992 International Conference on Water and the Environment in Dublin (Box 1.1). These
principles formed the foundation for the freshwater resources component of Agenda 21 Chapter
18.

Box 1.1 The Dublin Principles
Principle No. 1 - Fresh water is a finite and vulnerable resource, essential to sustain life,
development and the environment
Since water sustains life, effective management of water resources demands a holistic approach,
linking social and economic development with protection of natural ecosystems. Effective
management links land and water uses across the whole of a catchment area or groundwater
aquifer.
Principle No. 2 - Water development and management should be based on a participatory
approach, involving users, planners and policy-makers at all levels
The participatory approach involves raising awareness of the importance of water among
policy-makers and the general public. It means that decisions are taken at the lowest appropriate
level, with full public consultation and involvement of users in the planning and implementation
of water projects.
Principle No. 3 - Women play a central part in the provision, management and
safeguarding of water
This pivotal role of women as providers and users of water and guardians of the living
environment has seldom been reflected in institutional arrangements for the development and
management of water resources. Acceptance and implementation of this principle requires
positive policies to address women's specific needs and to equip and empower women to
participate at all levels in water resources programmes, including decision-making and
implementation, in ways defined by them.
Principle No. 4 - Water has an economic value in all its competing uses and should be
recognized as an economic good
Within this principle, it is vital to recognise first the basic right of all human beings to have
access to clean water and sanitation at an affordable price. Past failure to recognise the
economic value of water has led to wasteful and environmentally damaging uses of the
resource. Managing water as an economic good is an important way of achieving efficient and
equitable use, and of encouraging conservation and protection of water resources.
(from Global Water Partnership www.gwpforum.org")

1.2 Aim and Scope
In this study, integration of water issues and management responses was investigated for the
Lower Richmond, a coastal catchment in northern New South Wales. Although relatively small
(23,000 hectares), the catchment is complex and consists of three discrete landscapes of an
upland basalt plateau (Alstonville Plateau), a coastal plain wetland (Tuckean Swamp) and an
estuary (Tuckean Broadwater). The study incorporated some of the ideals of integrated water
resource management. Linkages between water and land, water quantity and quality, as well as
upstream and downstream interests were recognised as part of the integration process. However,
the principle focus of the study was towards the coordinated management of surface water and
groundwater resources in the catchment. Hence, a conjunctive management approach was taken.

Conjunctive water management in the Lower Richmond catchment

The aim of the study was to develop and test a framework that could potentially be used to link
the management of surface water and groundwater resources within Australian catchments. To
this end, the framework was designed around adaptive management principles. The framework
covers generic aspects of identifying the existing natural resource management setting,
investigations to understand and allow predictions of catchment processes, setting management
targets, implementing viable conjunctive management options, and monitoring and reviewing
performance. Hence, the framework is designed to encompass a broad range of catchment issues
in Australia where understanding the interactions between groundwater and surface water
systems is important.
The Lower Richmond catchment was used to test this framework and explore linkages between
groundwater and surface water resources. The specific objectives of the study were to:
(i.)

trial a range of desktop and field-based methods of assessing groundwater-surface water
interactions to explore their strengths and weaknesses. Improve existing methods or
develop new approaches of assessment where appropriate;

(ii.)

develop a conceptual model of key surface water and groundwater processes to enable
predictions of catchment behaviour and management implications;

(iii.)

Suggest conjunctive management options that take a whole-of-catchment approach
when considering surface water and groundwater systems and their interaction. In the
Lower Richmond catchment, this includes linking water management in the upland
Alstonville Plateau (water allocation, water qualify protection) and the lowland Tuckean
Swamp (acid discharge);

(iv.)

Develop suitable approaches to monitoring and target setting, to allow evaluation of
catchment behaviour and the performance of water management initiatives.

1.3 Thesis Structure
As indicated in Figure 1.1, the thesis is made up of four parts.
Part 1 provides an overview of the relevance of conjunctive water management in Australia,
particularly at the national level. The key issues that drive the need for a coordinated approach
to managing surface water and groundwater resources are summarised.
Part 2 describes a conjunctive water management framework designed around an adaptive
cycle.
Part 3 describes the application of the framework to the Lower Richmond catchment. The
catchment characteristics are described and the water issues and their existing management
reviewed. A variefy of methods were used to evaluate catchment hydrology, focussing on the
connectivify between aquifers and surface drainage. Conceptual understanding of catchment
processes allowed recommendations to be made on conjunctive management options, targets
and monitoring strategies.
Part 4 draws together conclusions brought about the development of the conjunctive water
management framework and its application in the Lower Richmond catchment.
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Figure 1.1: Thesis structure
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Chapter 2 Conjunctive Water Management in Australia
Recognising that surface water and groundwater resources in a catchment are fundamentally
linked means that management of these resources needs to be coordinated. Such an integrated
approach of conjunctive water management is done to improve economic, environmental or
social outcomes. This means understanding surface water-groundwater interactions and
incorporating this understanding into management policy and practice. It can also mean
investing in on-ground works which allows the different and complimentary characteristics of
surface water and groundwater systems to be combined to advantage. Taking a conjunctive
approach can benefit how issues such as water security, water use efficiency, dependent
ecosystems, stream salinity or nutrient loads are dealt with.
Conjunctive water management can be defined as the management of hydraulically connected
surface water and groundwater resources in a coordinated way, such that the total benefits of
integrated management exceed the sum of the benefits that would result from independent
management of the surface water and groundwater components (after Sahuquillo and Lluria
2003). It is therefore appropriate to perceive a river as not just the river channel and associated
surface water features (such as wetlands and lakes) but also the aquifers that the river is located
within. A connected water resource is the combination of surface water feature(s), such as river,
estuary or wetland, and the groundwater system(s) that can directly interact in terms of
movement of water (Brodie et al. 2007a).
2.1

Policy Relevance

The implications of stream-aquifer connectivity and the need for a conjunctive management
approach have been known in Australia for over forty years. The first national review of water
resources (AWRC 1965) stressed that groundwater should not be regarded as a resource
separate from surface water, noting that:
"In some localities base flows in streams are maintained by drainage into them from
underground sources while in other places streams are a source of replenishment for
underground supply. Consequently, exploitation of the one can effect the availability of supply
from the other. It is desirable, therefore, and likely to become increasingly important, that the
conservation and utilisation of both resources should be planned jointly."
A similar review of water resources in Australia undertaken a decade later (AWRC 1976) came
up with similar conclusions:
"In the past, groundwater and surface water have tended to be viewed as separate resources, as a
result, no doubt, of inherent differences in their modes of occurrence, assessment and
development. Yet they are often hydraulically connected, and in any event, are complementary
components of a larger single system. Thus, in assessing the water resources of a region,
independent measurements of groundwater and surface water yield are not necessarily additive."
This was again reiterated in the 'Water 2000' report of water resource priorities undertaken in
1983 which specified that conjunctive use of surface water and groundwater supplies should be
encouraged in present and future water resources planning (DRE 1983). The report also
advocated that analyses of surface water-groundwater relationships are required to provide an
appropriate systems approach basis for conjunctive use.
2.1.1 COAG Water Reforms
In February 1994, all governments across Australia as represented through the Council of
Australian Governments (COAG) agreed that the management and regulation of water resources
required significant policy and institutional change. The COAG water reform agenda endorsed a
Conjunctive water management in the Lower Richmond catchment
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national policy towards achieving an efficient, economically viable and environmentally
sustainable urban and rural water industry. Key policy elements included:
(i.)

Water pricing based on full cost recovery and the amount of water used;

(ii.)

Establishment of clearly specified water entitlements and the arrangements to enable
trade in those entitlements;

(iii.)

Allocation to the environment as a legitimate user of water;

(iv.)

Adoption of an integrated catchment management approach to water resource
management;

(v.)

(vi.)

Establishment of regulatory and water service institutions that have clear roles and
responsibilities;
Public education and consultation.

The C O A G framework had an initial focus on surface water resources. The specific issues
surrounding groundwater management such as trading, pricing, drilling, well construction and
institutional arrangements were only subsequently formally accepted into the reform framework
in 1996. This also included recognition of the linkages between surface water and groundwater
resources, noting that:
(i.)

(ii.)

"groundwater and surface water resource management should be better integrated,
including approaches to pricing (especially adjacent to public surface water regulated
schemes), water allocations and trading to ensure consistency"(ARMCANZ 1997a);
"In many situations, groundwater and surface water are interconnected and
interchangeable resources where decisions made in one area affect the other. Consider,
for example, the situation which exists in parts of Australia where no groundwater
license is required for a well adjacent to a stream, whereas the stream is fully allocated.
Single resource policies embracing conjunctive use and integrated management of
groundwater and surface water through allocation and pricing mechanisms need to be
more actively pursued by the States" (ARMCANZ 1997a);

(iii.)

"Progress has been made in some limited areas in meeting environmental needs of
groundwater, but further progress has been constrained by a poor understanding of the
location, extent and processes associated with groundwater/surface water interactions
and associated ecosystems." (ARMCANZ 1998).

2.1.2 National Water Initiative
In 2003, nearly a decade after starting water reforms, COAG acknowledged the need to
consolidate and update the agenda. This reflected the priorities of increasing the productivity
and efficiency of water use, sustaining rural and urban communities and ensuring the health of
river and groundwater systems. As a consequence, the National Water Initiative (NWI) was
promulgated to:
(i.)
(ii.)

Improve the security of water access entitlements;
Ensure ecosystem health by implementing regimes to protect environmental assets at a
whole-of-basin, aquifer or catchment scale;

(iii.)

Ensure water is put to best use by encouraging the expansion of water markets and
trading;

(iv.)

Encourage water conservation in cities.

The National Water Commission (NWC) was established to assess progress in implementing
the NWI and advise on actions required to better realise water reform objectives.

6

Conjunctive

water management in the Lower Richmond

catchment

In terms of conjunctive water management, there are a number of references within the NWI
intergovernmental agreement, namely:
(i.)

One of the primary objectives is to "recognise the connectivity between surface and
groundwater resources and connected systems managed as a single resource" (NWI
2004; clause 23x);

(ii.)

In relation to water market and trading arrangements that jurisdictions "facilitate the
operation of efficient water markets and the opportunities for trading, with and between
States and Territories, where water systems are physically shared or hydrologic
connections and water supply considerations will permit water trading" (NWI 2004;
clause 58i);

(iii.)

With reference to water resource accounting, the key outcome is to "ensure that
adequate measurement, monitoring and reporting systems are in place to support public
and investor confidence in the amount of water being extracted for consumptive use,
and recovered and managed for environmental and other public benefit outcomes (NWI
2004; clause 80). This outcome is to be achieved, in part, by "consolidated water
accounts that can be reconciled annually and aggregated to produce a national water
balance" (NWI 2004; clause 82 iii). These accounts are to be inclusive of "systems to
integrate the accounting of groundwater and surface water use where close interaction
between aquifers and streamflow exist" (NWI 2004; clause 82 iiib). Also States and
Territories are to immediately establish "common arrangements in the case of
significantly inter-connected groundwater and surface water systems" (NWI 2004;
clause 79 ic);

(iv.)

The NWI agreement stipulates that all "States and Territories agree to identify by end of
2005 situations where close interaction between groundwater aquifers and streamflow
exist and implement by 2008 systems to integrate the accounting of groundwater and
surface water use" (NWI 2004; clause 83);

(v.)

The issue of interaction between surface and groundwater components of the water
cycle has been identified as needing significant knowledge and capacity building (NWI
2004; clause 98).

2.2 Key Policy Drivers
Although the concepts underlying conjunctive water management have been referred to within
Australian water policy for over forty years, historically there has been limited implementation.
However, the joint management of groundwater and surface water resources has become a
greater priority over the last 5-10 years. This is reflected in the greater recognition of
connectivity issues within the National Water Initiative when compared with its predecessors in
the COAG water reform agenda. The key drivers for this are water demand, climate variability
and water availability, the impacts of groundwater extraction on surface water, stream
salinisation and environmental water needs and ecosystem health.
2.2.1 Water Demand
Population growth, intensive agricultural development, urbanisation, industrial growth and
environment requirements are all increasing demand for water. Understanding how this
expanding demand is met and how the conflicting needs of water users is resolved in the longerterm is vital. Total water use in Australia increased by 9,400 GL/year or 65% between 1983/84
and 1996/97 (NLWRA 2001). This was mostly due to expansion of irrigated agriculture. By
2001, water use by agriculture accounted for 16,660 GL, or two-thirds of total water
consumption in Australia (ABS 2004).
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This recent and rapid expansion of water demand was also reported by the Australian Academy
of Technological Sciences and Engineering:
"If recent trends continue, water requirements of the irrigation sector could increase by about
66% by 2020-21. On current growth rates, total national water use could be as much as 33,000
GL by 2020-21 ...which is clearly unsustainable." (AATSE 1999).
Increased water use is reflected in allocation nearing, and in some cases exceeding, the defined
sustainable limits of the water resource in parts of Australia. This was summarised in the
national perspective of the level of water resource development compiled as part of the National
Land and Water Resources Audit (NLWRA 2001). As an example, current groundwater
allocations in the Murray-Darling Basin exceed the defined sustainable yields of groundwater
management areas by about 40% (Table 2.1). This means greater pressure to address
inefficiencies in water management, such as the existing practice of independently assessing and
managing groundwater and surface water resources.

T a b l e 2.1: Scale of surface w a t e r - g r o u n d w a t e r connectivity issues in the M u r r a y - D a r l i n g Basin.
Issue

Description

Gigalitres/year
(GL/yr)

Living Murray Initiative

Initial recovery target to meet environmental objectives through the
MDB Living Murray initiative

500

Average Runoff

Average runoff over the MDB catchment area (NLWRA 2001)

23,850

Surface water allocation

Existing allocation of surface water licences in the MDB (SKM
2003)

11,246

Groundwater
sustainable yield

Estimates of the sustainable yields for groundwater management
areas in the MDB (MDBC 2006)

2,356

Groundwater allocation

Current allocation of groundwater licences in the MDB (SKM
2003)

3,261

Double accounting

Range of estimates of streamflow depletion in 20 years due to
groundwater pumping (MDBC 2006)

275-550

Surface water storage
capacity

Water storage capacity of reservoirs in the MDB (MDBC 2006).
Does not include storage associated with the Snowy Mountains
Scheme

25,000

Evaporative loss

Estimate of the annual evaporative loss from major water bodies in
the MDB (MDBC 2006)

3,000

Operational aquifer
storage

Estimate of operating aquifer storage for nine potential water
banking sites identified by Hostetler (2006) in the Murray Basin

4,300

Groundwater
interception

Annual interception of groundwater by pumping schemes to reduce
salt loads in MDB rivers (MDBC 2003)

55

2.2.2 Climate Variability and Water Availability
About half of the Australian continent could be considered semi-arid to arid with an annual
average rainfall less than 300mm. A key feature of Australia's climate is not just the amount of
rainfall but the variability in rainfall from season-to-season and year-to-year. The erratic climate
is most apparent in the cycle of extreme events such as droughts and floods. Like rainfall,
stream flow in Australia is also relatively low and variable. Australia has only one percent of the
global streamflow although covering five percent of the global land surface. Australia (with
South Africa) has the highest variability in streamflow as expressed by CVR, the coefficient of
variation of annual flows (Finlayson and McMahon 1988). There is also great spatial variability,
with nearly a half of Australia's average annual run-off draining off only two of its twelve
drainage divisions, to the Gulf of Carpentaria and the Timor Sea (NLWRA 2001).
8
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Climate change brought about by increased greenhouse gas emissions is also an issue for longterm water availability. Climate change predictions show the greatest reductions in annual
average rainfall in the southwest of Western Australia and to a lesser degree in the southeast of
the continent (CSIRO 2001). Likewise, the variability in rainfall is also likely to increase with
more intense extreme rainfall events and more dry spells. By 2030, the annual average
temperature is projected to increase by 0.4 to 2.0°C (CSIRO 2001). This will lead to increases in
evaporation rates and a corresponding decrease in available moisture.
The factors of high rainfall variability, high evapotranspiration rates and geographic separation
of water resources and irrigation development conspire to make the storage and delivery of
water an enormous challenge. The management response has been to develop proportionally
large surface water storage capacity. The national storage capacity of 79,000 GL in 447 large
dams is four times the annual surface water diversions of 19,100 GL (NLWRA 2001). The
storage capacity of the major reservoirs in the Murray-Darling Basin exceeds the total average
runoff from the basin (Table 2.1). However, the annual evaporative loss from these surface
water bodies is correspondingly large, estimated at 3,000 GL/yr (MDBC 2006). Through
conjunctive management, by also using aquifers as water storages, there is the potential for
reducing some of these evaporative losses. By way of example, a recent preliminary assessment
of suitable water banking sites in the Murray Geological Basin (about 30% of the MDB)
identified nine areas with 4,300 GL/yr of potential operational aquifer storage (Hostetler 2006).
2.2.3 Impacts of Groundwater Extraction on Surface Water Flows
Groundwater use across Australia increased 58% from 2,600 GL to 4,200 GL between 1983/84
and 1996-97 (NLWRA 2001). In New South Wales, Victoria and Western Australia, the
proportional increase in groundwater use over this time period was over 200%.
Increase in groundwater use in southeastern Australia has been largely attributed to irrigation in
the Murray Darling Basin. From 1 July 1997, the volume of surface water diverted from the
Murray Darling river system in New South Wales, Victoria and South Australia was capped by
agreement at 1993/94 levels of diversion. However, groundwater use in the Basin was not
capped and has continued to increase steeply since that time with migration of demand. Low
rainfall during the late 1990s has also driven groundwater development. Due to connectivity,
this increase in groundwater use will be reflected in reduced surface water flow, although
uncertainty surrounds the volume and timing of the reduction. Of concern in basin water policy
is the extent to which projected increases in groundwater extraction will be reflected in
decreased base flows to rivers, so impacting on the integrity of the surface water Cap. It has
been estimated that 186 GL/yr of streamflow has been captured due to the growth in
groundwater use since the introduction of the Cap until 1999-2000 (SKM 2003). Stream flow
depletion is projected to be in the range of 275-550 GL/yr in 20 years (MDBC 2006). As a
comparison, the water recovery target to meet environmental objectives through the Living
Murray initiative is 500 ML/yr (Table 2.1) with an investment of $500m. Increasing irrigation
demand, restrictions on surface water access and drought conditions increases the likelihood of
currently unused groundwater allocations (sleeper licences) being activated with consequences
on surface flows.
2.2.4 Stream Salinisation
The role of groundwater processes in both dryland and irrigation -induced salinity has long
been recognised. Across significant areas of Australia, land clearing and cropping has increased
groundwater recharge, raised the watertable and driven increased discharge of saline
groundwater into nearby streams. About 25,000 km^ of salt-affected lands could potentially
increase to 170,000 km^ by 2050, and the current annual cost in terms of lost agricultural
production and infrastructure damage estimated at $250m with degradation of ecological assets
Conjunctive water management in the Lower Richmond catchment
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undefined (NLWRA 2001). Of concern is increasing trends in stream salinity in the MurrayDarling Basin and the south-west of Western Australia. About a third of divertible surface water
in streams in south-west WA is classified as brackish and saline, with only a half of streams
classified as potable in terms of salinity (WA Government 2000).
Land and stream salinisation has been a key motive for understanding how groundwater systems
respond to changing land use, as well as processes of seepage flux and sah mobilisation to water
bodies. Significant investments have been made in conjunctive engineering solutions such as
groundwater interception schemes to reduce salt loads to significant rivers such as the River
Murray. As indicated in Table 2.1, the volume of intercepted groundwater is relatively small (55
GL/yr), but this pumping is critical to salinity management by preventing 550,000 tonnes of salt
from reaching the River Murray (MDBC 2003).
2.2.5 Environmental Water Needs and Ecosystem Health
Pressure to establish and deliver environmental water provisions is another key driver for taking
a conjunctive approach. Recognition that the environment is a legitimate user of water requires
tradeoffs between competing demands for a limited water resource. As an example, the MurrayDarling Basin Ministerial Council established the Living Murray Program in 2002 in response
to evidence of declines in the health of aquatic ecosystems. The Living Murray follows on from
the Cap on surface water diversions in the Murray Darling Basin by seeking to provide an
additional 500 GL/yr of water to the ecological assets of the River Murray System (Table 2.1).
The first step of the initiative is to achieve environmental benefits for six icon sites along the
river, namely Barmah Millewa Forest, Gunbower Koondrook-Perricoota Forest, Hattah Lakes,
Chowilla Floodplain (including Lindsay-Wallpolla), Lower Lakes, Coorong and Murray Mouth
and the River Murray Channel. One strategy to provide the additional 500 GL/yr is to identify
inefficiencies in water management which can be translated into water savings transferable to
the environment. Conjunctive water management is part of this process.
In recent years, there has been greater recognition that ecosystems such as particular wetlands,
high baseflow streams and phreatic vegetation communities can have a dependency on the
underlying groundwater system for their long term viability. This means that environmental
water provisions should not be assessed and managed from just a surface water perspective, but
also should include a groundwater component.
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Part 2: Defining a Framework
Chapter 3

A Conjunctive Water Management Framework

A simple framework for conjunctive water management has been developed to help coordinate
groundwater and surface water management towards meeting social, environmental and
economic outcomes across industries and regions (Brodie et al. 2007a). The framework is
designed for water managers, water authorities, policy makers, catchment groups, industry
groups and others to learn more about evolving water management priorities and requirements
and facilitate coordinated responses. The target audience is the stakeholders who are involved in
the decision-making process surrounding water management.
The framework is underpinned by some general principles developed from a national workshop
(Fullagar 2004). The workshop identified strategic directions for realising the opportunities and
addressing the impediments associated with conjunctive water management. These guiding
principles are outlined in Box 3.1.

Box 3.1 General Principles of Conjunctive Water Management (Fullagar 2004)
1. Where physically connected, surface water (including overland flows) and groundwater
should be managed as one resource.
All surface water and groundwater stores rely (either directly or indirectly) on rainfall for
recharge. Identification of new storages within a connected system does not automatically
increase the net sustainable yield of that system.
2. Water management regimes should assume connectivity between surface water
(including overland flows) and groundwater unless proven otherwise.
The Precautionary Principle should apply to protect against potential impacts of surface watergroundwater interactions. For example, a single combined sustainable yield should be used as
the basis for the net allocation of surface water and surrounding groundwater resources until:
(i)

It can be proven they are disconnected, or;

(ii)
Management regimes for those storages are developed to take advantage of respective
storage efficiencies and time lags between surface and groundwater flows.
3. Water users (groundwater and surface water) should be treated equally
It is not appropriate to assume a blanket hierarchy between surface water and groundwater
licences. Pricing, security, capping, licensing, metering, and defining reliability should be
consistent for all water users.
4. Jurisdictional boundaries should not prevent management actions
Discontinuity in government institutional arrangements between (and within) jurisdictions
should not be an excuse for failing to identify and address issues associated with connected
systems, or for not progressing opportunities associated with conjunctive water management.
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Figure 3.1: A framework for conjunctive water management (after Brodie et al. 2007a).
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3.1 Adaptive Management Approach
Figure 3.1 outlines the framework in terms of a general process that can be followed when
taking a conjunctive approach regardless of the size and nature of the catchment and the water
issues that need to be addressed. These activities are:
(i.)

Identify Management Setting, which are the key features that define the management of
land and water resources in the catchment;

(ii.)

Investigate and Assess, to acquire the baseline information necessary to describe the
characteristics of surface water and groundwater systems of the catchment, and their
interactions, both spatially and temporally;

(iii.)

Understand and Predict, to summarise the current understanding of the processes,
dependencies and impacts on the water resource in a conceptual model. This can
become the foundation for a mathematical model for use as a predictive tool;

(iv.)

Set Management Targets, and thereby identify the goals and objectives to be achieved
for water management in the catchment;

(v.)

Develop and Implement Management Options, involving the appropriate mix of policy
and on-ground investment options for conjunctive water management;

(vi.)

Monitor and Review Performance, using key indicators to review catchment conditions
and the performance of conjunctive water management.

The philosophy of adaptive management is followed where policies and practices are
continually improved by learning from the outcomes of previous work. Adaptive management
can be described as learning from management actions, and using that learning to improve the
next stage of management (Holling 1978). It is "learning to manage by managing to learn"
(Bormann et al. 1993). Hence, a feedback loop is incorporated. This recognises that there are
inherent uncertainties in our understanding of catchment processes, the priorities and
perspectives of water users, the impact of water management options and future changes and
threats. There is constant change in our knowledge about complex natural systems which
themselves are dynamic and that community priorities, perceptions and expectations also
change (Pagan and Crase 2004). This means that conjunctive water management needs to be
flexible and be able to evolve. These adaptive management processes are well established and
have been suggested in other natural resource management arenas, including groundwater (lAH
2004) and the coastal zone (Bennett and Lawrence 2002).
The ideals of adaptive management have recently become popularised in natural resource
management. Ludwig et al. (1993) provide some practical advice when working towards
effective management:
(i.)

Include human motivation and responses as part of the system to be studied and
managed;

(ii.)

Act before scientific consensus is achieved. Calls for additional research may be delay
tactics;

(iii.)

Rely on scientists to recognise problems but not to remedy them. The judgement of
scientists is often heavily influenced by their training in their respective disciplines, but
the most important issues involving resources and the environment involve interactions
whose understanding must involve many disciplines;

(iv.)

Question claims of sustainability. Claims that basic research will lead to sustainable
resource use may lead to false complacency;
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(v.)

Confront uncertainty. Effective policies are possible under conditions of uncertainty,
but they must take uncertainty into account. Consider a variety of plausible hypotheses
about the world; consider a variety of possible strategies; favour actions that are robust
to uncertainties; hedge; favour actions that are informative; probe and experiment;
update assessments and modify policy accordingly; and favour actions that are
reversible.

The second point above of Ludwig et al. (1993) is the premise of the Precautionary Principle,
namely "where there are threats of serious or irreversible damage, lack of full scientific
certainty shall not be used as a reason for postponing cost-effective measures to prevent
environmental degradation."(1992 Rio Declaration on Environment and Development). By way
of example, Table 3.1 applies the ideals of the Precautionary Principle to the conjunctive water
management issue of streamflow depletion due to nearby groundwater pumping.

T a b l e 3.1: Conditions for the application of the Precautionary Principle (after A n d o m o 2004).
Condition

Summary

Precaution

Conjunctive Example

Uncertainty of risk

Existence of risk cannot be
proven

Response to situations of
potential risk

Extent to which near stream
groundwater pumping
depletes stream flow is not
known

Scientific
assessment of likely
harm

Good reason to believe that
there might be harmful
effects

Definition and evaluation
of uncertainties by
scientific experts

Quantification of magnitude
and timing of stream flow
depletion through
monitoring, field
investigations and predictive
models

Serious and
irreversible damage
(short or long-term)

Likelihood of serious or
irreversible effects on life
and health of individuals,
vital natural resources,
species preservation, climate,
ecosystem balance

Determination of a
threshold of nonnegligible damage

Assessment indicates that
groundwater pumping can
seriously degrade in-stream
aquatic ecosystems
particularly during extreme
low-flow conditions

Proportionality of
measures

Measures taken to avoid
likely harm should take
impact on society into
account

Identification of
socioeconomic sacrifices
required to adapt the
precaution, careful
evaluation of
precautionary measures
available and active
review

Consideration of impact of
reduced water access by
consumptive users during
drought period

Shifting burden of
proof

Those who may cause
serious damage show that it
is unlikely

Hazard creators assume
costs of risk assessment;
proof of zero risk is not
realistic

Onus of proof is that aquifer
is assumed to be connected
to stream, unless proven
otherwise
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3.2 Identification of Management Setting
The first step in the framework is an analysis of the key features that define the management of
land and water within the catchment (Figure 3.1). This identifies the setting, by scoping out the
catchment management problems and the factors that have an impact on their solution. This
includes identifying existing catchment issues, water users, resource development and planning
and policy.
These elements of the management setting are described below.
3.2.1 Catchment Issues
Part of the process is to answer the question of what are the key issues facing the sustainability
of land and water resources in the catchment. The nature and scope of conjunctive water
management in a catchment can be tailored to address these management issues, whether they
are over-extraction of water, high stream salt loads or degraded wetlands. The scale of the issues
must be understood to allow for a prioritised approach. The key water issues facing Australian
catchments where conjunctive management can be a useful approach include water allocation,
water security, stream salinity, water quality protection, ecosystems and natural hazards.
It is common in water allocation for groundwater and surface water licences to have been issued
separately, so there is risk that the same parcel of water has been allocated twice. This double
accounting commonly occurs when groundwater that normally discharges to streams becomes
allocated in its right. These connected water resources may not be assessed as over-allocated (or
over-used) in isolation but become so when considered jointly.
Water security is a challenge is Australia, as the ability to effectively store and deliver water to
users is limited by high rainfall variability, high evapotranspiration rates and geographic
separation of water resources and irrigation development. There are opportunities in using
aquifers as "water banks" in conjunction with surface water reservoirs to allow greater
flexibility and efficiency in water supply and delivery.
In parts of Australia, increased discharge of saline groundwater has increased in-stream salt
loads. Watertables have risen due to enhanced recharge from the removal of deep-rooted native
vegetation, or by direct irrigation accessions. Hydraulic gradients within the shallow aquifer
steepen towards streams, increasing groundwater discharge. Interception schemes, where bores
are operated to pump and remove saline groundwater before it reaches the river are a good
example of a conjunctive approach.
Stream-aquifer connectivity can also influence the movement of poor-quality water
contaminated by acid, nutrients or agricultural/industrial chemicals. In coastal areas, shallow
acid groundwater generated by the disturbance and oxidation of pyritic estuarine muds can be
flushed into drains and estuaries causing chronic effects on aquatic life. Discharge of nutrientrich groundwater into waterbodies can cause eutrophication and initiate algal blooms.
Contaminants can migrate from industrial sites, land fills, intensive cropping or septic tanks to
reach waterways via the groundwater system. Likewise, leakage from polluted waterways can
be a mechanism for contaminating valuable groundwater resources.
Discharge of groundwater can be important in maintaining aquatic ecosystems. Wetlands, river
pools or lagoons may be reliant on a relatively stable inflow of groundwater to maintain water
levels, particularly during extended dry periods. Base flow of groundwater to rivers can be a
critical component of the environmental flow regime. Groundwater discharge can effect stream
chemistry and temperature and have implications on aquatic ecology. Mixing of surface water
and shallow groundwater in the stream bed can provide a unique and dynamic habitat in its own
right.
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A conjunctive approach can also be taken in the management of natural hazards. For example,
seepage of floodwaters into alluvial sediments can reduce the impact of major flood events.
Many inland rivers in Australia have very low gradients with very wide and extensive
floodplains. This resuhs in floods with very slow travel times that can inundate large areas,
providing the opportunity of significant infiltration and aquifer recharge. Land subsidence is
another example of a natural hazard that can be better managed conjunctively. Excessive
lowering of groundwater levels due to pumping can lead to collapse or compaction of the
aquifer material. This can lead to subsidence of the overlying land surface, which can cause
significant infrastructure and environmental damage. Surface water can be used to replenish the
aquifer so that groundwater levels are maintained over the long term.
3.2.2 Water Users
Identifying water users is part of the process of defining the management setting in a catchment.
The potential impacts on water users bought about by changes in water management by taking a
conjunctive approach need to be addressed. This requires a clear picture of the water
requirements for both consumptive users and the environment. It is also critical that water users
be engaged in the planning process from the outset. This is an imperative if tradeoffs between
impacts across water users need to be negotiated, which tends to be inevitable in catchment
management. Often catchment issues are perceived differently by different groups of people and
different perceptions about their severity are easily formed.
The definition of water users is broad and assumes that the environment is a legitimate user of
water. It includes potential beneficial uses of the water resource that have not as yet been
developed in the catchment, including the concept of intergenerational equity. It also assumes
that there are recreational and cultural values to water as well as consumptive use across a range
of sectors. It involves engagement with the typical stakeholders that participate in catchment
management, where stakeholders are defined as those who have an interest in a particular
decision, either as individuals or representatives of a group. This includes people who influence
a decision, or can influence it, as well as those affected by it (Earth Summit 2002).
This involves clarification of:
(i.)

The minimum, current and projected water requirements of users, in terms of quantify,
timing and qualify. This investigates the distribution of water use in the catchment,
when water is required through the year and trends in future water demand;

(ii.)

The (social, economic and ecological) consequences if water availabilify does not meet
these defined water demands. In addition, the impacts bought about by water resource
development and management to meet these demands also need to be clarified and
communicated;

(iii.)

The level of acceptabilify by water users of the risk that these water demands may not
be met, and also of the likely impacts bought about by meeting such demands. This
includes the level of awareness of water users to the extent of uncertainfy associated
with hydrological assessment and water management. This uncertainfy relates to
defining communify values to water (and how these priorities can change through time),
in developing the conceptual understanding of catchment processes and in quantifying
these processes (and their response to change) to develop management options;

(iv.)

Perceptions and priorities about management issues, as different stakeholders will have
different priorities and motives for engagement;

(v.)

The level of awareness of hydrological processes (such as stream-aquifer connectivify),
including the opportunify for incorporating local knowledge and experience in the
assessment process.
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Stakeholder engagement is a well-established plank in the catchment management process.
Various government initiatives have embodied a more community-based regional approach to
land and water management. This trend towards community participation is reflected in the
criteria for the accreditation of regional NRM plans as set out by the NRM Ministerial Council,
including:
"Effective participation by all key stakeholders is required to ensure that plans are based on a
community process, are accurate, comprehensive, well coordinated and able to be implemented.
Indigenous communities, local government, state agencies, resource managers, industry and
communities, academic/scientific community and environmental groups should be involved
where relevant. Stakeholder's roles, responsibilities and capacity to implement actions to
achieve targets will be identified."
3.2.3 Extent of Resource Development
The nature and extent of resource development in the catchment also needs to be defined as part
of the management setting. This includes aspects of the level of groundwater and surface water
allocation and extraction compared to any sustainable limits set for the resource, the
infrastructure associated with water storage, delivery, drainage and use as well as the intensity
and nature of land use.
The extent of the use and development of water resources dictates how conjunctive management
can be applied. There tends to be greater flexibility in changing water management and policy in
relatively undeveloped catchments. In catchments with high levels of water extraction, existing
property rights and infrastructure can limit management change. Alternatively, there may be
opportunities where existing infrastructure can be retrofitted in a cost-effective manner to
achieve conjunctive management. Any investment in on-ground conjunctive technologies would
need to fit in with existing infrastructure used to manage water quantity and quality.
In terms of water quantity, the policy tools to implement conjunctive water management will
vary with the degree of water regulation in the catchment. Different approaches may be taken
for regw/arec/catchments where water flow is controlled by infrastructure such as dams, locks or
weirs, compared to unregulated catchments where such infrastructure does not exist. The tools
applied will also vary on development levels, measured by comparing water allocation (and use)
with the defined sustainable extraction limit for surface water and groundwater resources. Socalled greenfield csAchmenX?, have low levels of water use compared to the resource available for
extraction. In brownfield catchments, levels of water allocation (and use) are close to or exceed
the defined sustainable limits for either or both of the groundwater and surface water resources.
The intensity and value of land use activities in the catchment can be an important factor,
particularly in terms of adoption of conjunctive water policies. For example, conjunctive water
trading established in catchments with high-value permanent horticulture will have a different
market response to catchments dominated by land uses with lower $/ML returns such as
irrigated pasture.
3.2.4 Existing Planning and Policy
Identifying the existing legislation and policy that control or effect water management is part of
the process of defining the management setting in a catchment. The existing administrative,
policy and management environment can provide opportunities or constraints to implementing
conjunctive water management and can involve agencies at three levels of government in
Australia - federal, state and local as well as non-government organisations.
Depending on the policy instruments or on-ground works envisaged this can cover aspects of:
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(i.)

Water allocation and licensing, so that initiatives can be implemented within the
existing water planning and management framework and aligned with the water reform
agenda. Inconsistencies or impediments in existing water policy can also be highlighted;

(ii.)

Catchment management and targets, so that any potential conflict with NRM policy
across other sectors is recognised. For example, recharge enhancement of aquifer
storages may be in conflict with existing strategies for minimising recharge for salinity
control;

(iii.)

Water pollution and water quality protection, so that initiatives do not pollute in terms
of mobilisation of poor quality water. For example, artificial recharge of aquifers with
recycled water requires stringent analysis of water quality outcomes;

(iv.)

Protection of public health, to ensure that the beneficial use of any potable water supply
is retained;

(v.)

Environmental impact statements, as development of any conjunctive infrastructure
could be subject to assessment of the effects on ecological assets;

(vi.)

Building and development applications, with appropriate consents for any on-ground
works;

(vii.)

Regional planning and development, involving analysis that future water requirements
and priorities for the catchment are met;

(viii.)

Drainage andflood mitigation, so that any initiative is aligned with existing
infrastructure;

(ix.)

Occupational health and safety, particularly relating to the construction and
maintenance of any on-ground works.

3.3 Investigation and Assessment of Water Resources
Traditionally, surface water and groundwater resources have been independently assessed. An
important addition in taking an integrated approach is that stream-aquifer connectivity is also
assessed. Hence, water resource assessment includes investigation of:
(i)

Surface water features, including streams, reservoirs, wetlands and estuaries. This
includes such aspects as flow duration and dynamics, water storage capacity, water
quality, aquatic ecosystems, land use impacts, climate variability and water extraction
regimes;

(ii)

Groundwater systems, covering aspects such as aquifer geometry, geological and
stratigraphic configurations, hydraulic properties such as transmissivity and storativity,
water sources and sinks such as recharge, abstractions and discharge mechanisms,
environmental dependencies, groundwater chemistry and the impacts of land use;

(iii)

Surface water-groundwater interactions, involving the analysis of the dynamics of
water flow between aquifers and surface water features, and the impacts of this
interaction in terms of water quantity, quality and ecology.

The focus is to acquire the baseline information to describe the characteristics of surface water
and groundwater systems of the catchment, and their interactions, both spatially and temporally.
To this end, there is a wide range of tools available to assess the nature and degree of surface
water-groundwater interactions, as outlined below:
(i.)
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Seepage measurement, as the direct measurement of seepage flux at the stream-aquifer
interface can be undertaken using seepage meters or similar devices. An inverted
chamber is used to cover and isolate the stream bed and the change in volume of water
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contained in a bag attached to the chamber is measured (Lee 1977). Additional water in
the bag over the time of operation indicates gaining stream conditions. Several
modifications have been made to the design and operation of the seepage meter to
address potential sources of measurement error and to handle logistical issues
(Cherkauer and McBride 1998; Schincariol and McNeil 2002; Rosenberry and Morin
2004). Automated versions using different technologies to enable real-time monitoring
of seepage flux have been developed (Krupa et al. 1998; Paulsen et al. 2001; Taniguchi
and Iwakawa 2001, Sholkovitz et al. 2003);
(ii.)

Field observations, where indications of seepage can be observed in certain catchments
and settings. An initial reconnaissance can highlight hotspots where groundwater is
discharging to streams, provide guidance to useful parameters to measure and identify
management issues that are impacted by connectivity. Examples of field indicators
include direct observation of water flow from springs at the margins or within the
stream bed, water vapour or ice-free conditions around springs during winter, mineral
precipitates (Drysdale et al. 2002) or iron-bacteria accumulations (NCDWQ 2004), or
changes in water colour or odour;

(iii.)

Ecological indicators, as specific vegetation communities or biota can indicate
groundwater discharge to surface water features. Changes in the composition and
accumulated biomass of submerged aquatic plants can relate to groundwater seepage
(Ward and Stanford 1989; Valett et al. 1994). The near-stream presence of
phreatophytic plants, which are deep-rooted and can access groundwater, can indicate a
shallow watertable. The extent and composition of biota that habitat the hyphoreic zone,
can also describe the processes of near-stream groundwater and surface water mixing
(Ward and Stanford 1989);

(iv.)

Hydrogeological mapping, with knowledge of the hydrogeology surrounding a surface
water feature critical in understanding connectivity. This involves mapping the
configuration and characteristics of the groundwater flow systems within the catchment.
This covers aspects such as aquifer geometry, host geology and stratigraphy and
hydraulic properties (such as transmissivity and storativity). Also included are specific
geological features such as faults, facies changes or river geomorphology that can
locally control groundwater flow;

(v.)

Geophysics and remote sensing technologies such as airborne electromagnetics (AEM),
radiometrics, seismic waves, electrical charge, or satellite imagery can be used to
interpret connectivity. These surveys can map the variation in parameters such as
groundwater salinity, vegetation types or soil moisture that can be secondary indicators
of groundwater discharge (ANCID 2000; Bierwirth 1997; Allen and Merrick 2004).
They can also be used to identify geological features that control seepage flux. Mapping
of landscape parameters (such as soil type, land use, vegetation cover) that can have an
impact on seepage flux can also be supported by geophysical or remote sensing
technologies;

(vi.)

Hydrographic analysis, where the stream hydrograph can be processed and analysed to
characterise the magnitude and timing of groundwater discharge to streams. Baseflow
separation techniques use the time-series record of stream flow to derive a baseflow
hydrograph. Of these, recursive filters are the most commonly applied (Nathan and
McMahon 1990a). Frequency analysis takes a different approach by deriving the
relationship between the magnitude and frequency of stream flows (Smakhtin 2001).
Recession analysis focuses on recession curves which follow flow peaks. These curves
are fitted using storage-outflow models to characterise the natural storages that feed the
stream;
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(vii.)

Hydrometric analysis methods based on Darcy's Law focus on the hydrauHc gradient
between groundwater and surface water systems and the hydraulic conductivity of the
intervening aquifer and bed material. Piezometers are used to measure groundwater
levels which are compared with the elevation of the stream stage. Pump (or slug) tests
can be undertaken on these piezometers to estimate the transmissivity of the geological
material;

(viii.)

Hydrochemistry studies, as interpretation of the chemical constituents of water can
provide insights into stream-aquifer connectivity. Dissolved constituents can be used as
environmental tracers to track the movement of water. For example, a particular
characteristic of the groundwater chemistry (such as high radon levels) can be used as
an indicator of groundwater discharge when measured in the surface water.
Environmental tracers can occur naturally or have been released into the general
landscape by human activities. Some of the commonly used environmental tracers
include field parameters such as EC (Porter 2001) or pH; the major anions and cations
such as calcium, magnesium, sodium, chloride and bicarbonate; stable isotopes in the
water molecule of oxygen-18 and deuterium (Mazor 1997; Clark and Fritz 1997; Cook
and Herczeg 2000); radioactive isotopes such as tritium and radon (Ellins et al. 1990;
Pritchard et al. 2002; Cook et al. 2003); and industrial chemicals such as
chlorofluorocarbons (Davis et al. 1980) and sulphur hexafluoride (Dillon et al. 1999);

(ix.)

Artificial tracers are field tests that involve the introduction of a tracer material or
chemical and subsequent monitoring of its movement. These tests provide information
on groundwater flow paths, travel times, velocities, dispersion, flow rates and the
degree of hydraulic connection. These differ from environmental tracer methods which
rely on the measurement and interpretation of background concentrations. Fluorescent
dyes (such as Rhodamine WT), conservative major ions (such as chloride or bromide),
organic compounds (such as ethanol or fluorinated benzoates), isotopes (such as
selenate or deuterium), non-pathogenic microorganisms or colloidal material (such as
clubmoss spores) have been used in tracer studies (Malcolm et al. 1980; McCarthy et al.
2000; Flurey and Wai 2003);

(x.)

Temperature monitoring, with heat used as a tracer to characterise seepage flux. Time
series monitoring of temperature in both the surface water and groundwater systems is
used (Silliman and Booth 1993; Stonestrom and Constanz 2003). Stream temperatures
have a characteristic diurnal pattern overprinting seasonal trends, whilst regional
groundwater temperatures tend to be relatively constant at the daily scale. Temperature
monitoring at varying depths in the stream bed can indicate the relative influence of
groundwater and surface water processes. Numerical models of heat flow (such as
VS2DH and SUTRA) can be used to quantify seepage flux (Voss 1984; Healy and
Ronan 1996);

(xi.)

Water budgets are a common approach to investigate seepage flux by measuring stream
flow at specific points. These measurement sites subdivide the stream into reaches and a
water budget is estimated for each reach, accounting for inputs such as tributary flows
and outputs such as evaporative losses and diversions. The difference between inflows
and outflows is then attributed to the seepage flux. The method relies on accurate
measurement of stream flow and appropriate accounting of the other gains and losses;
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Appendix 1 presents a summary comparing these different assessment methods (Brodie et al.
2007a). These tools are described in the context of:
(i.)

Spatial scale, classified in terms of local (at a point or site^, intermediate (at the scale of
a feature such as a stream reach) and regional (at the catchment scale);

(ii.)

Temporal scale, classified in terms of short-term (over the timeframe of days to months
such as tidal, evapotranspiration or discrete episodic processes), medium-term (at the
seasonal to yearly scale) and long-term (exceeding the decadal timeframe such as
influences of climate change);

(iii.)

Cost, associated with collection, analysis and interpretation of data;

(iv.)

Ease of use, focusing on the accessibility of the technology and the extent of prior
expertise required;

(v.)

Advantages, the inherent benefits of applying the methodology;

(vi.)

Limitations, the potential constraints and limiting assumptions;

(vii.)

Application, outlining the extent that the method has been used in Australia.

3.3.1 Assessment Strategy
Appendix 1 highlights the diversity in the methods available to characterise stream-aquifer
connectivity. These variations, particularly in terms of differences in spatial and temporal scale
can be used to advantage in an overall assessment strategy. Figure 3.2 outlines such a strategy
that fits within the overall conjunctive water management framework, as represented in Figure
3.1. The components of the assessment strategy are:
(i.)

Data collation. The initial step is to collate the existing baseline data useful in
characterising the surface water and groundwater systems of the catchment, and their
connectivity. This can be time-consuming and resource-intensive as data requirements
are comprehensive and need to be sourced from multiple agencies. The main data
themes are catchment properties (such as boundaries and topography), hydrogeology
(including geological, soils, regolith or hydrogeological mapping, borehole databases,
geophysical surveys), surface water features (including drainage network, lakes,
wetlands, estuaries), hydrology (including climate data, stream gauging, groundwater
monitoring and water quality databases), ecosystems (such as wetlands mapping,
vegetation mapping and rare/endangered species databases), and catchment use and
management (such as land use mapping, water infrastructure, water metering and water
allocation);

(ii.)

Desktop analysis. The collation of existing datasets provides an opportunity to
undertake an initial desktop analysis of connectivity. Such desktop analysis can provide
preliminary insights into seepage flux without any additional investment in data
gathering. Depending on budget and time constraints, this may be the ftill extent to
which an assessment can be made. Hydrogeological mapping, hydrographic analysis,
interpretation of geophysical surveys or satellite imagery, or analysis of historic water
quality sampling are examples of work that can be undertaken on existing datasets;

(iii.)

Field survey. Additional field surveys can be undertaken to support the initial desktop
analysis. These surveys are used to provide greater spatial resolution by interpolating
along the stream between existing monitoring sites and to infill areas in the catchment
that have insufficient data. Such surveys are also used to identify key sites that require
more intensive investigations. Initial conceptualisation of processes can also be verified.
Investigations along the stream network such as run-of-river water sampling.
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geophysical surveys or t e m p e r a t u r e m e a s u r e m e n t s can be used t o infill existing
datasets;
(iv.)

Site investigations.

M o r e intensive investigations at a fine-scale can be undertaken at

key sites in the catchment. This is c o m m o n l y u n d e r t a k e n to c o n f i r m key processes,
q u a n t i f y seepage fluxes or provide m o r e information relating to t h e hydrological,
c h e m i c a l or ecological aspects of connectivity. Such sites are selected on the basis of
the initial desktop analysis and field surveys and can include the installation of s e e p a g e
meters, piezometers, stream gauges, t e m p e r a t u r e m o n i t o r i n g or artificial tracer tests.
T h e understanding of connectivity at different scales both in time and space bought about by
this assessment strategy is bundled into the conceptual model d e v e l o p e d f o r the g r o u n d w a t e r
and surface water systems of the catchment. In turn, this conceptual m o d e l can be translated into
a predictive model. This process is in fact iterative, as the predictive m o d e l l i n g can highlight
information gaps which can spur on additional data collection and assessment.
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Figure 3.2: A strategy for investigation and assessment of connectivity (Brodie et al. 2007a).
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3.4 Understanding and Predicting
3.4.1 Conceptual Models
As discussed above, a conceptual model is developed from the collation and interpretation of
available datasets. The conceptual model summarises the current understanding of the key
catchment processes, dependencies and impacts on the water resource. The essential function
and behaviour of surface water and groundwater systems and their interaction in the catchment
is described. The key elements of a conceptual model are as follows:
(i.)

The catchment framework, defining the boundaries of the study area, in terms of
groundwater and surface water divides;

(ii.)

The hydrogeological framework, in terms of the general structure and properties of the
aquifers, aquitards and other geological units making up the catchment;

(iii.)

The surface water framework, the configuration of streams, lakes, wetlands, reservoirs,
estuaries and other surface water features in the catchment landscape;

(iv.)

The hydrological framework, the key processes defining the movement of water
throughout the landscape such as rainfall, evapotranspiration, run-off, stream flow and
groundwater flow;

(v.)

The ecosystem framework, the key environmental assets that have a dependency on the
surface water or groundwater features of the catchment such as wetland ecosystems,
endangered aquatic species or important vegetation communities;

(vi.)

The anthropogenic framework, the human-induced factors that can influence
hydrological processes in terms of water quantity and quality, such as pumping, land
clearing, intensive agriculture, drainage, flood mitigation works, mining etc. Also
included are the social dependencies of the water resource such as heritage and cultural
values.

The conceptual model forms the foundation for further field investigations as well as the
development of predictive models. These are essentially mathematical models or simple tools
that contain equations that represent the physical processes of water movement in a catchment.
Encapsulating the hydrological processes using governing mathematical equations, boundary
conditions and estimates of catchment parameters can provide a powerful predictive tool.
The conceptual model outlines the dominant processes and underlying simplifying assumptions
to be implemented by the predictive model. It is important to clarify the complexity of the
solution required, as an oversimplified model may not be adequately robust and an overcomplex model may be costly, time-consuming and have intractable data requirements. The
level of conceptualisation and requirements of the predictive model depends on the management
objectives, available resources and field data, and the legal and regulatory framework (Bear et
al. 1992). Mathematical models can vary in form and complexity and include analytical,
analytical element, boundary integral and numerical techniques. Outlined in Appendix 2 are
some examples of modelling code with vaiying levels of surface water and groundwater
capabilities.
3.4.2 Analytical Models
In analytical models the partial differential equations that govern water flow are directly solved.
Analytical models are usefiil in providing simple, quick and approximate solutions to one- or
two-dimensional flow problems, with relatively small data requirements. However, simplifying
assumptions such as straight boundaries or homogenous aquifers are required that may not be
valid in reality. Hence, analytical models can be constrained by assumptions that oversimplify
Conjunctive water management in the Lower Richmond catchment
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the conceptual model or are invalid for the catchment. Analytical models are often used in
preliminary investigations and for validating other modelling efforts. Initial development of
analytical models of groundwater-surface water interactions focused on stream depletion due to
groundwater extraction (Theis 1941; Glover and Balmer 1954; Jenkins 1968). Later refinements
include existence of a semipermeable layer (Hantush 1965), analysis of cyclic pumping wells
(Wallace et al. 1999), a stream that only partially penetrates the aquifer (Hunt 1999) and
estimation of the baseflow reduction and stream infiltration components of stream depletion as
well as the timing of hydraulic gradient reversal (Chen 2003). Analytical solutions that
represent the hydraulic interaction between streams and a range of different aquifer types
(confined, leaky or watertable) are publicly available (Barlow and Moench 1998).
In analytical element models, analytical solutions for different processes (such as groundwater
pumping, recharge, seepage boundaries) are spatially combined and superimposed. This allows
greater capability in simulating the complexity of hydrological processes in a catchment, and to
accommodate layering and inhomogeneity in aquifer properties. Examples of available
analytical element modelling tools include QUICKFLOW, WINFLOW, TWODAN, GFLOW
and Visual Bluebird (Appendix 2).
Boundary integral equation models involve the combination of analytical and numerical
solutions, but are not commonly used.
3.4.3 Numerical Models
Numerical models use approximation and iterative techniques to solve the governing equations.
Gridded methods such as finite difference or finite elements are used to discretise the model
region into smaller increments. This allows better handling of complexity in terms of spatial and
temporal variability (such as boundary conditions, aquifer structure and hydraulic parameters,
recharge and discharge processes) and for three-dimensional solutions to be constructed. As
such, numerical models tend to be more complicated and time-consuming, and require a larger
array of inputs and careful calibration.
There are four possible alternatives in terms of the numerical modelling of connected
groundwater-surface water systems (CDM 2001). These are:
(i.)

Using a developed fully-integrated surface water and groundwater hydrological model.
Only a few fully-integrated models that encompasses surface, unsaturated and saturated
zone flow have been developed; such as MIKE SHE, IHSim and IWFM (Appendix 2);

(ii.)

Using or expanding the surface water capabilities of developed groundwater modelling
software. Many groundwater numerical models omit or oversimplify surfacegroundwater interaction processes. The commonly used groundwater flow model
MODFLOW (Harbaugh et al. 2000) does include packages that represent interactions
with various surface water features. For example, the MODFLOW River package
calculates seepage flux using Darcy's Law with estimates of a leakage coefficient as
well as the head difference between the groundwater elevation in the model cell and the
specified stream elevation;

(iii.)

Using or expanding the groundwater capabilities of developed surface water modelling
software. Many surface water models combine all unmeasured fluxes (such as
evaporation, in-stream use, ungauged tributary inflows, unlicensed abstractions) into
one term, which also includes seepage with the groundwater system. The urban runoff
model SWMM (US EPA) and the Integrated Quantity and Quality Model IQQM (NSW
DNR) are surface water models with limited representation of groundwater processes.
IQQM simulates surface water movement using a series of interconnected nodes to
simulate water movement from one point in the river or stream to the next;
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(iv.)

Using or developing an intermediate modelling package linking established
groundwater and surface water models. Models such as MODBRANCH linking
MODFLOW and the stream network model BRANCH (Swain and Wexler 1996) and
ISGW linking MODFLOW and HSPF have been designed in this way. Software to link
the surface water model IQQM to the MODFLOW groundwater package have recently
been developed and trialled (REM 2002).

3.4.4 Strengths and Weaknesses of Modelling Approach
Conceptualisation and translation into predictive models has become the standard technical
approach to support water management at the catchment level. This can lead to improved
understanding of the key hydrological processes as the nature and geometry of groundwater
flow systems and their interaction with surface water features can be depicted. Stream-aquifer
linkages can be classified, and the potential impacts on water quantity, quality or beneficial use
assessed. Models can test the existing hydrogeological understanding for a catchment. Models
can also be used as an effective visualisation and communication tool (Middlemis 2001).
The catchment water balance and how it changes through time can be quantified by
mathematical models. The magnitude and dynamics of seepage flux is placed in context with
other water balance components (such as rainfall and evapotranspiration).
Predictions can be made in terms of how seepage flux may change based on inferred changes to
catchment condition. Models have been used to simulate the effect of changes to water
allocations, increased groundwater development, water trade, long-term climatic trends or land
use change, by comparing with a baseline status quo scenario. Developing models that simulate
linked physical, biological and economic systems under different scenarios is an invaluable way
of understanding catchment processes and their response to change. This includes estimates of
the likely impact of implementing different conjunctive water management options. Models can
be used as an optimising tool in the design of both policy and on-ground management options.
Key information gaps that need to be addressed can be identified by models. This includes
planning of further field investigations or monitoring to quantify connectivity. Models can also
be used in the analysis of data sensitivity and uncertainty to help define the priority datasets.
Models are often used to interpolate the available (but limited) data both in space and time, as a
cheaper and quicker option than intense data collection. Information gaps can be identified and
sensitivity and uncertainty analysis undertaken to guide data gathering and risk management.
However, mathematical models need a robust understanding of the key hydrological processes.
A model can have significant errors because of the need to simplify complex natural systems by
making key assumptions. Model results can be called into question if the basic assumptions are
not valid. Often interpolation is required between sparse data points (such as monitoring bores
or stream gauges). Also, hydrological processes that operate at different scales in space and time
need to be integrated. Surface water processes tend to occur at much shorter timescales and over
smaller parts of the landscape than groundwater processes. The natural variability in fluxes
(such as episodic recharge or flood events) often needs to be evaluated with inadequate time
series monitoring. Parameters (such as transmissivity) that can vary significantly over the model
area also need to be estimated. It is also worth noting that a mathematical modelling solution
intrinsically does not have a unique solution.
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3.5 Setting Management Targets
An essential step in a conjunctive water management approach is the setting of management
targets in the catchment. These define the goals towards which management is focussed and are
directed at the management issues defined for the catchment. Quantifying and negotiating these
targets by catchment groups and others can be supported by an understanding of catchment
processes, developed through baseline assessment, conceptualisation and construction of
predictive models.
Management targets are typically set within the broader natural resource management structures
operating in the catchment. In many cases, there are existing water quality, water quantity or
environmental targets established through previous processes of biophysical assessment,
economic analysis and catchment consultation. Such targets depend on the specific management
issues being addressed, so they can be many and varied and can be set by different agencies and
stakeholders. Some typical catchment targets include the sustainable yield limit placed on
allocation of surface water and groundwater resources, the end-of-valley stream salinity target
expressed at a key gauging station and minimum flows or flow duration curves developed for
meeting environmental water requirements.
Targets define the goals or objectives to be met to an agreed level and within a specified
timeframe. Setting targets allows desirable outcomes to be quantified, cumulative impacts of
actions to be managed, the environmental, economic and social costs and benefits of different
actions to be compared, the most cost-effective actions to be selected and the success of a
program or activity to be measured (DLWC 2000b). Natural resource management targets can
fall into three types (Queensland Government 2004):
(i)

Aspirational targets, that establish the vision statements for catchment management
in terms of the long-term (e.g. >50 years) desired condition of natural resources.
These represent the regional goals for natural resource management. Examples are a
20% decrease in the nitrogen load from 1999 levels in waterways or to increase the
extent of native vegetation by 30%;

(ii)

Resource condition targets, which are the targets established for the 10-20 year
timeframes of catchment management plans to make progress towards the
aspirational goals. These are termed SMART targets being specific and having a
relevant and unambiguous purpose, measurable with monitoring of appropriate
indicators, achievable with the available resources, realistic acknowledging the
financial, political, institutional and social constraints, and time-bound with
definition of specific deadlines. An example is an end-of-valley stream salinity of
800 EC for 80% of the time by 2010;

(iii)

Management action targets, which are short-term (1-5 years) and relate to specific
actions that would contribute to meeting the resource condition targets. These
activities can focus on resource assessment (e.g. establishment of monitoring or
construction of a numerical model), planning (e.g. development of a water sharing
plan), capacity building (e.g. workshops), on-ground works (e.g. fencing of riparian
vegetation), or implementation of best management practice (e.g. adoption of
environmental management systems).

Targets can also be viewed as quantitative and based on a measurable parameter, or qualitative
and typically management or process-based (Zammit and Collard 2002). An example of the
former is a stream salinity target of 800 EC, and the latter is that a water management plan be
gazetted by a certain date. Targets can involve the use of:
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(i.)

An indicator which is a measurable attribute that can represent the condition of
the system. For example, monitoring of nitrogen or phosphorus is commonly
used to indicate the levels of nutrients in aquatic environments;

(ii.)

a benchmark which is the condition of a resource or system at a given time
period to use as a reference to gauge the effectiveness of management actions.
An example is average stream water quality conditions in 1990;

(iii.)

a standard that are agreed requirements to demonstrate sound management e.g.
ISO standards or industry-based environmental management systems;

(iv.)

A guideline that is recommended to support a desired resource condition e.g.
the Australian Drinking Water Guidelines (NHMRC 2004);

(v.)

A threshold which defines the lower limit of a measurable parameter, such as at
least 30% of a particular mapped vegetation community under secure
conservation management;

(vi.)

An exceedance which defines the upper limit of a measurable parameter, such
as turbidity in stream not to exceed 30 NTU;

(vii.)

A frequency or duration in terms of occurrence over a timeframe. An example
is that a particular wetland needs to be inundated on average for 20% of the
year;

(viii.)

A location or geo-reference in terms of a defined site or extent that the target
applies to, such as a subcatchment, a particular stream reach or a monitoring
site;

(ix.)

A timeframe or deadline of when the target needs to be achieved.
(Queensland Government 2004; Zammit and Collard 2002).

3.5.1 National Framework for NRM Standards and Targets
As the setting of targets is an integral part of catchment management, there are national
initiatives aimed at providing consistency and robustness. The Natural Resource Management
Ministerial Council (NRMMC), representing governments of all states, territories and the
Commonwealth, has been established to develop a coordinated approach to issues affecting
natural resource management in Australia. As part of this process, the Council has endorsed the
National Framework for Natural Resource Management Standards and Targets.
This national framework sets out national outcomes that investment in natural resource
management (through programs such as the National Action Plan for Salinity and Water Quality
(NAP) and the Natural Heritage Trust (NHT) should work to achieve. The framework also
identifies Matters for Target, designed to help focus efforts to achieve the national outcomes,
namely:
(i.)
(ii.)
(iii.)
(iv.)
(v.)
(vi.)
(vii.)
(viii.)
(ix.)
(x.)
(xi.)

land salinity;
soil condition;
native vegetation communities' integrity;
inland aquatic ecosystems integrity (rivers and other wetlands);
estuarine, coastal and marine habitats integrity;
nutrients in aquatic environments;
turbidity/suspended particulate matter in aquatic environments;
surface water salinity in freshwater aquatic environments;
significant native species and ecological communities;
ecologically significant invasive species;
critical assets identified and protected;
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(xii.)
(xiii.)

water allocation plans developed and implemented;
improved land and water management practices adopted.

As part of the regional planning process, regional NRM plans prepared by the regional bodies
will need to set regional targets for all relevant Matters for Targets listed in the framework. To
monitor progress against the targets and performance of investments made under programs such
as the NAP and NHT, a suite of related indicators has been developed under the National
Monitoring and Evaluation Framework. By promoting consistency in setting and measuring
progress towards targets within and across regions, the indicators will contribute to overall
assessments of resource condition.

3.6 Development and Implementation of Management Options
There is a suite of options available for implementing a conjunctive water management
approach. The options adopted will be defined by the identified management issues, the current
understanding of catchment processes (as developed through baseline assessment,
conceptualisation, field assessment and possible construction of predictive models), the defined
catchment management targets and the availability of resources in terms of time, budget and
expertise.
An appropriate mix of both policy and investment options can be implemented. Policy options
that recognise or take advantage of the linkages between groundwater and surface water
resources can include strategies such as licencing and allocation, water trading or risk
management approaches, buffer zones or planning rules. Investment options involve on-ground
works such as water banking infrastructure (such as Aquifer Storage and Recovery schemes),
groundwater interception schemes, or groundwater pumps to provide supplementation of stream
flow.
3.6.1 Licencing and Allocation
Linking the licencing and allocation arrangements for groundwater and surface water resources
in a connected system is required. Different approaches are possible to better coordinate
regulation. Some examples are:
(i.)

Total water accounting. Taking a catchment-wide approach to the water balance that is
inclusive of the inputs and outputs of groundwater and surface water resources is a prerequisite for conjunctive water management. Estimates of the sustainable limits to water
allocation should be based on budgets for the total water resource, or at the very least
that there is coordination between groundwater and surface water assessments.
Groundwater sustainable yield estimates are typically based on a function of recharge,
with evaluation of discharge magnitude and dynamics less of a priority. Equally, surface
water resource assessments tend not to directly include a groundwater interaction
component. Such explicit accounting of seepage flux is required;

(ii.)

Linking of water management plans. Surface water and groundwater management plans
for a catchment should address the same goals and their development should be
coordinated. Ideally, in a highly connected system a single water plan would combine
the management of the two resources, taking advantage of their inherent characteristics;

(iii.)

One (or compatible) licensing system to allow trading. Existing groundwater and
surface water licenses are not compatible. Common licensing arrangements across a
connected water resource would facilitate consistency of water securities and enable
potential trade opportunities. A key issue in developing a single license system is the
matching of (or at least developing suitable exchange rates between) groundwater and
surface water securities (taking in consideration differences in supply, volumes, quality,
access and reliability);
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(iv.)

Coordinated embargoes, recognising that any caps placed on one component of the
connected water resource will have an impact on the other. As in the case for the
Murray-Darling Basin, the Cap on surface water diversions transferred water demand
and stresses to the groundwater resource. When restricting entitlements, it is assumed
that there is no prior hierarchy between groundwater and surface water users;

(v.)

Tiered access conditions. Consistent with security ratings of surface water allocations,
tiered access conditions can also be applied to groundwater licences. Seasonally
variable groundwater access could help optimise the timing of extraction of
groundwater to minimise impacts on stream flow. Seasonal allocations set by
comparing groundwater levels to benchmark conditions are used in some Victorian
groundwater management areas;

(vi.)

Triggers or thresholds. Water access may be temporarily restricted (or transferred to the
other water source) on the basis of triggers such as using defined thresholds for
minimum stream flows or groundwater levels. This requires assessment of impacts of
groundwater use on stream flow (and vice-versa in terms of surface water extraction on
groundwater levels). For example, in the case of streamflow depletion a robust and
transparent assessment of both the magnitude of the change in groundwater discharge
and the time lag for response is required.

3.6.2 Water Trading
Water trading across a connected resource would essentially have the capacity to transfer a
licence from groundwater to surface water and vice-versa, with the aim of increasing the
beneficial use of the water or to minimise the impacts of extraction. Development and activation
of a single water market would require a robust administrative framework. A resource limit
(such as an embargo on new licences) is also required in order to create buying and selling
capacity. In the absence of such a framework, trade would tend to activate sleeper licenses and
possible accelerate over-use. At the broader scale, trading between groundwater and surface
water within a framework of total resource sustainable yield (based on a catchment-wide water
balance) would expand buying and selling markets. If a trading market was enforced across both
over-allocated and developing areas, there is the opportunity to redistribute entitlements to less
stressed areas.
There are currently a number of issues that impede the development a single water market, even
at the local scale. These mostly relate to differences in groundwater and surface water access
entitlements and their administration. There are currently frequent incompatibilities in:
(i.)
(ii.)
(iii.)
(iv.)
(v.)
(vi.)
(vii.)
(viii.)

Definition and relative securities of surface water and groundwater entitlements;
Cost structures;
Ownership of infrastructure;
Physical capacity of infrastructure to deliver water to where it is to be used;
Reporting and monitoring;
Management plan objectives (i.e. between groundwater plans and surface water plans);
Institutional administrative structures;
Understanding of flow dynamics and dependent ecosystems (Fullagar 2004).

3.6.3 Risk Management
Risk management approaches are commonly used in the management of surface water
reservoirs. For example, dams are drawn down during drought periods based on the assessment
that there is a high probability that dam levels will recover during the planning timeframe. This
acknowledges the high variability or seasonality of rainfall in Australia. Similar risk
management approaches can be taken for connected water resources, to take advantage of the
different characteristics of surface and aquifer storages.
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A risk management approach in conjunctive water management can involve using aquifers as a
drought reserve by allowing temporary depletion of groundwater storage beyond the rate of
recharge. This should be based on an assessment that there is adequate provision for
groundwater dependent ecosystems, that groundwater recovery can be achieved over the
planning timeframe, and that there is no long-term impacts on water quality or no damage to the
aquifer matrix (REM 2002). In many catchments, aquifers can provide greater storage volumes
than existing surface water reservoirs.
The replenishment and withdrawal of both surface water and groundwater storages in the
catchment can be coordinated to better management climate variability. This can mean
switching between these storages depending on catchment conditions. During non-drought
periods water is released from surface reservoirs for water users and for aquifer replenishment
while groundwater is the dominant water source during drought periods;
Also climate predictions or long-term rainfall forecasts, such as correlations between El
Nino/Southern Oscillation (ENSO) or Inter-Decadal Pacific Oscillation (IPO) indices and water
availability can be used to assess future risk.
3.6.4 Management Zones
Defining zones such as stream buffers that have specific management rules is a useful policy
tool. In conjunctive management, this approach tends to be used to subdivide the catchment
based on the likely impact on stream flow or water quality by changes to groundwater
discharge. Management zones can be used to address the effect of groundwater extraction. For
example. New South Wales takes a zonal approach for managing alluvial aquifers that are
highly connected to streams. Buffer zones around these streams have different management
rules (Table 3.2). It should be noted that a zonal approach may not be universally applicable.
Numerical modelling scenarios infer that for the case of semi-confined aquifers in narrow
(<5km) valleys, varying the distance from the river of the groundwater pumping had no effect
on the rate and magnitude of streamflow depletion (Braaten and Gates 2004).
Table 3.2: Zonal approach for managing highly connected alluvial systems in NSW (Gates pers comm.)
Distance from High Bank of Stream

Management Rule

<40m

Surface water works approval and surface water rules apply

40-200m

Groundwater works approval and surface water rules apply

>200m

Groundwater works approval and groundwater rules apply

Management zones can also be used to reduce the risk of contamination from industrial spills or
septic tank effluent, or manage the salinity impact of rising watertables due to irrigation
development. A good example of the latter application is the salinity impact zones (HIZ/LIZ)
defined for the Victorian side of the River Murray. There is also the option to subdivide an
aquifer (vertically as well as horizontally) as part of managing stream-aquifer connectivity.
These zones could then provide a framework for water trade.
3.6.5 Land Use Planning
Changes in land use can have a dramatic impact on seepage flux with outcomes for both water
quantity and quality. Knowledge of stream-aquifer interactions is part of the process of using
land use planning and policy to meet catchment targets.
This is applied in salinity mitigation, with land use policies to protect native vegetation
remnants (particularly over groundwater recharge areas), prohibit or limit land clearing,
promote revegetation on private lands or joint venturing of agroforestry, apply incentives for the
use of deep-rooted perennial pastures or crops, advocate good management practice for grazing
and cropping, or set appropriate guidelines for irrigation development. The focus of these
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policies is to limit or reduce groundwater recharge, hydraulic gradients to streams and discharge
of saline groundwater.
Land use policies are also used in water quality protection, such as siting of industrial areas and
waste disposal sites, guidelines for the design and installation of septic tanks, and best
management practice for the use of agrichemicals like pesticides or fertilisers. The focus of
these policy instruments is to minimise the potential for the movement of contaminants into
waterways via shallow groundwater movement.
3.6.6 Institutional Arrangements
It has been recognised that traditional institutional separation of surface water from groundwater
has created fundamental communication barriers that severely limit the implementation of a
conjunctive approach. These barriers impede the understanding of the processes and
consequences of groundwater-surface water interactions on water policy and management. Such
separation is evident across policy development, operational management, research and
development and even water users. Organisational change such as combining groups that make
management decisions on groundwater and surface water resources is necessary.
Recently, the National Water Initiative recognised the importance of institutional arrangements
in ensuring the achievement of environmental and other public benefit outcomes, including
common arrangements in the case of connected groundwater and surface water systems (NWl
2004, Clause 79ic). The importance of institutions in terms of water laws, policies and
organisational arrangements for conjunctive water management in Australia has been discussed
in a national workshop (Fullagar 2004). In summary, institutional arrangements can be
conducive to success, or they can present substantial barriers to the implementation of
conjunctive water management solutions.
3.6.7 Communication
Communication should be a component of any water management strategy. Fullagar (2004)
attempted to map the current status of awareness of stream-aquifer connectivity across the
community, highlighting the need for improved communication (Table 3.3). Education and
extension should attempt to develop a shared understanding of the issues, knowledge gaps,
information requirements, and potential opportunities of conjunctive water management.
This involves:
(i.)

Improving community awareness and understanding of general connectivity principles
and issues;

(ii.)

Explaining the impacts of groundwater use on surface water flows including identifying
risks to security of water supply and any trade-offs;

(iii.)

Outlining the planning process including why water management planning is necessary,
including the objectives, process, planning structure and timeframes;

(iv.)

Establishing clear rules of community and government engagement within the planning
context;

(v.)

Raising awareness of the tools available to assess groundwater-surface water
interaction;

(vi.)

(vii.)

Providing education of the capabilities and limitations of predictive models that are
used in decision making;
Encouraging the integration of groundwater and surface water research groups at
universities and other scientific agencies;
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(viii.)

Fostering communication between modellers and water managers and users and taking
a m u l t i - d i s c i p l i n a r y a p p r o a c h in t h e d e v e l o p m e n t o f a p p r o p r i a t e c o n c e p t u a l a n d
numerical models;

(ix.)

C o m m u n i c a t i n g the opportunities and limitations of engineering technologies
particularly on the use of aquifers as water storages (Fullagar 2004).

T a b l e 3.3: Perspectives on stream-aquifer connectivity across the c o m m u n i t y (Fullagar 2004).

• Mine the resource, its
infinite

Incomplete process
understanding

• Disconnected from
overstressed rivers

Need to connect surface
water and groundwater
models

• Escape from regulation
and strife
• Control my own future
with pumps
• Not impacting
neighbours or the rivers

Indigenous

Agencies

Science

Local

W e have enough
problems with surface
water

Unknown,
though
potentially very
valuable

Hard to understand and
connections to surface
unclear

Need more data
Need more research
Critical problems being
ignored

Coming onto horizon
as they start to
understand
environmental flows especially base flows
River channel or
floodplain as recharge
needs to be understood

• Drives regional
catchment bodies

3.6.8 Water Banking
W a t e r Banking (also called M a n a g e d Aquifer Recharge or M A R ) covers a range of on-ground
w o r k s t h a t s e e k t o d e l i b e r a t e l y i n c r e a s e t h e a m o u n t o f w a t e r s t o r e d in a n a q u i f e r , w h i c h is t h e n
recovered by pumping. Water banking offers several advantages w h e n compared with the m o r e
traditional use of surface water reservoirs (Table 3.4), principally the m i n i m i s i n g o f evaporative
losses.
T a b l e 3.4: A d v a n t a g e s a n d d i s a d v a n t a g e s o f d i f f e r e n t t y p e s o f w a t e r s t o r a g e ( T u i n h o f a n d H e e d e r i k
2002).

Subsurface Storage

Small dams and surface
reservoirs

Large dam reservoirs

Advantages

Little evaporation
Widely distributed
Operational efficiency
Available on demand
Water quality treatment
Manage seawater intrusion

Ease of operation
Response to rainfall
Multiple use
Groundwater recharge

Carryover capacity
Low cost per m^ water stored
Multi-purpose (power,
recreation, flood control)

Limitations

Slow recharge rate
Groundwater contamination
Cost of extraction
Recoverable fraction

High evaporation rate
Relatively high unit cost
Absence of over-year
storage
Removal of water from the
river system

High evaporation
Complexity of operation
Siting
High initial investment cost
Time needed to plan and
construct
Loss of arable land
Loss of habitat

Rising water
Management
Groundwater
Groundwater

Sedimentation
Adequate design
Dam safety
Environmental impacts

Social impacts
Environmental impacts
Sedimentation
Dam safety

Key issues
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levels
of access and use
salinisation
pollution

Conjunctive water management in the Lower Richmond catchment

3.3a

3.3b

r

\r

ASR

ft.
WMerExncM
EndofSettSon

Bank Filtration
Water &tnKt«d
Beginning of SsMon

3.3c

3.3d

Infiltration Basin

\

tt ii ll ll

r

Dune Filtration
3.3e

3.3f

C

STP

wet

cycle

drv

cycle

r-

Soil Aquifer Treatment

Rainwater Harvesting
3.3h

3.3g

Underground Dam

Recharge releases

Figure 3.3: Types of water banking (Dillon 2004) including (a) aquifer storage and recovery (b) bank
filtration (c) dune filtration (d) infiltration basin (e) rainwater harvesting ( 0 soil aquifer treatment (g)
underground dam and (h) recharge releases.
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As well as providing water savings and better water delivery, water banking can also provide
water quality outcomes. There are various water banking technologies, and some are
specifically used to treat surface water in order to improve water quality (Figure 3.3).
Disinfection by-products (such as trihalomethanes) can be removed as well as iron, manganese,
hydrogen sulphide, nitrogen, phosphorous and microorganisms (Pyne 2002). Water banking can
also be used to lower the salinity in an aquifer. Fresh injected water mixes with the saline
aquifer and is then removed so that after several cycles, the zone around the bore contains fresh
stored water (Pyne 2002).
However, water banking is not without its logistical issues. A significant one is clogging of the
aquifer matrix, which decreases the amount of water that can be recharged and recovered.
Clogging can take the form of gravity settling of fine-grained sediments sealing the surface of
the aquifer, the straining under pressure of fine-grained sediment into the aquifer matrix,
physical-chemical clogging due to reaction of the recharge water with the geological material
(such as the deposition of calcite) and bridging where sih grains get wedged across the
interstices of the aquifer. Clogging can be alleviated through removal of the suspended material
in the water by the use of settling ponds, flocculating chemicals and/or sand filters or to alter the
chemistry of the recharge water so that it does not react with the aquifer. Also, the clogging
deposits can be removed by mechanical scouring or by flushing aquifers to remove build-up.
Aquifer contamination is also an issue. Although water banking can be used to remove
contaminants such as bacteria and some pesticides, it can be vulnerable to contamination if the
water is not suitable or compatible, or it overwhelms the ability of the aquifer to process the
waste. This is why water banking schemes need to be strictly monitored.
Although water banking schemes can reduce evaporative losses there are other potential
mechanisms for water losses. Accumulation of a watertable mound in an aquifer can increase
hydraulic gradients either laterally to surface water features or vertically into other aquifers.
Appropriate water accounting and security is an issue as currently the water allocation
arrangements needed to develop water banking in Australia are not in place. The ownership of
water artificially transferred between surface and aquifer storages needs to be clarified. For
example, a farmer that harvests water during a major flood for storage in a water banking
scheme has this water counted against their surface water entitlement despite not directly
consuming the water. Furthermore, the irrigator may not be able to withdraw the water from the
scheme at a later date because they do not have a groundwater licence or the groundwater cap is
exceeded in the catchment.
As depicted in Figure 3.3, the various water banking technologies include:
(i.)

(ii.)

(iii.)
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Aquifer Storage and Recovery (ASR) and Aquifer Storage, Treatment and Recovery
(ASTR), which both use bores to inject water into an aquifer. In the case of ASR, the
same bore is used to recover the water from the aquifer. ASTR uses an adjacent bore to
draw the water through the aquifer, which increases the zone of water treatment;
Bank filtration makes use of the connected nature of most stream-aquifer systems to
provide water quality improvements. Water levels are kept high in streams that lose
water to the aquifer causing an increase in groundwater recharge. The water is then
withdrawn from a bore located near the stream to take advantage of the absorptive
capacity of the aquifer to remove impurities. Bank filtered water makes up a large
proportion of groundwater supplies in Europe (Tuinhof and Heederik 2002);
Dune filtration is used primarily for water treatment where recycled water is pumped
into a dune swale and then reharvested at a lower level after gravity transport through
the dune. Biological and chemical processes within the dune remove residual organic
material, nitrogen and pathogenic microorganisms;
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(iv.)

Infiltration ponds involve pumping of water onto a permeable area above the target
aquifer to allow water to infiltrate by gravity into the groundwater system. This is one
of the simplest and most effective methods of increasing the amount of recharge into an
aquifer;

(v.)

Soil aquifer treatment also makes use of the natural chemical and biological processes
within the soil and aquifer to "polish" treated wastewater. After conventional
wastewater treatment, water is pumped into ponds to enable aquifer recharge;

(vi.)

Rainfall harvesting is a variant to the traditional approach where rainfall is collected
from a catchment surface and stored in an above ground tank. Instead of wasting excess
water as in the case of a typical collection system, overflow is directed to an
underground percolation tank where it recharges the groundwater system. The water is
then available to be exploited from a nearby bore;

(vii.)

Underground dams are a low technology solution to storing water that is well suited to
fractured rock terrain or regions with limited water resources. A low permeability
barrier is introduced into an aquifer either by injection or excavation, which stops the
flow of groundwater until the water level rises above the obstacle. Water that would
normally drain away is then available for extraction;

(viii.)

Recharge releases makes use of existing (or purpose built) dams to capture surface
water during floods and then release for slower infiltration. The water is then harvested
down gradient by production bores. It is a useful technique in steep terrains, where
water normally flows too quickly during rainfall events to allow significant infiltration
to the groundwater system.

3.6.9 Water Interception
Interception schemes are a series of bores along a stretch of river (or lake or wetland) used to
extract near-stream groundwater. Such schemes are a common engineering solution to
mitigating stream salinity. By continually pumping from the bores, not only is saline
groundwater prevented from entering the river, but the river can become a losing stream with
fresh river water drawn into the aquifer. The intercepted groundwater is then generally piped
to a site distant from the river where it is evaporated. These interception schemes are a
conjunctive technology that is a critical component of meeting salinity targets for the River
Murray.
3.6.10 Water Supplementing
The idea of water supplementing is to extract water from one source (groundwater or surface
water) and use it to augment the other during critical periods. Because of the cost involved in
pumping and delivering water, supplementation can generally only be used for a short period of
time depending on the needs of targeted users such as the environment (to maintain minimum
flows) or irrigators (during critical flowering or fruiting times).
Supplementing can take the form of using groundwater to maintain stream flows. In areas with a
heavy reliance on surface water for consumptive use, it may be necessaiy to maintain river
levels by pumping groundwater and then adding it to the river. This is probably only an option
in systems that are weakly connected or have a long lag time in terms of response. In a highly
connected system, the decline of the water table due to pumping would increase stream losses to
the groundwater system and so be counterproductive. Because of the cost associated with such a
scheme, pumping can only be carried out for short periods to maintain water levels during
extreme low-flow conditions. Supplementing can also provide water to maintain groundwater
dependent ecosystems. In regions of high groundwater extraction, it may be viable to maintain
high value groundwater dependent ecosystems (GDEs) by injecting water (from any source)
near the ecosystem to artificially maintain a locally high water table.
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3.7 Monitoring and Reviewing Performance
A well-designed monitoring program is a critical part of a conjunctive water management
framework, by enabling the adaptive process of reviewing performance and learning from the
experience. The current understanding of catchment processes, evolved from the processes of
data collation, assessment, conceptualisation and predictive modelling can be used to design a
cost-effective and robust monitoring program.
Catchment monitoring requires the establishment of a set of indicators that are able to show
changes in management and in resource condition. Such indicators need to relate to the key
management issues and the management targets established for the catchment at appropriate
spatial and temporal resolutions. Such indicators are generally considered to have the properties
of being SMART - simple, measurable, accessible, relevant and timely. Examples include:
(i.)

Surface water gauging of flow, level and quality (e.g. salinity, nutrients);

(ii.)

Groundwater levels and quality;

(iii.)

Water usage from extraction points;

(iv.)

Land use and land use practices;

(v.)

In-stream ecosystem health such as indicator species.

3.7.1 National NRM Monitoring and Evaluation Framework
Many catchments already have a monitoring and evaluation framework established related to
the key land and water management issues. Over recent years, efforts have been made to better
coordinate monitoring and to provide consistency in approaches and standards. To this end, the
Natural Resource Management Ministerial Council (NRMMC) has endorsed the National
Natural Resource Management Monitoring and Evaluation (M&E) Framework.
The M&E Framework is aimed at assessing progress related to the:
(i.)
(ii.)

health of the nation's land, water, vegetation and biological resources; and
performance of programs, strategies and policies that provide national approaches to the
conservation, sustainable use and management of these resources.

The M&E Framework ensures processes are useable, cost-effective, accurate, comprehensive
and transparent. The arrangements for monitoring and evaluation, outlined in the NHT and NAP
Bilateral Agreements between the Commonwealth and each State/Territory, require each
jurisdiction to develop a Monitoring and Evaluation Implementation Plan. Effective monitoring
and evaluation arrangements also need to be in place at the regional level, as this is a
requirement for the accreditation of regional NRM plans.
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Part 3: Applying the Framework to the Lower Richmond
Catchment
Aspects of the conjunctive water management framework outlined in Part 2 and detailed in
Brodie et al. (2007a) were applied to the Lower Richmond catchment (Figure 4.1). To help
identify the management setting, Chapter 4 describes the general biophysical features of the
catchment in terms of climate, topography, geology and soils, vegetation, land use and
hydrology. Chapter 5 explores the key catchment issues and the existing management
responses. The assessment of water resources has a particular focus on trialling different
approaches of investigating groundwater-surface water interactions. Chapter 6 describes work
undertaken in the upland Alstonville Plateau, and Chapter 7 describes work undertaken in the
lowland Tuckean Swamp. Chapter 8 links these chapters by summarising the conceptualisation
of the groundwater and surface water systems in the catchment and their interaction.
Management targets have largely already been established through the existing catchment
management process as summarised in Chapter 9. Based on the understanding of hydrological
processes in the catchment, a suite of conjunctive management options to help address the water
management issues are suggested in Chapter 10. Chapter 11 summarises monitoring strategies.
Identify
Management
Setting

Chapters 4-5

Monitor and Review
Performance

Assess
Water Resources

Chapter 11

Chapters 6-7

Applying the Conjunctive Water
Management Framework to the
Lower Richmond catchment
Understand and
Predict

Develop and
Implement
Management Options

Chapter 8

Chapter 10

Set Management
Targets

Chapter 9

Figure 4.1: Applying the conjunctive water management framework to the Lower Richmond catchment
(after Brodie et al. 2007a). Chapters 4 to 11 follow the sequence of the adaptive management cycle.
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Chapter 4

Catchment Setting

As part of identifying the management setting (refer Figure 4.1), this chapter provides a
summary of the biophysical characteristics of the Lower Richmond catchment.

4.1 Location
The Lower Richmond catchment is located in the North Coast region of New South Wales,
about 700 km north of Sydney and 200 km south of Brisbane. The study area is formally the
Tuckean subcatchment (2030404) as defined for the Richmond River (DLWC 2001) and
indicated in Figure 4.2. This covers an area of nearly 23,000 hectares that drains into the lower
estuarine reaches of the Richmond River.
The catchment consists of three landform components (Figure 4.3):
(i.)
(ii.)
(iii.)

The southern half (-13,800 ha) of the Alstonville Plateau, which is a dissected upland
basalt plateau with streams that drain into;
the Tuckean Swamp (-7,900 ha), a large coastal swamp and lowland connected to;
the Tuckean Broadwater (-1,000 ha), which is an arm of the Richmond River estuary.

The catchment has dimensions of 13 km in an east-west direction and 22 km in a north-south
direction. It is located 25km upstream of the coastal regional centre of Ballina, with Lismore
located inland and to the northwest (Figure 4.2). The townships of Alstonville, Wollongbar,
Goonellabah, Wardell, Broadwater and Coraki are located close to the area (Figure 4.3). The
Bruxner Highway transects the northern upland part of the catchment, and the Pacific Highway
parallels the southeastern catchment boundary.

4.2 Climate
Due to its latitude and proximity to the coast, the Lower Richmond catchment experiences
relatively mild temperatures and high rainfall. The mean average annual rainfall across the
catchment is about 1570mm. The highest average rainfall of about 1770mm/yr in the
northeastern part is also one of the highest averages in New South Wales. Average annual
rainfall progressively decreases inland to about 1440mm (Figure 4.7).
The long-term monthly rainfall statistics show a distinctly wetter season during the summer and
autumn, and a relatively dry period in the late winter and spring (Figure 4.5, Table 4.1). March
is typically the wettest month with a mean of 214mm, influenced by cyclonic depressions off
the Queensland coast. Rainfall can be excessive and erosive; in an extreme case nearly 800 mm
of rainfall was recorded during a 96-hour event in March 1974 (Johns 1994). September is the
driest month, typically receiving 51mm or about 3% of the annual average rainfall. Rainfall can
also be variable between years. The Alstonville rainfall station located on the plateau has been
recording data since the 1950s and shows yearly rainfall averages of between 950 mm/yr and
2900mm/yr (Figure 4.4).
There are seven months during the late summer to mid winter period when there is on average a
rainfall surplus (Figure 4.5). As expected, average monthly evaporation is greatest during
December (186 mm) and lowest in June (76 mm). Monthly temperature statistics plotted in
Figure 4.6 indicate the mild temperate climate of warm to hot summers and cool winters.
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Figure 4.2: Subcatchments of the Richmond River catchment (after DLWC 2001). The study area is
formally called the Tuckean subcatchment (2030404) of the Richmond River catchment.
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Figure 4.3: Location map of Lower Richmond catchment.
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Figure 4.4: Annual rainfall data for Alstonville 58131 station (Data from Bureau of Meteorology).
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Figure 4.5: Monthly rainfall and pan evaporation statistics for Alstonville 58131 climate station (Data
from Bureau of Meteorology). A relatively dry late winter-spring period is evident.
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Figure 4.6: Daily temperature statistics for Alstonville 58131 station (Data from Bureau of Meteorology).
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Figure 4.7: Average annual rainfall in the Lower Richmond catchment (Data from Bureau of Rural
Sciences). The highest rainfall of about 1770mm/yr occurs on the Alstonville Plateau, decreasing to about
1440mm/yr further inland.
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Figure 4.8: Average monthly rainfall for the Lower Richmond catchment (Data from Bureau of Rural
Sciences). In the catchment, February-March is typically the wettest period and August-September the
driest.
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Table 4.1: Average monthly rainfall statistics for the Lower Richmond catchment (Data from Bureau of
Meteorology).
Minimum
Average
Monthly
Rainfall
(mm)

Mean
Average
Monthly
Rainfall
(mm)

Maximum
Average
Monthly
Rainfall
(mm)

Standard
Deviation
Average Monthly
Rainfall
(mm)

January

158

172

195

8.6

February

187

200

226

9.9

March

192

214

246

12.4

April

146

161

181

7.3

May

130

151

173

9.5

June

114

131

148

7.8

July

90

102

116

5.9

August

58

67

77

4.2

September

45

51

60

2.9

October

77

84

93

3.6

November

89

98

110

4.8

December

131

136

145

3.9

Month

4.3 Topography
The northern half of the catchment is the low, gently undulating to rolling hills of the
Alstonville Plateau. These typically rise 100-150m above the coastal plain, reaching a
m a x i m u m of about 200m at Tregeagle, within the catchment (Figure 4.9). The southern margin
of the plateau is a relatively steep escarpment and slumping is commonly indicated by landslip
debris (Figure 4.10). Some of the land instability is linked to groundwater springs discharging
along the plateau margin. Streams have eroded the plateau basalts to form south-southwest
directed linear hillcrests and ridges (Figure 4.11). There are also landscape features that reflect
the underlying basalt pile. Structural benching caused by hard basalt platforms is evident,
although the effect tends to be subtle (Morand 1994). These platforms also create small
waterfalls and cascades on the plateau edge.
The south-southwest trending Blackwall Range reaches up to 170m in elevation and forms a
distinct linear divide with the coastal plain to the east (Figure 4.9). In contrast, the catchment
boundary to the west formed by the hills at Tuckurimba is relatively subdued with elevations of
60-80 m A H D and gently undulating to hilly slopes. This divide with the Wilsons River to the
west continues onto the Alstonville Plateau near Goonellabah and M c L e a n s Ridges.
In contrast to the upland areas, the Tuckean S w a m p is a level to gently concave s w a m p y
depression mostly at or near 1 m A H D (Morand 1994). Isolated bedrock hills such as Cedar
Island and Paffs Hill rise above the flat landscape. Tuckean Island is a central low sandy rise of
about 2m A H D , surrounded by back s w a m p depressions. Subsidence of these back s w a m p s has
been inferred due to dewatering and oxidation of estuarine clays, compaction and removal of
peat by fire (Baldwin 1997). To the south of the s w a m p is an indistinct catchment divide with
the gently inclined floodplain of the Richmond River proper.
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Figure 4.9: Surface topography of the Lower Richmond catchment (after Short, 1998). This shows the
contrast between the undulating to rolling hills of the Alstonville Plateau and the flat coastal plain of the
Tuckean Swamp, separated by the plateau escarpment.
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Figure 4.10: Slope categories in the Lower Richmond catchment (Short 1998). This highlights the steep,
rocky and relatively instable plateau escarpment.
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Figure 4.11: Landform features of the Lower Richmond catchment (Short 1998). Structural benching along the
plateau escarpment reflects volcanic flow sequences.
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4.4 Geology
Figure 4.12 shows the regional geological setting for the Lower Richmond catchment. The
catchment ridges to the east and west of the Tuckean Swamp consist of metasediments of the
Neranleigh-Femvale Group and the sedimentary sequence of the Clarence-Moreton Basin,
respectively. The latter includes the thickly bedded coarse-grained quartzose sandstones of the
Triassic-Jurassic Bundamba Group, the lithic sandstones, shales and coal seams of the Jurassic
Walloon Coal Measures, and the medium to coarse-grained quartz sandstones of the JurassicCretaceous Kangaroo Creek Sandstone (Chesnut and Swane 1976).
The elevated Alstonville Plateau consists of the Lismore Basalt, a Tertiary sequence of basaltic
flows and interbedded sediments, which unconformably overly the older sediments and
metasediments (Figure 4.14b). Quaternary alluvium, estuarine and beach deposits mantle the
flat-lying areas of the Tuckean Swamp and Richmond floodplain.
4.4.1 Neranleigh-Fernvale Group
The folded metasediments of the Paleozoic Neranleigh-Femvale Group are part of the narrow
ridge belt of the Blackwall Range that extends from near Wardell, northwards to Uralba. They
delineate a line of coastal cliffs during past episodes of sea level rise, as indicated by former
rock platforms (Drury 1982).
Dominant rock types are thinly bedded fissile shales, siltstones and sandstones with minor, more
massive greywackes, tuffs, agglomerates and cobble conglomerates (Chesnut and Swane 1976).
The sequence is interpreted to have been originally proximal to distal turbidites deposited in a
trench setting (Flood ei al. 1994). A Silurian age is commonly assigned to the sequence
however invertebrate macrofossils in the equivalent formation in Queensland infer partly a
Carboniferous age. The formation was extensively deformed during subsequent subduction and
accretion, resulting in closely spaced jointing and cleaving, and folding with dips ranging 60
degrees to vertical. As a consequence, a deep weathering profile is common. The metasediments
are also variably silicified, including quartz veining and complete alteration of discrete horizons
to quartzites and cherts. Pyrite and chlorite bands are also common (Drury 1982). The
combination of jointing, partial silicification and extensive weathering, means that the
metasediments are the preferred choice for local road construction material (Chesnut 1972).
4.4.2 Bundamba Group
The Upper Triassic-Lower Jurassic Bundamba Group sediments form a narrow belt of outcrops
that unconformably overlie, parallel and are to the west of the outcrops of the NeranleighFemvale Group metasediments (Figure 4.12). Drury (1982) inferred the unit to form a shallow
shelf platform for Quaternary sediments near the Tuckean Broadwater. The dominant lithology
is massive, cross-bedded medium to coarse, micaceous quartzose sandstone, separated by thin
lenses of shale, claystone and silty shale (Drury 1982).
4.4.3 Walloon Coal Measures
The Bundamba Group is in tum overlain by thinly-bedded carbonaceous mudstones, shales,
siltstones, coal seams and fine to medium labile volcanolithic and felspathic sandstones of the
Walloon (previously Mallangee) Coal Measures. These sediments have been interpreted as
channel, overbank and backswamp facies of meandering streams and floodplain environments
(Wells and O'Brien 1995). The sandstone lenses typically have a calcareous cement with
concretionary iron and clay pellets (Drury 1982). Fossil occurrences from a quarry at Bexhill
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north of the catchment infer a mid-Jurassic age (Lancaster 1972). Discontinuous outcrops occur
along the southern margin of the Alstonville Plateau in the Marom Creek catchment, as well as
underneath the basalt cap of Cedar Island (Figure 4.12). The sequence readily weathers, and is
characterised by fertile clayey soils, a dense dendritic drainage pattern and low rolling
topography, where slumping is common (Drury 1982). The sequence is inferred to form the
bedrock base in the central part of the study area.
4.4.4 Kangaroo Creek Sandstone
The Kangaroo Creek Sandstone has been inferred to have an Upper Jurassic to Lower
Cretaceous age, considering it conformably overlies the Walloon Coal Measures. The sequence
is dominated by medium to coarse grained, white, saccharoidal, cross bedded quartz sandstone
(Chesnut 1972) and interpreted to be the fluvial deposits of low-sinuosity streams (Wells and
O'Brien 1995). The sandstone can be friable, but is generally indurated by a silica or
argillaceous cement, and commonly contains ferruginous bands. This results in prominent clifflined outcrops, even in areas of low relief and flat dips. Quartzose and lithic conglomerate and
quartz pebble lenses are minor lithologies, and shale lenses are rare (Drury 1982). The sequence
occurs as footslopes in the Tucki Tucki and Marom Creek drainage areas along the southern
margin of the plateau, where dips up to 65 degrees have been recorded (McElroy 1962). It is
inferred to underlie the western part of the study area.
4.4.5 Lismore Basalt
The Alstonville Plateau part of the catchment is formed from the sequence of basaltic flows and
interbedded sediments of the Lismore Basalt (Figure 4.12). These flows are the southern extent
of the Tertiary Lamington Volcanics that are associated with the Tweed Shield Volcano aged at
20-23 Ma. This regional volcanic complex is centred at Mount Warning, about 50 km to the
north, has a diameter of about 100 km and covers an area of nearly 4,000 km^. The volcanic
succession of the Tweed Shield Volcano and the adjacent and slightly older Focal Peak volcano,
consists of a sequence of up to 1000 metres of basahic, andesitic and rhyolitic eruptives
(Duggan and Mason 1978).
The Lismore Basalt is the most widespread formation within the Lamington Volcanics that can
be found on the southern flank of the Tweed Shield. The Lismore Basalt extends over some
3000 km^ from Kyogle to the coast, and from Coraki to Mullumbimby. The large geographic
extent of the Lismore Basalt suggests eruption from multiple vents or fissures on the shield
flanks rather than from the central vent complex at Mount Warning. This is also supported by
the fact that the sequence shows many of the features typical of continental basaltic successions,
rather than of a continental stratovolcano. The general features of continental basaltic
successions are portrayed in the facies model of Figure 4.13 (Cas and Wright 1995).
The major feature of the succession is flood and valley fill lavas that were extruded and then
flowed over the landscape. These flows rarely exceed 10 metres in thickness, with the
palaeotopography defining the broad geometry of individual flows. A wide range of textures is
exhibited including massive extremely fine-grained, coarser even-textured, porphyritic,
vesicular, amygdaloidal or laminar variants (McElroy 1962). Some examples of primary ropy
surfaces indicate pahoehoe lavas, while other occurrences suggest aa types (Duggan et al.
1993). Scoria and tuffaceous deposits within the sequence indicate episodes of aerial deposition
of volcanic ash and larger fragments.
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Figure 4.12: Surface geology of the Lower Richmond catchment (Short 1998). Ridges bounding the
Tuckean Swamp consist of Neranleigh-Femvale metasediments or Clarence-Moreton Basin sediments. The
Lismore Basah forms the Alstonville Plateau.
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Macro rock structures span the range from intense fracturing, very close random jointing,
columnar jointing (Figure 4.14a) to large coherent masses (Chesnut and Swane 1976).
Secondary deposition of calcite, analcite, common opal, prehnite, chalcedony, chabosite,
sulfides and labradorite is common in fractures and vesicles (Drury 1982). The common opal is
due to subsequent weathering and resilicification. Precious opal has also been reported from
vesicles in the basalt, but these tend to be small, difficult to extract and prone to crazing
(Holmes etal. 1989).
Any prolonged hiatus between volcanic activity allowed episodes of weathering, reflected in the
development of fossil soils (bole) before the deposition of further lavas (Figure 4.13). These
horizons of red krasnozem clays in the volcanic sequence mark the progression of the landscape
topography through time. Deep drilling suggests the development of at least eight palaeosol
marker horizons within the Lismore BasaU (Ross et al. 1989).
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Figure 4.13: General facies model for continental basaltic successions (Cas and Wright 1995). The
Lismore Basalt sequence of the Alstonville plateau shows many of these features.

Figure 4.14: Lismore Basalt outcrops on the Alstonville Plateau (a) left, profile of columnar Lismore BasaU
on Wyrallah Road cutting (b) right, westerly dipping angular unconformity between Tertiary Lismore Basalt
and underlying Neranleigh-Femvale Group metasediments in road cutting of Bruxner Highway.
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Fluvial systems tend to be incisive and erosional, acting against the accumulation of the basaltic
pile (Figure 4.13). Hence, alluvial sand and gravel deposits are neither thick nor extensive, and
tend to be preserved as 'deep lead' deposits capped by subsequent valley-fill lavas.
Unconsolidated well rounded, polymictic conglomerates interbedded within the basalt flows
have been reported near Wyrallah (Drury 1982). A nine-metre thick medium to coarse-grained
fluvial sand was encountered within the basalt sequence, during drilling for groundwater
supplies near Alstonville (DWR 1987).
Lacustrine and swamp environments can form due to the damming of valleys by lavas or
ponding in a relatively flat landscape formed by flood basalts (Figure 4.13). These tend to be
short-lived, either due to draining brought about by erosion and breaching, or burial by
subsequent lava flows. The diatomite deposits found in the Lismore Basalt sequence on the
plateau, notably the Snow Queen mine near Tintenbar and smaller workings near Wyrallah,
were formed within these lacustrine settings. Diatomite at the Wyrallah workings is
characterised by abundant plant remains along bedding planes, known locally as meerschaum.
These include specimens of Liversidge oxyspora and Pteris species (Liversidge 1876).
4.4.6 Quaternary Sediments
The southern part of the catchment is a low-lying coastal plain, dominated by the Richmond
River estuary. Quaternary sediments have been deposited in various settings, including marine,
alluvial, estuarine, residual and colluvial environments. The Tuckean Swamp is a large back
barrier lagoon infilled with Quaternary coastal sediments (Drury 1982). This includes a
relatively thick sequence of Pleistocene marine sands and estuarine clays at depth, overlain by a
veneer of Holocene estuarine clays and alluvial silts and clays. The sediments of gravels, sands,
silts and clays of the Lower Richmond Valley have been subdivided and described by Drury
(1982), as summarised in Table 4.2.
T a b l e 4.2: Q u a t e m a r y sedimentary units of the L o w e r R i c h m o n d Valley (after Drury 1982).
Age

Stratigraphic Unit

Sediments

Origin

Recent

Alluvium

Silt, clay

M o d e m floodplain

Recent Holocene
(<10ka)

Pimlico Clay

Blue clay, mud, sand, shells,
forams

Estuarine-marine

Recent-Pleistocene
(<30ka)

Broadwater Sandrock

Sand with iron and
carbonaceous cement

Chemicaldiagenetic

Pleistocene
(Last Interglacial 120ka)

W o o d b u m Sand

Fine-coarse quartz sand, minor Marine-Aeolian
gravel

Pleistocene
(Last Interglacial 120ka)

Gundurimba Clay

Blue clay, shells, forams,
minor wood

Estuarine

Buckendoon Sand
Pleistocene
(Pleistocene Interglacial 250ka)

Fine-coarse quartz sand, minor Marine
fine gravel

Dungarubba Clay
Pleistocene
(Pleistocene Interglacial 250ka)

Blue clay with shells

Estuarine

Light grey silty sand and
gravel

Fluviatile

Pleistocene-Tertiary
(>250ka)

South Casino Gravel

Deposition of the Pleistocene deposits was associated with interglacial periods when sea levels
were relatively high. The estuarine Dungarubba Clay and marine Buckendoon Sand were
deposited during a period of high sea levels about 250,000 years ago (Drury 1982). The
Gundurimba Clay and Woodbum Sand were deposited about 120,000 years ago, when sea
levels in eastern Australia were about 4-5m higher than present level. During this period, the
Tuckean Swamp was part of a large open estuary with the Gundurimba Clay deposited in the
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low energy environment. The estuary was protected from the open ocean by sand barriers
formed from marine sands reworked landward with rising sea levels. The Woodbum Sand
represents an extensive backbarrier sand flat formed by the ingress of marine sand into the
estuary.
Sea levels declined following this interglacial period, reaching about 125m below current levels
about 18,000 years ago (Chappell 1983; Lambeck and Chappell 2001). This lower base level
resulted in erosion of the estuarine clays and sands by the coastal rivers. The cementation of
Woodbum Sands into the Broadwater Sandrock is interpreted to have also formed
diagenetically during this period (Drury 1982).
A rapid early-mid Holocene sea level rise culminated in stabilisation to present sea levels by
about 6,500 years ago. This is associated with the estuarine Pimlico Clay deposited as infills in
paleovalleys and as thin veneers over the Woodbum Sand. This is the unconsolidated pyritic
estuarine clay that is the geological provenance of acid sulfate soils in the Tuckean Swamp.
Episodic flooding of the Richmond River has deposited a thin alluvial layer over this estuarine
clay, particularly on the southern margin of the swamp. Peat has accumulated in the central and
northern lowland areas of the swamp.

4.5 Soils
In the northern half of the catchment, weathering of the Lismore Basah on the Alstonville
Plateau has resulted in krasnozems being the dominant soil type, with some chocolate soils and
prairie soils (Morand 1994), refer Figure 4.15. The krasnozems or red basaltic soils (or ferrosols
under the Australian Soil Classification scheme) are prized for agriculture due to their free
draining, self-mulching characteristics. However, due to their leached nature they tend to be
acidic, leading to deficiencies in calcium and magnesium and mobilisation of aluminium
(Morand 1994). A soil acidity change from pH 6.3 to 4.0 has been observed in krasnozems
under macadamias, due to leaching and the effects of nitrogen fertiliser (Firth et al. 1991). The
clay mineralogy of krasnozems is dominated by kaolin with iron and aluminium oxides (Isbell
1994).
The chocolate soils are brown, clay to clay loam textured, and also acid at the surface
(Hallsworth 1951). The prairie soils are black clay soils with good crumb texture and are
usually slightly acid. The soil landscape units of basaltic provenance as defined by Morand
(1994) include the residual Wollongbar (wo) and Ewingsdale (ew), the erosional Bangalow (bg)
and Rosebank (ro), and the colluvial Coolamon (co) and Georgica (ge) units (refer Figure 4.16).
Yellow podzolic soils are the common soil type formed over the Neranleigh-Femvale
metasediments as evident in the Blackwall Range. Red podzolic soils and lithosols occur over
the Clarence-Moreton sediments.
The soils in the Tuckean Swamp have been described as poorly drained humic gleys, gleyed
podsolic soils and dense clays (Morand 1994). The nature and distribution of the Holocene
estuarine clays is particularly critical as they are pyritic and have the potential to develop into
actual acid sulfate soils.
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Figure 4.15: Soil types of the Lower Richmond catchment (Short 1998). The ferrosols of the Alstonville
Plateau are valuable agricultural soils due to their free-draining and self-mulching qualities. Acid sulfate
soils are evident in the Tuckean swamp.
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Figure 4.16: Soil landscape units of the Lower Richmond catchment (Morand 1994).
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Figure 4.17: Vegetation mapping in the Lower Richmond catchment (after Short 1998). Clearing of the original
lowland sub-tropical rainforest of the Alstonville Plateau has left only isolated remnants.
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4.6 Vegetation
Prior to European settlement, the northern half of the catchment on the Alstonville Plateau was
part of the largest tract of lowland sub-tropical rainforest in Australia. Spanning some 75,000
hectares, the area was termed the 'Big Scrub' by early settlers because of its dense impenetrable
nature. The rainforest was not homogenous and at least four major sub-alliances have been
defined (Floyd 1990): White Booyong {Argyrodendron trifoliolatum), Pepperberry-Fig
{Cryptocarya obovatd). Black Bean {Castanospermum australe) and Hoop Pine {Araucaria
cunninghamii). Today, only 0.4% of the original rainforest is retained as isolated remnants such
as the Victoria Park and Davis Scrub Nature Reserves. These remnants indicate the diversity of
the original vegetation that includes red cedar {Toona australis), native teak {Flindersia
australis), pigeonberry ash {Cryptocarya erythroxylon), blue quandong {Elaeocarpus grandis),
giant stinger {Dendrocnide excelsa) and strangling fig (Ficus watkimiana).
The original rainforest on the plateau has largely been cleared and replaced by grassland species
such as paspalum {Paspalum dilatatum), kikuyu {Pennisetum clandetinum) and white clover
{Trifolium repens), or a wide array of horticultural crops. A significant land management issue
is the extensive invasion of cleared lands by exotic camphor laurel {Cinnamomum camphora),
lantana {Lantana camard) and privet. In the drier, western part of the plateau, the vegetation
alters to extensively cleared open forest dominated by Eucalyptus species. These include
tallowwood {E. microcorys), red bloodwood {E. gummifera), Sydney blue gum {E. saligna) and
black ironbark (£. crebra).
The remnant vegetation of the Tuckean Swamp is dominated by broad-leaved paperbark
{Melaleuca quinquenervia), grading into mangroves. The altered hydrological regime due to
drainage works and the Bagotville Barrage, has resulted in former mangrove areas being
colonised by paperbark species (Luffman, 1997). Sedgeland and wet meadows of water couch,
buffalo grass, smartweed and rushes are common in the swamp (Morand 1994). Dense stands of
mangrove species border the Tuckean Broadwater.
4.7 Land Use
Commercial species such as red cedar and hoop pine in the original subtropical rainforest on the
Alstonville Plateau initially attracted timber getters in the mid to late 19th century. Extensive
clearing followed with the agricultural settlement of the plateau, originally for dairying and
sugar cane. By 1950, dairying was the dominant land use with less than 1% of the original
rainforest remaining in isolated pockets and by Australian standards, the district was considered
to be densely populated. Grazing is still the dominant land use in terms of area, accounting for
two-thirds of the catchment in 1992 (Table 4.3).
Initially, the significant horticultural crops on the plateau were bananas on steep terrain and
pineapples on gentler slopes. The current dominant horticulture of macadamias (Figure 4.20a)
and avocados started expanding in the 1970's, along with tropical fruits such as lychees, guava,
mangoes and custard apples. By 1992, about 9% (-2100 ha) of the catchment had been
developed for horticulture, with macadamias accounting for nearly three-quarters (-1550 ha) of
this development (Table 4.3). A broad range of irrigated crops are now grown on the plateau,
including low chill stonefruit (Figure 4.20b), pecan nuts, citrus, coffee, kiwi fruit, potatoes, cut
flowers and blueberries as well as commercial nurseries.
The North Coast region of New South Wales is experiencing rapid urban development, with
increasing migration from the southern capitals. The population of the Ballina-Byron Bay local
government areas increased by 46% from 42,758 in 1986 to 62,266 in 1996 (ABS 1996). This is
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reflected in the trend of agricultural lands on the plateau being replaced by rural residential
development.
Prior to European development, the Tuckean Swamp was a regionally significant habitat for
waterbirds and fish, and an important resource for Aboriginal people (Baldwin 1997).
Originally part of a large cattle station, much of the higher ground in the Tuckean Swamp was
developed from the 1870s as 40-acre blocks for the growing of maize, sugar cane, vegetables
and tobacco as well as for dairying (Baldwin 1997). Frequent flooding prompted the
construction of drainage works to reduce the period of inundation. Currently, beef cattle grazing
with sugar cane, dairying and rural residential allotments particularly on the swamp margins are
the main land uses. There are significant parcels of Crown Land, including the Tuckean Nature
Reserve, in the area.
The catchment has also been mapped in terms of land capability (Emery 1986), refer Figure
4.19. In the south sugar cane is grown on the good quality Class I landscapes of the Richmond
floodplain. Likewise horticultural development is taking advantage of the Class 11-111 arable
lands on the Alstonville Plateau. Along the plateau escarpment, the steep slopes and high risk of
mass movement and erosion precludes any significant agricultural development. In the Tuckean
Swamp, the land is generally only suitable for grazing with occasional cultivation.
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F i g u r e 4.18: Land use mapping in the Lower Richmond catchment (after Short 1998). Grazing is the
dominant land use, but cropping and tropical horticulture are important activities on the Alstonville Plateau.
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Figure 4.19: Land capability mapping in the Lower Richmond catchment (after Emery 1986). Most of the
Alstonville Plateau is rated as suitable for regular cultivation, with most of the Tuckean Swamp rated for
grazing.
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Land Use Category

Hectares

% Area

Grazing or grassland
volunteer or naturalised pasture
native pasture
sedge/rush/fem/wet species
improved pasture
weed

15211
8872
3620
1915
702
102

67

Horticulture
macadamia
orchard (unspecified)
banana plantation

2113
1554
555
4

9

Cropping

1203
998
205

5

3552
2915
600
16
10
II

16

221
361
346
15

1
2

sugar cane cropping
continuous or rotation cropping
Timber
native forest
weed species
softwood plantation
tree or wood lot
timber (unspecified)
Urban
Waterbodies
waterway
conservation
Mining and quanying (open cut)
Utilities (roads)

10
24

-
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4.8 Surface Water Systems
The surface hydrology of the Lower Richmond catchment consists of three main components:
(i.)
(ii.)
(iii.)

the streams sourced from the Alstonville Plateau;
the coastal wetland/floodplain complex of the Tuckean Swamp; and
the estuarine Tuckean Broadwater.

4.8.1 Plateau Streams
Five main tributaries of Tucki Tucki, Marom, Youngmans, Gum and Yellow Creeks drain the
upland basalt plateau into the adjacent Tuckean Swamp (Figure 4.21). In general, the catchment
size for these tributaries increases to the west. This is reflected by relative runoff characteristics,
with Marom and Tucki Tucki Creeks providing the significant component of stream flow into
the swamp.
A feature common to the plateau streams is a high baseflow component maintaining perennial
stream flow, even through extended dry periods. The streams are groundwater-fed from a
shallow aquifer formed in the significant profile of krasnozem soil and weathered and fractured
basalt. This is reflected in the numerous springs and seepages evident on the plateau and along
the plateau escarpment. In contrast, Yellow Creek with its catchment dominated by bedrock
sediment sequences rather than the Tertiary basalt of the plateau can cease to flow under
drought conditions.
Figure 4.22 shows the longitudinal profile of Marom Creek, showing the transition in elevation
from its source on the Alstonville Plateau, its midsection descent through the plateau
escarpment to the flat gradients of the swamp. This is reflected in changes to river morphology
(Goldrick et al. 1999). On the plateau, the streams are characterised by moderate gradients, with
channels dominated by pools, riffles and runs, in valleys with narrow floors and moderately
inclined sides. Boulders dominate the bed load of riffle sections, with fine grained material
deposited in stream pools. Steep channel gradients at the plateau escarpment result in cascades,
with occasional waterfalls and plunge pools. Bedload tends to be coarser and basalt outcrops are
commonly found along the stream bed. At the base of the plateau, the streams form semicontinuous floodplains within bedrock-confined valleys. Here, the stream channel tends to be
narrow and deep, and deposits are mostly fine-grained although boulders and gravels occur in
pool and riffle sections. These streams merge into the low-gradient artificial drainage network
of the Tuckean Swamp.
4.8.2 Tuckean Swamp
The hydrology of the Tuckean Swamp is highly modified due to construction of drains and a
tidal barrage. These engineering works were undertaken to manage frequent flooding of the
swamp, either due to local runoff from the upland plateau, or from mainstream flooding from
the Richmond River. The main objective was to reduce the time of inundation and the extent of
associated pasture damage. Works commenced in the 1880s with the realignment, straightening
and deepening of the natural watercourses, with major works undertaken in the 1920's and
1960's, progressing to the current artificial drainage network (Figure 4.21).
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Figure 4.21: Components of the Lower Richmond catchment.
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Figure 4.22: Longitudinal profile of Marom Creek (Goldrick et al. 1999). The upper reaches on the
Alstonville Plateau steepens in the midsection escarpment before reaching the flat coastal plain of the
Tuckean Swamp. River styles are moderately inclined valley sides (Nm) on the plateau, steep valley sides
(Nsk) on the escarpment, sub-style volcanic (Isv) on the escarpment base, highly modified (X) and tidal
(Ct) on the coastal plain.

However, the drainage caused secondary problems in terms of greater movement of tidal water
into the swamp, causing salt damage to pastures. In 1971, the Bagotville Barrage was
constructed to control the ingress of estuarine water from the Tuckean Broadwater, and so
protect agricultural areas in the swamp from saline inundation. The Barrage consists of a levee
and configuration of culverts to control tidal intrusion (Figure 4.23). The opening of flap gates
on the culverts is controlled by the relative difference between the water levels upstream and
downstream of the barrage. The flap-gates open with relatively high upstream water level
conditions (such as following rainfall in the catchment or during low tides) and remain closed
when downstream water levels are higher (such as during high tides). Recent modifications to
the barrage enable controlled inflows of brackish estuarine water as part of a catchment
management strategy to reinstate habitat values and address the impacts of acid sulfate soils.
Prior to these works, the Tuckean Swamp was a large wetland complex influenced by both
freshwater runoff from the plateau and brackish tidal inflow from the Broadwater. With the
barrage limiting estuarine influences, the swamp is now dominantly a freshwater wetland
regime.
4.8.3 Tuckean Broadwater
The Tuckean Broadwater is the tidal reach connecting the Tuckean Swamp to the Richmond
River estuary (Figure 4.23a). The Bagotville Barrage marks the upper extent of general
estuarine conditions in the catchment with normal salinity levels of between 15,000 and 20,000
|j,S/cm. Prior to the barrage, the head of the Broadwater was a further 1.8 km upstream
(Patterson Britton 1996). Siltation since construction of the barrage is inferred to have caused
shallowing of the Broadwater and promoted the expansion of mangrove communities
(McElligott 1992). The grey mangrove (Avicemia marina) is the dominant species, with the
river mangrove {Aegiceras corniculatum) and blind-your-eye mangrove (Exoecaria agallocha)
evident shoreward (JWP 1999). The intertidal environment of the Broadwater is important for
fisheries in the Richmond River.
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Figure 4.23: Bagotville Barrage control structure (a) left, aerial view with Tuckean Broadwater in background
(Richard Hagley, DNR) (b) right, downstream perspective.

4.9 Groundwater Systems
The major groundwater systems in the North Coast region as described by McKibbin (1995) are
represented in the Lower Richmond catchment and summarised in Table 4.4. The chemistry of
these systems is indicated by plots of typical Total Dissolved Solids (TDS), hardness and
Sodium Absorption Ratio (SAR), refer Figure 4.24.
4.9.1 Pre-Tertiary Aquifers
The aquifers within the Clarence-Moreton Basin sequence are generally low yielding and of
variable salinity (Table 4.4, Figure 4.24). Yields average less than 0.5L/s but range up to 2.5L/s
in the sandstones, siltstones and conglomerates of the Bundamba Group. The Walloon Coal
Measures of sandstones, coal and minor volcanics contain groundwater that is generally
brackish, with bore yields averaging 0.5L/s and maximum yields up to 5L/s. The Kangaroo
Creek Sandstone contains reasonable salinity groundwater with bore yields averaging about
0.4L/S with potential for yields of up to lOL/s. The Grafton Formation consists of interbedded
sandstone, siltstone and claystone, with groundwater salinity often being too high for domestic,
irrigation or farming purposes. Bore yields average 0.3L/s and range up to 1.5L/s. The
Neranleigh-Femvale metasediments are generally low yielding (<0.5L/s) but contain low
salinity groundwater.
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Table 4.4: Groundwater resources of the North Coast region, NSW (McKibbin 1995).
Geological Unit

Quaternary
Coastal Sands

Richmond River
Alluvium

Tertiary Basalts

Grafton
Formation

Kangaroo Creek
Sandstone

Walloon Coal
Measures

Bundamba
Group

NeranleighFernvale G r o u p

Geological
Description
Recent finemedium grained
sand deposits
along coastal
dune heathland
plains and beach
ridges
Quaternary
fluvial and
estuarine
sediments of
gravels, sands.
silts and muds
Tertiary basalt,
related
volcanics and
interbedded
sediments

Late Jurassicearly
Cretaceous
sandstone.
siltstone,
claystone and
minor coal
Jurassic quartz
sandstone with
minor
conglomerate.
Jurassic
claystone, lithic
sandstone, coal
and minor
volcanics
Early Jurassic Late Triassic
conglomerate.
sandstone and
carbonaceous
siltstone
Silurian
greywacke,
slate, phyllite
and quartzite

N u m b e r of
Bores

Usage

Typical
Bore Yield
(L/s)
0.5-5.0

Average
Salinity
(mg/L)
<200

272

(ML/yr)
3000

Unconfined to semiconfined aquifers,
medium to high
permeability, shallow
watertables

0.5-1.0

600

500

4180

unconfined to confined
aquifers; medium
permeability;
groundwater in joints.
fractures, vesicular units
and interlayered
palaeosols and sediments
Mostly confined aquifers;
low permeability

0.5-15

<200

827

8800

<0.5

1100

111

1000

Mostly confined aquifer.

<0.5

500

73

650

Mostly confined aquifers;
low to medium
permeability

0.5

750

65

700

Mostly confined aquifers;
generally low
permeability

<0.5

900

21

150

Unconfined to semiconfined; secondary
fracture porosity;
generally low
permeability

0.5

<200

75

700

Hydrogeological
Description
Unconfined or semiconfined aquifers.
medium to high
permeability; shallow
watertables

4.9.2 Tertiary Basalt Aquifers
The Tertiary Lismore Basalt sequence is recognised as one of the most significant aquifer
systems in the North Coast region, with the greatest agricultural demand for groundwater found
on the Alstonville Plateau. The basalt aquifers contain an important resource of fresh
groundwater that attracts a significant level of development.
It has been reported that the most productive zones in the Lismore Basalt are generally between
30 and 100 metres deep (McKibbin 1995). This is partially supported by the bore yield data,
with less high yielding zones (>15 L/s) at depths exceeding 100 metres (Figure 4.25d), but this
may also reflect the relatively low population of deep bores (Figure 4.25b). Groundwater levels
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can drop significantly with long term pumping of the deeper bores, and many cases of pump
failure have been reported, indicating that yields have been less than anticipated. Certainly, high
yields can be obtained at shallow depths (<15m). Shallow excavations can yield between 2 and
10 L/s, although supply can also be unreliable during low rainfall periods (DWR 1989). Some
collector systems 3-4m deep in spring zones have been pumped at rates up to 75 L/s (Ross and
McKibbin 1992). It appears that the yield of a water-bearing zone does not increase with its
apparent thickness (Figure 4.25c).
Bore yield in the Lismore Basalt is highly variable, from less than 0.5 L/s to greater than 30 L/s.
Pumping tests also show a wide range in transmissivities up to 200 mVd, with values commonly
less than 50 m^/d (Drury 1982). This reflects the heterogeneity and structural complexity of the
basalt pile. The highly fractured or vesicular parts of basalt flows and fluvial sand sections are
the most productive zones, with contributions from the weathered horizons. Analysis of
borehole data highlights the overall low to medium-yielding nature of the basalt aquifers with
the majority (55%) of water bearing zones intersected yielding less than 0.5 L/s, most (87%)
less than 2 L/s, and only a few (4%) having yields exceeding 5 L/s (Figure 4.25a).
4.9.3 Quaternary Sediment Aquifers
Within the sequence of Quaternary sediments, the Buckendoon Sand and Woodbum Sand are
the most hydrogeologically significant due to their relatively high transmissivity (DLWC 2001).
Groundwater salinity ranges between 200-1500 mg/L but is generally fresh (<500 mg/L),
particularly in the Woodbum Sand due to a shallow watertable, direct infiltration of rainfall and
recharge from flood events (DLWC 2001). However, due to the association with acid sulfate
soils, the groundwater has a low pH, high iron and dissolved carbon content, which can cause
corrosion problems. Groundwaters with pH < 4 have been recorded. Yields in the Woodbum
Sand are generally about 0.5 L/s, with higher yields encountered in the Buckendoon Sand (up to
20L/S).

This chapter provides an overview of the general biophysical features of the Lower Richmond
catchment. The following chapter extends this further by describing the land and water issues in
the catchment and how they are managed. When combined, these two chapters help identify the
management setting as part of the conjunctive water management framework (refer Figure 4.1).
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Figure 4.25: Analysis of yield data from registered bores on the Alstonville Plateau (a) Histogram of bore
yield (b) Histogram of depth to middle of water bearing zone (c) Scatter plot of yield and thickness of water
bearing zone (d) Scatter plot of yield and depth to middle of water bearing zone.
Figure 4.25a shows the generally low-yielding nature of the Lismore Basalt aquifers. Figure 4.25b shows
that most drilling in the Lismore Basalt is relatively shallow (<50m). Figure 4.25c shows no relationship
between bore yield and thickness of the water cut.
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Chapter 5

Water Issues and Management

Understanding the catchment issues and existing management arrangements is fundamental to
moving towards a conjunctive approach (Figure 3.1). This means identifying the key beneficial
uses of the water resource, the extent of resource development and the existing planning and
policy framework (Section 3.2). As part of this process, an audit was undertaken for the Lower
Richmond catchment of the key water issues and their linkages, stakeholders, responsible
agencies, policies and strategies.

5.1 Catchment Management Priorities
Overall, the water management issues in the Lower Richmond catchment are embedded within
the broader priorities of the Northern Rivers Catchment Action Plan or CAP (NRCMA 2005).
The CAP covers seven key asset areas of:
(i.)

community, with community capacity and participation critical in delivering natural
resource management outcomes in the region;

(ii.)

land use planning, dealing with the pressures placed on natural resources by high
population growth and urban expansion;

(iii.)

biodiversity, recognising the regional and national significance of the diverse
ecosystems in the catchment;

(iv.)

water, protecting and improving the condition of water resources, particularly rivers;

(v.)

coastal management, encompassing issues of habitat degradation, declining water
quality, resource depletion, and loss of amenity in the coastal zone;

(vi.)

marine, maintaining the health of the marine environment; and

(vii.)

soil/land resource, improving the soil resource to achieve sustainable agriculture and to
maintain ecosystem function.

In turn, at the level of the Lower Richmond catchment, water management issues can be
categorised into:
(i.)

water sharing, resolving the allocation and use of water in a catchment that has limited
water storage and growing high-value consumptive demands;

(ii.)

environmental assets, protecting and maintaining the significant habitats and

(iii.)

ecosystems;
land use impacts, protecting beneficial use and availability of the water resource in a
catchment with dynamic hydrological processes and a highly developed landscape;

(iv.)
(v.)

acid sulfate soils, with the generation and discharge of low-pH waters and acid products
into the estuary an important issue in its own right; and
climate variability and change, historically the impacts of flooding but also prolonged
dry periods in a climate change scenario.

These issues are interlinked, and these linkages are explored in Table 5.1.
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Table 5.1: Relationships between key water issues in the Lower Richmond catchment.
Water
Sharing
Water Sharing

Environmental
Assets

Land Use
Impacts

Acid Sulfate
Soil

Climate

Environmental
water requirements
legislated as high
priority and
defines
consumptive pool.

Protection of
beneficial use
of water fi-om
contamination
by intensive
land uses e.g.
groundwater
quality
protection
policy.

Decrease in
beneficial use
of water due
to
acidification
and
contamination
by acid
products.

Rainfall
seasonality
causes shortterm water
shortages. L o n g
term change in
water
availability or
demand due to
climate change.

Changing land
use can
directly
impact on
environmental
assets e.g.
habitat loss.
water quality
degradation.

Soil and water
acidification
has significant
impacts on
habitat and
ecology.

Climate change
may alter
distribution.
composition or
viability of
certain
ecosystems.

Acid sulfate
soils is due to
drainage and
land use
change in
coastal swamp
environment.

Floods trigger
water quality
degradation
from particular
land uses e.g.
deoxygenation.

Environmental
Assets

Proportion of
recharge and
flows
allocated to
environment
in water
sharing plans.

Land Use
Impacts

Manage water
quality
degradation
due to
excessive
water
extraction by
licencing and
assessment.

Vegetation change
can have water
quality/availability
outcomes e.g. role
of vegetation
decay in
deoxygenation.

Acid Sulfate
Soils

Potential
water
allocation to
manage A S S
hotspots.

Vegetation change
can have acidity
impacts e.g.
melaleuca
encroachment.

Land use
change can
dewater A S S
and induce
acidification.

Vegetation change
can induce local
climatic effects
e.g. reafforestation
clearing.

Land use
change can
locally change
water budget.

Climate
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Large rainfall
events trigger
acid discharge.
Flood
mitigation
works (e.g
drainage) can
increase acid
generation.
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5.2 Stakeholders
The diversity of issues also means that there is a wide range of stakeholders, with Appendix 3
providing a summary of the key participants. Agencies such as the Australian Government
National Water Commission and the NSW Natural Resource Commission are not directly
involved in water management in the catchment, but do provide a broader framework in terms
of the water reform agenda and high-level targets. The Northern Rivers Catchment Management
Authority (NRCMA) has the regional remit to support and engage the community to actively
maintain and sustainably manage natural resources. Various NSW State agencies have roles
mandated by legislation which relate directly or indirectly to water resources. Specifically, the
NSW Department of Natural Resources (DNR) manages access to water resources under the
NSW Water Management Act 2000. Local government organisations (such as Ballina Shire
Council) provide municipal water supply and are also involved in zoning and development
consent. Various organisations represent key stakeholders including primary producers and
environmental interests. Landcare groups also undertake local catchment restoration activities.
The interplay of multiple government agencies at all levels and non-government bodies such as
industry, community and environment-based groups reflects the complexity of water
management. Different entities that operate at different scales are relevant to water management
in the Lower Richmond catchment. Appendix 3 outlines the structure of principal agencies,
policies and strategies evident at the national, state, regional and local level relevant to the five
key water management issues.
5.3 Water Sharing
Increased intensity and diversity of land use in the catchment, combined with regional
population growth, has led to an increase in water demand. The expansion of horticulture,
urbanisation and rural residential development particularly on the plateau is reflected in the
history of groundwater development (Figure 5.1). Groundwater is extracted from shallow wells,
excavations and natural springs (Figure 5.2), however recently there has been a trend to
construct deeper bores into the plateau basalts to obtain more reliable groundwater supplies.
Many rural residences on the plateau not connected to town water supply rely on bores, shallow
wells or springs for their household and drinking requirements. There are about 150 bores that
provide medium to high yields, mostly for irrigation or town water supplies. Some bores supply
groundwater for light industrial purposes, and also for mineral water bottling.
The majority of registered water licenses are used for stock and domestic purposes, but the bulk
of water allocated is for irrigation and town water supply. Most surface water licenses are for instream pumping. Surface water entitlements in the Lower Richmond total 4651 ML/yr under
132 individual licences, with irrigation accounting for the majority (82%) and town water
supply accounting for 13% (DNR 2006a). Local towns use small storages and weirs such as on
Marom Creek to provide municipal water supply. Town water supply bores accessing deep
basalt aquifers are licensed to extract about 1200 ML/yr in Alstonville and Wollongbar (Green
1999). Municipal water use tends to be highest during the peak tourist season in mid summer,
concentrated on the coastal strip and nearby hinterland. Generally irrigation on the plateau is
only required between August to December, the seasonally dry period which also corresponds
to the flowering and fruit setting period for many of the horticultural crops.
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Figure 5.1: Number of groundwater works completed each decade for Alstonville Plateau GWMA 804
(Brodie and Green 2002). This shows the rapid rise in groundwater development from the 1980s.

Figure 5.2: Groundwater development on the Alstonville Plateau (a) left, typical small groundwater-fed dam
used for stock and domestic purposes (b) right, Bore infrastructure to supply groundwater for high-value
nursery.

Although annual rainfall is high, water availability is a key issue on the Alstonville Plateau.
There are limited opportunities to develop water storages to manage supply through extended
dry periods. The highly permeable soils and small property sizes constrain suitable sites for
surface reservoirs; the shallow and free-draining nature of the watertable aquifer means that it
can be unreliable during droughts; and the deeper aquifers tend to be low-yielding. This lack of
adequate water storage options is exasperated by the need for access to high security water by
users such as town water supply and the high-value horticultural industry.
Of particular concern is the potential for overextraction of groundwater from the deep basalt
aquifers on the plateau. This is inferred to be the case from the long-term declines in
groundwater levels indicated by the borehole monitoring network (Green 2001). Some
monitoring bores showed nearly a 20-m decline in water levels over a ten-year period from
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1993. Green (2006) could correlate groundwater declines with pumping data, and identify
recovery in 2003 due to pumping ceasing with the breaking of the drought.
In the Tuckean Swamp, land holders either access surface water from the drains or shallow
groundwater from spearpoints or wells to supply their water requirements. Most water is used
for stock and domestic purposes, rather than irrigation or town water supply. Many wells and
spearpoints have been constructed near the southern margin of the swamp to access the shallow
watertable in the Woodbum Sand. Most of these were originally used for stock watering, and
have been abandoned due to the development of broadacre sugar cane in the area (DLWC
2001).
5.3.1 Water Allocation and Planning
At the State level, the NSW Water Act 1912 vests the right to control, manage and use water
resources in the state to the relevant Minister. The NSW Department of Natural Resources
(DNR) undertakes a management and regulation role by maintaining the water licensing and
allocation regime. In the catchment, Rous Water and Ballina Council are the principal bulk
water suppliers for municipal needs.
Although stream-aquifer connectivity is recognised, the surface water and groundwater
resources in the catchment are managed under separate planning frameworks. The streams in the
catchment are part of the unregulated surface water management area of the Richmond River. In
1995, concern for the impact of water extraction on the low flow regime of streams resulted in
embargoes placed on applications for new surface water licences. By 1998, the subcatchments
of the Richmond River were classified as being highly stressed on the basis of hydrological
impacts and conservation status (DLWC 1999).
Major surface water extraction from the unregulated streams requires a licence. The majority of
these licences have a visible flow condition, restricting extraction to only when the stream is
actually flowing (DLWC 1999). This clause is designed to protect stream pools, which are
important drought refuges for aquatic ecosystems. Landholders with stream frontage have a
riparian right, entitling access to the stream for their household, stock and domestic needs and
non-commercial irrigation (< 2 ha) without the need to apply for a licence. The extent and
impact of this unlicenced extraction is not known, but is anticipated to be increasing with rural
residential development in the catchment (DLWC 2001).
Recently, regional planning of the Richmond River unregulated streams was undertaken within
a State-wide macro water planning process. Cease to pump (CTP) rules based on likely 95'
percentile flows have been proposed for the management zones of the Tuckean Area Water
Source (DNR 2006a):
(i.)

Tucki Tucki Creek (0.5 ML/d CTP);

(ii.)

Marom Creek, incorporating the Marom and Youngmans Creek subcatchments (1 ML/d
CTP);

(iii.)

Gum Creek, incorporating the Gum and Yellow Creek subcatchments (1 ML/d CTP)
and;

(iv.)

Tuckean Drains Area, consisting of the Tuckean Swamp (CTP triggered by the Marom
Creek CTP).

In contrast, the basalt aquifers of the Alstonville Plateau have been formalised into a
groundwater management area (GWMA 804), which has been classified as highly stressed due
to the risk of over-extraction or contamination (DLWC 1998a). As a consequence a Water
Sharing Plan for the Alstonville Groundwater Sources has been developed and gazetted
(DIPNR 2004a). The Plan applies for a ten-year period to 30 June 2014, with the main elements
being:
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(i)

An embargo enacted on the issuing of new commercial groundwater extraction
entitlements, triggered by the significant long-term declines in groundwater levels in
bores monitoring the deeper basalt aquifer and that current allocations are nearing or
exceeding extraction limits for many management zones;

(ii)

Set-back distances from the plateau streams for new extraction licences from the
shallow aquifer;

(iii)

Minimum separation distances for new extraction bores from existing users (including
monitoring bores) to reduce interference;

(iv)

An initial allocation of 1,552 ML/yr for domestic and stock basic landholder and native
title water rights;

(v)

Restrictions on extraction rates to manage local impacts, triggered by rules based on
monitored groundwater levels;

(vi)

Guidelines for the transfer of water entitlements.

For management purposes, groundwater divides are assumed to coincide with the boundaries of
surface water subcatchments on the plateau, consisting of the Alstonville, Tuckean, Bangalow,
Coopers, Wyrallah and Lennox zones (Figure 5.3). The Tuckean Zone 2 corresponds to the
plateau component of the Lower Richmond study area.
Table 5.2 outlines the defined extraction limits and current allocation levels in the groundwater
management zones of the Alstonville Plateau. Total groundwater allocations spanning stock and
domestic, municipal supply and general consumptive rights total 9422 ML/yr compared with an
overall sustainable yield estimate of 8895 ML/yr. In the Lower Richmond study area, the
Lismore Basalt aquifers are overcommitted with the extraction limit estimated at 2481 ML/yr
but existing allocations totalling 2764 ML/yr and additional basic stock and domestic rights
estimated at 718 ML/yr (Table 5.2).
Table 5.2: Sustainable yield and allocations for Alstonville Plateau groundwater management zones at
start of Water Sharing Plan (DIPNR 2004a).
Local Water
Utility
Requirements
(ML/yr)
880

Licensed
Allocations
(ML/yr)

(ML/yr)
2315

Basic
Landholder
Rights
(ML/yr)s
465

Tuckean Zone 2

12404

2481

718

200

2564

Bangalow Zone 3

11667

2333

264

150

1173

Coopers Zone 4

3533

707

9

0

0

Wyrallah Zone 5

3573

715

69

0

38

Lennox Zone 6

1720

344

27

0

5

44472

8895

1552

1230

6640

Management
Zone

Alstonville Zone 1

TOTALS
(ML/yr)

75

Average
Annual
Recharge
(ML/yr)
11575

Sustainable
Yield

2660
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Figure 5.3: Groundwater management zones within the Alstonville Plateau GWMA804 (from DIPNR,
2004).
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The remaining groundwater resources in the catchment are managed under macro plans
developed at a regional level. Resource assessment and management rules have been proposed
through the state-wide macro planning process for the main groundwater systems outside the
remit of formalised groundwater management areas (such as Alstonville Plateau GWMA804).
The plans are based on the regional aquifer systems, reflect the broad-scale geology and so
include the groundwater sources of the New England Fold Belt (805), Clarence-Moreton Basin
(602), North Coast Fractured Rocks (807), Richmond River Alluvium (029) and Richmond
Coastal Sandbeds (030) as designated by DNR (2006c-h). Recharge has been estimated as a
proportion of average annual rainfall and the annual volume available for consumptive use
based on a proportion of recharge. Table 5.3 summarises the resource assessment for these
groundwater systems. Standard rules such as separation distances to minimise bore interference,
buffer zones from high priority groundwater dependent ecosystems or streams and water quality
management zones have been proposed for these aquifers (DNR 2006i).
T a b l e 5.3:

Regional assessment of groundwater resources under macro planning process
(DNR 2006c-i).
Area
(km')

Nominal
Recharge
(% Rainfall)

Volume
available for
extraction
( % Recharge)

Existing
Allocation
( % Available
Volume)

N e w England Fold Belt

66568

4

60

3.4

Clarence-Moreton Basin

7918

6

50

1.4

North Coast Fractured Rocks

2349

8

25

9.1

Richmond River Alluvium

1448

10

60

5.6

Richmond Coastal Sandbeds

422

30

60

7.4

Groundwater Source

In the Lower Richmond, the dominant aquifers managed through the macro planning process
are the Richmond Coastal Sandbeds, being the Quaternary coastal sediments in the Tuckean
(Figure 5.3).
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5.4 Environmental Assets
The catchment has significant environmental assets that need to be incorporated into the water
management process. On the Alstonville Plateau, these include freshwater wetlands formed at
springs and seepage areas, the high baseflow plateau streams and the 'Big Scrub' rainforest
remnants. Lower on the coastal plain, the Tuckean Swamp contains significant wetland habitats.
5.4.1 Plateau Freshwater Wetlands
Threatened bird species such as the magpie goose, the black-necked stork, and Australia's most
endangered raptor, the red goshawk, have been reported from the freshwater wetlands on the
plateau (refer Table 5.4). These wetlands are groundwater fed, being associated with springs and
riparian seepages.

Figure 5.4: Pocket of melaleuca forest associated with springs feeding the upper reach of
Maguires Creek, Alstonville Plateau.

The ecology of these groundwater-fed areas is diverse. Some of the seepage areas are found in
relatively pristine rainforest and form local habitat for threatened species such as bush hen.
These isolated remnants are significant considering that over 99% of the original rainforest has
been cleared. In other areas, groundwater maintains perched melaleuca swamps that are used by
migratory birds such as jabiru. These melaleuca swamps are locally unique, as they are typically
found on the coastal plain, rather than at higher elevations on the basaltic plateau. Whether these
melaleucas are relicts of original vegetation or have been introduced post-clearing is open to
debate. Melaleuca dominated wetlands are an important over-wintering food source for a wide
range of nomadic or migratory birds, as well as flying foxes (Graham 2001). Figure 5.4 shows a
good example of a pocket of melaleuca forest maintained on the plateau due to spring activity.
Other seepages are dominated by sedges or bull rush, providing important bird habitat. Many of
the seepages and bordering areas are highly altered, initially by clearing for pasture and more
recently by the development of intense horticulture. Invasion by exotic species such as lantana,
privet and camphor laurel is a significant management issue.
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Table 5.4: Threatened flora and fauna recorded from the Alstonville Plateau GWMA.
Threatened Fauna

Threatened Flora
Scientific N a m e

Common Name

Arthraxon hispidus

Hairy-joint Grass

Austromyrtus

jragrantissima Scale Myrtle, Sweet Myrtle

Scientific N a m e

Common Name

Coracina lineata

Barred Cuckoo-shrike

Ixobrychus jlavicollis

Black Bittern

Batoghia marmorata

Marbled Balogia, Jointed Baloghia Ephippiorhynchus

Clematis fawcettii

Northern Clematis

asiaticus

Black-necked Stork

Amaurornis olivaceus

Bush-hen

Cryptocarya foetida

Stinking Cryptocarya

Pachycephala inornata

Gilbert's Whistler

Desmodium

Thorny Pea

Anseranas semipalmata

Magpie Goose

Diploglottis campbellii

Small-leaved Tamarind

Podargus ocellatus

Marbled Frogmouth

Endiandra hayesii

Rusty Rose Walnut

Tyto novaehollandiae

Masked Owl

Floydia praeaha

Ball Nut

Erythrotriorchis radiatus

Red Goshawk

Isoglossa eranthemoides

Isoglossa

Phaethon rubricauda

Red-tailed Tropicbird

Macadamia tetraphylla

Rough-leaved Queensland Nut

Ptilinopus regina

Rose-crowned Fruit-Dove

Ochrosia moorei

Southern Ochrosia

Ptilinopus superbus

Superb Fruit-Dove

Owenia cepiodora

Bog Onion

Gygis alba

White Tern

Randia moorei

Spiny Gardenia

Monarcha leucotis

White-eared Monarch

Syzygium hodgkinsoniae

Red Lilly Pilly

Ptilinopus magnificus

Wompoo Fruit-Dove

Syzygium moorei

Coolamon

Pteropus alecto

Black Flying-fox

Tarenna cameronii

Cameron's Tarenna

Planigale maculata

Common Planigale

Tinospora smilacina

Tinospora Vine

Nyctophilus bifax

Eastern Long-eared Bat

Tinospora tinosporoides

Arrow-head Vine

Phascolarctos cinereus

Koala

Myotis adversus

Large-footed Myotis

Miniopterus australis

Little Bent-wing Bat

Potorous tridactylus

Long-nosed Potoroo

acanthocladum

Thylogale stigmatica

Red-legged Pademelon

Dasyurus maculatus

Spotted-tailed Quoll

Cacophis harriettae

White-crowned Snake

Coeranoscincus reticulatus

Three-toed Snake-tooth

Source: N S W National Parks and Wildlife Service

5.4.2 High Baseflow Plateau Streams
The ecology of the plateau streams is influenced by groundwater discharge maintaining stream
flows during extended dry periods. Many of the major streams on the plateau flow for most, if
not all, of the year because of groundwater input, notably from the shallow regolith aquifer.
Sustained stream flows define the character and composition of the in-stream and near-stream
ecosystems, containing macroinvertebrates, turtles, frogs, reptiles, water rats and platypus.
The platypus {Ornithorhynchus anatinus) has been recognised as one of Australia's key fauna
that has a strong dependency on the maintenance of river pools, if not flow, in the coastal
streams of southeast Australia (Hatton and Evans 1998). Platypus have a preference for
perennial rather than ephemeral streams. The species is vulnerable to local extinction if the
continuous availability of river pools is not maintained, notably by groundwater baseflow. The
platypus is generally classified as common but vulnerable, the latter acknowledging the
increasing impacts particularly from urban and agricultural development on habitat (Rohweder
1992). The platypus is the only aquatic monotreme, so is significant from both a conservation
and zoological perspective.
Sightings of platypus are relatively common in the streams of the plateau, particularly in the
larger river pools. Collation of sighting information in the Richmond catchment found distinctly
more sightings from streams draining Tertiary basalts rather than from the older sediments
(Rohweder 1992). Statistical analysis suggested that the perennial flows (due to high
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groundwater input), a relative abundance of invertebrates and greater stream bank stability are
the main factors controlling this bias in distribution. Changes in the stream flow regime, not
only in terms of flow volume and rate, but also increased sediment deposition, increased water
temperature and decreased water quality, can have a detrimental effect on invertebrate
communities, which in turn can impact on the platypus population.
Other animals such as the eastern snake-necked tortoise {Chelodina longicollus), the eastern
water dragon {Physignathns leasurii) and the Australian water rat {Hydromys chrysogaster) also
inhabit the near-stream environment of the plateau.
A total of nine fish species and four crustacean species have been reported from three major
streams on the plateau - Tucki Tucki Creek, Marom Creek and Maguires Creek (Fowler 1997,
refer Table 5.5). The most abundant fish species collected was the exotic mosquitofish
{Gambusia holbrooki), suggesting that competitive exclusion may be effecting the native fish
population. The different relative abundances of the rainbowfish and blue-eye species found in
the streams were attributed to steep stream gradients and the presence of waterfalls acting as
natural fish barriers. A recent survey discovered a potentially new species of Retropima (smelt)
in a tributary of Maquires Creek (Australian Museum 2002). The specimens collected closely
resemble the Australian smelt Retropinna semoni, however it has bright orange fins and several
other unusual characteristics.
T a b l e 5.5: Fish and c r u s t a c e a n species recorded from t h e Alstonville Plateau G W M A .
Crustaceans

Fish
Scientific N a m e

Common Name

Scientific Name

Common N a m e

Melanotaenia duboulayi

Crimson-spotted rainbowfish

Caradina sp.

Aytid shrimp

Rhadinocentrus ornatus

Ornate rainbowfish

Macrobrachium sp.

Long-armed shrimp

Pseudomugil signifer

Pacific blue-eye

Cherax cuspidatus

Cusped crayfish

Retropinna semoni

Australian smelt

Euastacus valentulus

Strong crayfish

Hypseleotris compressa

Empire gudgeon

Hypseleotris galii

Firetail gudgeon

Gobiomorphus australis

Striped gudgen

Ambassis agassizi

Olive perchlet

Gambusia holbrooki

Mosquitofish

Source: Fowler (1997)

A Study of the giant spiny crayfish {Euastacus valentulus), a species endemic to the Northern
Rivers of New South Wales, was undertaken in Emigrant Creek on the plateau (Melville 1991).
This freshwater crayfish tended to inhabit upstream sites with relatively cool, clear water of
neutral pH, high dissolved oxygen levels and low conductivity. None of the fish or crustacean
species recorded are listed as threatened.
Table 5.6 is a list of significant amphibians sited on the plateau, mostly native species with the
introduced cane toad the notable exception. Most frog species have a dependency on fresh water
for breeding, and water availability is a major factor limiting their distribution. Monitoring of
the cascade tree frog population at a site in the Border Ranges to the north of the plateau,
showed that detectability was greatly reduced during the relatively dry period between March
and August (Newell 1997). Frogs also tend to occupy small home ranges and have relatively
narrow habitat preferences (NPWS 1994). For example, the cascade tree frog tends to
congregate around slow flowing areas of rocky streams (Newell 1997). Newell (1997) also
noted that species of the Genus PMoria and the red-backed toadlet {Pseudophryne coriaced)
were only encountered in forested environments characterised with abundant groundwater
seepages. In general, frogs have potential as environmental indicators due to their relative
sensitivity to changes in stream flow and water quality (Tyler et al. 198lab).
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Table 5.6: Amphibians sited in the Alstonville Plateau GWMA.
Scientific Name

Common Name

Status

Adelotus

Tusked Frog

Declined

Cane Toad

Expanding

brevis

Bufo marinus
Crinia

Litoria

Common Eastern Froglet

signifera

Limnodynastes

peronii

caerulea

Brown-striped Frog
Green Tree Frog

Litoria dentata

Bleating Tree Frog

Litoria fallax

Eastern Dwarf Tree Frog

Litoria

lesueuri

Lesueur's Frog

Declined

Litoria

pearsoniana

Cascade Tree Frog

Declined

Litoria

peronii

Peron's Tree Frog

Uperoleia

laevigata

Smooth Toadlet

Source: NSW National Parks and Wildlife Service

A declining trend in frog populations has been reported in many locations worldwide, with
increased ultraviolet radiation, chemical contamination, habitat degradation, introduced
predators and disease cited as possible causes. A similar disturbing trend has been reported for
frog populations and range within southeast Queensland and northeast New South Wales. The
species considered most at risk include the Lesueur's frog and cascade tree frog, and to a lesser
extent the tusked frog (Newell 1997), which all have been found on the plateau. The first two
species could not be found during extensive field surveys in high elevation streams (> 300 m
AHD) such as in the Nightcap Ranges and near Mount Warning, but were found at lower
elevation sites such as the Alstonville Plateau (Newell 1997). These species have also been
reported as being in decline at higher elevations in southeast Queensland (Ingram and
McDonald 1993). This increases the significance of occurrences of these species on the plateau.

5.4.3 Rainforest Remnants
The Alstonville Plateau was part of the 'Big Scrub', the name given by early settlers to the
largest tract of lowland sub-tropical rainforest in Australia, covering 75,000 hectares. The
isolated remnants total about 140 hectares or about 0.4% of the plateau and are of great
ecological significance. The actual remnants located within the Lower Richmond catchment are
summarised in Table 5.7. The major sub-alliances defined within the rainforest (Floyd 1990) of
white booyong {Argyrodendron trifoliolatum), pepperberry-fig {Cryptocarya obovata) and
black bean {Castanospermum australe) are represented within these remnants. Other suballiances include hoop pine {Araucaria cunninghamii), strangler fig {Ficus watkimiana),
bumpy

ash {Flindersia bennettiand) and rosewood (Dysoxyliim fraserianum).
The scattered rainforest remnants such as Victoria Park Nature Reserve located near the
southern escarpment of the plateau (Figure 5.5) contain an array of threatened flora species as
listed in Table 5.4. The rainforest remnants also provide habitat for one of the largest
complement of threatened fauna species in N e w South Wales. These include the wompoo fruit
dove, rose-crowned fruit dove, marbled frogmouth and white eared monarch (Table 5.4). Many
of the fauna species are nomadic, such as the fruit doves and cuckoo shrikes, and the rainforest
remnants are critical in maintaining migratory pathways (Graham 2001). Of significance is
altitudinal migration, when fruit and nectar dependent species take advantage of different
flowering times of identical species at different elevations. Rainforest plants tend to flower and
fruit earlier at lower, near-coastal elevations than at higher cooler regimes, resulting in a
staggered and extended food supply.
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Table 5.7: Significant rainforest remnants located in the Lower Richmond catchment.
Name

1:25,000 Map

Brockley

LISMORE

537500

6811500

bumpy ash

4

Davis Scrub N.R.

LISMORE

539400

6806700

black bean-booyong

13

Mollys Grass

LISMORE

535600

6807400

pepperberry fig

3

Wollongbar

LISMORE

539000

6812200

black bean

3

Dalwood

WARDELL

539000

6804600

pepperbeny fig

1.5

Meerschaum Vale

WARDELL

540500

6801600

pepperberry fig

3

Victoria Park N.R.

WARDELL

540000

6802500

white booyong

9

AMG East

AMG North Sub-Alliance

Area (ha)

Source: Johnson (1992)

Figure 5.5: Victoria Park Nature Reserve.

Access to a shallow watertable can be important in native vegetation communities, particularly
for more deep-rooted tree species. These ecosystems can be defined as having an opportunistic
dependency on groundwater, relying on the shallow watertable during drought periods. This
includes riparian vegetation such as blue quandong, weeping myrtle and black bean, that favour
the generally more fertile and deeper soils and greater moisture availability adjacent to the
plateau streams. As well as supporting exclusively riparian biota, these vegetation communities
are also used as retreats by other wider ranging fauna during times of stress such as droughts
and fires (Graham 2001).
5.4.4 Tuckean Swamp Wetlands
One threatened flora species, seven threatened bird species and five threatened mammal species
have been reported within the 916-ha Tuckean Nature Reserve (NPWS 2002), refer Table 5.8.
The reserve is dominated by broad-leaved paperbark of various successions, interspersed with
swamp oak. Seasonal freshwater swamp species consisting of spike rush, juncus, water couch or
phragmites occur upstream of the barrage, and fresh meadow species of knotweeds and
smartweeds, water couch and juncus occur in the backswamps to the north (NPWS 2002).
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Table 5.8: Threatened and vulnerable species reported in Tuckean Nature Reserve (NPWS 2002).
Scientific Name

Common Name

Status

Axe breaker

Endangered

Common planigale

Vulnerable

Koala

Vulnerable

Flora
Geijera

paniculata

Mammals
Planigale

maculata

Phascolarctus

cinereus

Saccolaimus

flaviventris

Yellow-bellied sheath-tailed bat

Vulnerable

Miniopterus

australis

Little bent-wing bat

Vulnerable

Greater broad-nosed bat

Vulnerable

Magpie goose

Vulnerable

Bush hen

Vulnerable

Scoteanax

ruepellii

Birds
Anseranas

semipalmata

Amaurornis

olivaceus

Black necked stork

Vulnerable

Grus rubicunda

Brolga

Vulnerable

Irediparra

Comb crested jacana

Vulnerable

Osprey

Vulnerable

Red goshawk

Endangered

Ephippiorhynchus

Pandion

asaiticus

gallinacean
haliaetus

Erythrotriorchis

radiatus

5.4.5 Management of Environmental Assets
At the national level, the Environmental Protection and Biodiversity Conservation Act 1999
allows for the identification and listing of Threatened Species and Threatened Ecological
Communities and the establishment of appropriate recovery plans. Under the EPBC Act, the
Department of Environment and Heritage (DEH) maintain lists of significant environmental
assets such as world heritage areas, Ramsar wetlands of international significance and nationally
important wetlands. The Tuckean Swamp is considered to be a nationally important wetland.
At the State level, the NSW Threatened Species Conservation Act 1995 as administered by the
NSW Department of Environment and Conservation (DEC) also provides for the identification,
conservation and recovery of threatened species. State Environmental Planning Policies (SEPP)
managed through the NSW Department of Planning are used to guide environmental protection
during planning and development. These can be translated into regional Environmental Plans as
well as Local Environmental Plans (LEP) or Development Control Plans (DCP) coordinated by
local government. The SEPP relevant to the catchment include:
(i.)

(ii.)

SEPP No. 14 - Coastal Wetlands, where land clearing, levee construction, drainage
work or filling in identified wetlands require consent from the local council and
agreement from the Department of Planning;
SEPP No 26 - Littoral Rainforests, where proposed developments require an
environmental impact statement.

The N S W National Parks and Wildlife Service has adopted a management plan to protect the
environmental assets of the Tuckean Nature Reserve (NPWS 2002). This includes strategies to
improve ecological outcomes of controlled tidal inflows, minimise the impact of herbicide use
for weed control, exclude domestic livestock and to control wildfire.
In terms of overall water resource management, the NSW Water Management Act 2000 as
administered by DNR defines as a first priority that water be allocated to protect ecosystems
dependent on the water resource. As outlined above, Cease to Pump (CTP) rules have been
proposed within the Macro Water Plans being developed for the unregulated streams in the
Lower Richmond (DNR 2006a). These are designed to reduce the impacts of extraction on instream ecology.
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The NSW State Groundwater Dependent Ecosystems Policy (DLWC 2000a) provides guidance
on the protection and maintenance of valuable ecosystems with a reliance on groundwater. To
this end, the Water Sharing Plan developed for the Alstonville Plateau Groundwater Sources has
an environmental provision consisting of the long-term groundwater storage component and
80% of the long-term average annual recharge (DIPNR 2004a). In addition, extraction rules
have been defined for 100m and 200m buffer zones around designated groundwater dependent
ecosystems (refer Section 10.1).

5.5 Land Use Impacts
Due to the combination of high rainfall, permeable soils and high stream-aquifer connectivity,
the protection of water quality is a priority particularly for the Alstonville Plateau. The intensive
horticulture, nursery, urban and rural residential development on the plateau are potential
sources of diffuse pollution such as nutrients, pesticides and suspended sediments. Potential
contamination point sources include onsite sewage disposal systems, livestock dip sites and land
based waste disposal facilities (DIPNR 2004a). Inadequate or inappropriate bore construction is
an issue in terms of providing interconnection between aquifers and pathways for
contamination. Many water supply bores on the plateau have inadequate seals or have multiple
screened or slotted inlets at various depths.
An assessment of surface water quality parameters in the catchment against national guidelines,
gave an overall poor rating (DLWC 2001). In the upper non-tidal part of the catchment, acidity,
total nitrogen, and total phosphorus were parameters of concern, with turbidity and salinity
generally good. In the intertidal Tuckean Broadwater, the water quality issues of acidity,
turbidity, dissolved oxygen, total phosphorus and faecal coliforms were defined as high priority.
5.5.1 Faecal Coliform Contamination
In particular, faecal contamination of both surface water and groundwater supplies is a public
health issue. A baseline water quality survey of the Alstonville Plateau concluded that 9 (23%)
groundwater samples exceeding national health drinking water guidelines for faecal coliforms,
and an additional 9 samples having other faecal indicator bacteria present (Budd et al. 2000).
The sources of the contamination are likely to be a combination of natural fauna (particularly
water fowl), livestock and human waste. Subsequent faecal sterol analysis of plateau stream
samples inferred that about 8-9% of the faecal indicator bacteria were of human origin. This
suggests a fairly consistent and relatively high background level of human faecal contamination
for plateau streams, and septic tanks cannot be discounted as a contamination source. Audits by
the Lismore City Council estimate that the failure rate for on-site sewage management systems
(e.g. septic tanks) in their area to meet environmental and public health standards was 44%
(LCC 2004).
5.5.2 Soil Erosion
Intensive horticulture on the plateau, particularly on steeper terrain, require appropriate soil
management strategies to reduce erosion during high rainfall events. In contrast, the traditional
practice in macadamia orchards is to maintain bare soil along the tree row to facilitate
harvesting. Also, greater potential for erosion can be brought about by concentrated stemfiow
and larger raindrops through the tree canopy, as well as organic matter loss and passage of
machinery causing soil structure decline (DPI 2003). Soil erosion during storm events not only
increases turbidity in runoff and streamfiow, but also provides a vector for the mobilisation of
nutrients and agrichemicals. It has been estimated that up to 18 tonnes/ha/yr of soil can be lost
from macadamia orchards with a slope of 30 degrees (DPI 2005a).
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5.5.3 Cattle Dip Sites
Over the last century about 1600 plunge dips have been established on the NSW north coast for
the chemical control of cattle ticks (Kimber et al. 2002). Based on NSW Department of Primary
Industry data, this includes 38 sites recorded in the Lower Richmond catchment. Soil and water
contamination by tickicides, including arsenic sodium salts applied up until the 1950s, are
potential land use impacts. Field measurements at selected sites indicate that arsenic residues
still exist but are retained within a vicinity of 50 metres (Kimber et al. 2002). Arsenic
adsorption occurs in soils with high iron oxide levels (as found on the Alstonville Plateau),
reducing the risk of groundwater contamination (McLaren et al 1998). This is indicated by
arsenic concentrations in shallow groundwater being below detection levels at clay soil sites.
Hence soil erosion during storm events is the main mechanism for contaminant transport, and
management such as maintenance of ground cover is required. This mechanism of soil
particulate transport from cattle dip sites and subsequent estuarine deposition was used to
explain a downstream increase in arsenic concentrations found in Richmond River sediments
(Lottermoser 1998). However, arsenic mobilisation by acid sulfate soil processes also needs to
be considered as an alternative mechanism.
5.5.4 Deoxygenation
Flood events in the catchment can trigger significant water quality degradation in the Tuckean
Swamp and into the Richmond River estuary. Export of low-pH water containing acid products
from acid sulfate soil areas during these events is a significant management issue in its own
right, as discussed below. "Black water' events characterised by deoxygenation of the water
column can also occur subsequent to significant flooding, particularly during summer. For
example, the flood event in February 1991 resulted in anoxic conditions in the Richmond River
estuary and significant fish and crustacean kills. Deoxygenation of standing water in the
floodplain due to decay of vegetation not tolerant to inundation (such as slashed pasture
species), particularly under high temperature conditions is thought to be the main mechanism
(Eyre et al. 2006). Mobilisation and reaction of mono-sulfides and high sediment loads can also
contribute to deoxygenating processes (White et al. 1997; Slavich 2001).
5.5.5 Land Use Change and Water Availability
As described above, particular land uses in the catchment can degrade water quality. Land use
change also has the potential to alter long-term water availability. The plateau prior to European
settlement was largely covered by subtropical rainforest. Transition into a landscape dominated
by pasture for dairying would have significantly altered the hydrological balance between
evapotranspiration, runoff and recharge. In other parts of Australia (typically in lower and more
winter-dominant rainfall areas), similar clearing has resulted in higher rates of recharge because
of the reduced efficiency of water use by vegetation. More recent conversion of pasture lands to
horticultural tree crops on the plateau has the potential to reduce catchment water yield from
both a surface water and groundwater perspective.
5.5.6 Water Quality Protection
The National Water Quality Management Strategy (NWQMS) provides a national perspective
on the policies, process and guidelines associated with the protection and enhancement of water
quality. A feature of the strategy is the compilation of national water quality guidelines covering
the whole water cycle.
The NSW Department of Environment and Conservation (DEC) is the main regulatory authority
for point source contamination incidents. Local government bodies also have responsibilities
under the NSW Protection of the Environment Operations Act 1997 for regulation of pollution.
The Act covers aspects such as issuing of licences to control water resource impacts of
activities, notices relating to the remediation, prevention or prohibition of pollution, or penalties
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for breaches. Under the Contaminated Land Management Act 1997, the DEC can also order the
investigation and remediation of a contaminated site if considered to pose significant risks to
human heahh or environmental assets. Potential contamination issues of changing land use by
rezoning and development is considered and coordinated by the Department of Planning and
local councils under the NSW Environmental Planning and Assessment Act 1979, specifically
the State Environmental Planning Policy 55 - Remediation of Land (SEPP55).
Water quality protection can also be incorporated into general water resource planning. For
example, a key principle of the NSW State Groundwater Quality Protection Policy (DLWC
1998b) is to manage groundwater systems so that the most sensitive identified beneficial use is
maintained. The five broad beneficial use categories of ecosystem protection, recreation &
aesthetics, raw water for drinking water supply, agricultural water and industrial water are
defined by the policy. The beneficial uses for the Alstonville Plateau groundwater sources have
been defined by the Water Sharing Plan as being raw water for drinking and ecosystem
protection (DIPNR 2004a). Under the plan, specific access rules can be applied in defined areas
(termed local impact areas) to address water quality degradation due to excessive localised
groundwater extraction. Also, exclusion zones for new bores have been set surrounding
contaminated sources such as onsite wastewater disposal systems, landfills or contaminated
sites.
In terms of microbiological contamination, Lismore and Ballina Councils are directly
responsible for management and control of stormwater, sewerage and on-site wastewater (e.g.
septic tanks) as well as zoning and development consents.
Management of soil erosion (and water quality consequences) by horticulturists is largely
facilitated by research and extension by the NSW Department of Primary Industries. This
includes adoption of management strategies within macadamia orchards (DPI 2003) such as:
(i.)

Controlling runoff with construction of mounded tree rows and associated drains and
retention of grassed watercourses of sufficient capacity;

(ii.)

Mulching of the tree row rather than a continuous bare soil strip, particularly with the
application of macadamia husks;

(iii.)

Stabilisation of the orchard floor using low-growing shade-tolerant groundcovers.
Sweet smothergrass and amarillo peanut have been identified as potential candidates.
Other stabilisation options include the use of polyacrylamide (PAM), polyvinylacetate
(PVA) or readily available biodegradable materials such as cellulose, starch or molasses
(DPI 2005b).

5.6 Acid Sulfate Soils
In the Tuckean Swamp, the most significant water management issue is the generation of highly
acidic runoff from acid sulfate soils (ASS). These sediments were deposited under estuarine
conditions and contain the sulfide pyrite. If maintained in a waterlogged condition these clay
horizons are stable and are termed potential acid sulfate soils (PASS). However, activities such
as road construction, drainage, cropping, urban development, mining or dredging can expose the
soil profile to air. This allows oxidation of the pyrite which is a chemical reaction that generates
sulftiric acid. The soil profile can acidify (pH < 4) to form actual acid sulfate soils (AASS).
Severe soil acidification includes the development of acid scalds (Figure 5.7a). These areas are
associated with reduced agricultural activity, or degraded vegetation or wildlife values.
Deterioration of soil fabric can be caused by the flocculation of clays, resulting in soil shrinkage
and ground subsidence (White et al. 1997).
In the Tuckean Swamp, the hydrology has been highly modified with the construction of drains
and a tidal barrage to manage flooding. These works have reduced the period of inundation but
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it has been estimated that the shallow watertable has declined on average by 0.6ni (Christiansen
1988). This has initiated oxidation of the pyritic estuarine clays and the accumulation of acid
products in the soil profile.
Following major rainfall events, the store of acid can migrate into the drains and be exported
into the Tuckean Broadwater (Figure 5.7b). The Tuckean Swamp is considered a major exporter
of acid into the Richmond River estuary by this mechanism (Tulau 1999a). The acid water can
dissolve iron, aluminium and other metals to levels that are toxic to aquatic life, resulting in fish
kills. Increased dissolution of compounds such as silica can also initiate algal blooms (Tulau
1999a). Secondary precipitates of iron and aluminium can smother benthos and aquatic plants.
Secondary oxidation of iron also consumes oxygen, with deoxygenated water also responsible
for fish kills. The chronic effects on aquatic life also includes fish disease outbreaks, reduced
food resources, limitations on the migration potential for fish, reduced fish recruitment and
altered ecology including weed invasion by acid-tolerant plants (Sammut et al. 1996). The acid
water can also cause infrastructure damage due to the corrosion of concrete and metal.
The Tuckean Swamp is a significant ASS area in the Richmond catchment. This is highlighted
by risk mapping based on geomorphic mapping, aerial photo interpretation, field investigations
and soil sampling (Naylor et al. 1998). Such mapping indicates that about 3870 hectares of the
swamp has a high probability that ASS occurs in the soil profile at between 0 and Im depth
(Figure 5.6). This indicates that there is potential for the generation of acidic waters if these
soils are dewatered to this depth by drainage or disturbance. The risk mapping is supported by
soil sampling undertaken in the swamp (Smith et al. 1995). This survey found soil profiles with
sulfur contents exceeding 5%, particularly in the backswamp depressions along the northern
margin (Figure 5.6). Tulau (1999a) provides a summary of the acid sulfate soil distribution as
well as the tenure, drainage works and historic water quality monitoring in the Tuckean Swamp.
5.6.1 Acid Sulfate Soil Management
The National Strategy for the Management of Coastal Acid Sulfate Soils provides a coordinated
approach to identifying coastal acid sulfate soil areas, avoiding disturbance of ASS, mitigating
impacts and rehabilitating where disturbance has occurred (ARMCANZ 2000). The strategy
outlines activities such as risk mapping, raising awareness of land owners and developers,
developing appropriate planning controls, improved assessment and treatment technologies,
incentive schemes and demonstration sites.
State-level policies with relevance to the management of acid sulfate soils include:
(i.) NSW Coastal Policy 1997, with strategies to facilitate ASS remediation and preparation of
effective management plans;
(ii.) NSW Wetlands Management Policy 1996, which aims to identify and rehabilitate
degraded wetlands;
(iii.) NSW Weirs Policy 1997, targeting the reduction and remediation of the environmental
impacts of infrastructure such as weirs and floodgates;
(iv.) NSW Estuary Management Policy 1992, to protect estuarine habitats including
development and implementation of appropriate management plans (Tulau 1999b).
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Figure 5.6: Acid sulfate soils risk mapping in the Lower Richmond catchment (from Naylor 1997; Smith et
al. 1995). The Tuckean Swamp is a significant site for ASS in the Richmond River catchment.
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5.7b

5.7a

Figure 5.7: Acid sulfate soils in the Tuckean Swamp (a) left, acid scald (b) right, discharge of acidic
groundwater into drain.
Locally, a Land and Water Management Plan has been developed for the Tuckean Swamp, with
a primary focus on managing the impacts of acid sulfate soils (Baldwin 1997). The plan was
prepared by the Tuckean Swamp Management Committee, a sub-committee of the Richmond
River County Council. The key strategies defined by the plan are to:
(i.)

manage acid sulfate drain spoil by reconfiguring, liming and revegetating drain banks;

(ii.)

manage potential acidic sediments in-drain by alternative drain maintenance
procedures;

(iii.)

manage acid scalds by liming and revegetating acid scalds;

(iv.)

manage acidic and potentially acidic soils underlain by an artificially lowered
watertable by reducing oxidation;

(v.)

manage the impacts of acid sulfate soils on water quality by assessing the operation of
the Bagotville Barrage;

(vi.)

maintain drainage to agricultural lands by considering drainage requirements in
implementing management works;

(vii.)

manage the impact of land use on habitat and wildlife through the conservation,
rehabilitation and restoration of plant and animal communities.

In 1998, the Tuckean Estuary Working Party was established to develop an operational strategy
for the Bagotville Barrage as part of this process. Consequently, the barrage was modified with
the installation of sluice gates to allow controlled tidal flushing into the swamp, with a twelvemonth trial beginning in August 2002.
5.7 Climate Variability and C h a n g e
Extreme rainfall events can have serious impacts in the catchment. In particular, flooding of
agricultural areas has been a historic issue for landholders within and surrounding the Tuckean
Swamp. On average, there are one to three flood events from catchment runoff from the plateau
each year, with inundation associated with mainstream flooding of the Richmond River less
frequent (Baldwin 1997). All of the extreme floods in the region occur during the first 7 months
of the year, with 60% occurring between January and April (DLWC 2001). These flood events
and prolonged inundation of agricultural lands prompted the construction of drainage works in
the Tuckean Swamp over 100 years ago. These works have enabled stocking of cattle on the
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swamp for 10 months of the year, rather than two months under natural conditions (Baldwin
1997). As discussed above, flood events can cause degradation of water quality, by soil erosion
increasing stream turbidity and mobilising contaminants, by triggering deoxygenation through
vegetation decay, or by increased acid discharge.
In the Australian context, the catchment would not be considered to be prone to severe droughts.
However, the seasonal dry period that occurs in the late winter-spring months coincides with the
flowering and fruit-setting for many horticuUural crops grown on the plateau. The high value of
these crops combined with the lack of water storage capacity, means that there can be
significant economic losses due to relatively short term periods of water shortage.
5.7.1 Climate Change
Water management in the catchment, like elsewhere, is within the context of climate change due
to emissions of greenhouse gases. Analysis of historic climate data in NSW indicates that on
average from 1950 to 2003, annual mean maximum temperature rose 0.15 C/decade, the number
of hot days (>35 C) increased 0.1 days/year and number of cold nights (<5 C) decreased 0.29
nights/year (Hennessy et al. 2004a). In addition, climate models suggest that relative to 1990,
for the NSW coastal zone there will be:
(i.)

An annual average warming of 0.2 to 1.6 C by 2030 and of 0.7 to 4.8 C by 2070;

(ii.)

A decrease in rainfall during the winter and spring, with potential increases in summer
rainfall. The intensity of extreme rainfall in spring and summer is likely to increase;

(iii.)

An annual average increase in potential evaporation of 1-8% by 2030 and 2-24% by 2070.
This represents an average annual decrease in moisture balance of 0-195mm by 2030 and
0-600m by 2070 (Hennessy et al. 2004ab).

These scenarios have local consequences in the Lower Richmond such as reduced water
availability for high-value consumptive uses (such as municipal supply and horticulture) notably
in the spring, and increased occurrence of summer floods and associated deoxygenation events.
Also, the Tuckean Swamp would be prone to inundation with any sea level rise due to global
warming.
5.7.2 Floodplain Management
The Richmond River County Council (RRCC) has the primary responsibility for the design,
construction and maintenance of flood mitigation works in the catchment. The council was
constituted in 1959 as a consequence of major flooding in the Richmond, and integrates the
flood mitigation activities of its member shire councils of Ballina, Lismore City and Richmond
Valley. The RRCC manages flood control infrastructure including 76 drainage canals, 391
structures and 33 levees. This includes the infrastructure within the Tuckean Swamp (such as
the Bagotville Barrage) and includes regular drain maintenance such as mechanical or chemical
control of aquatic weed growth.
The RRCC also convenes the Richmond Floodplain Committee which coordinates natural
resource management activities, research and specific projects on the floodplain in partnership
with local councils. State government, commercial fisheries, agricultural industry and the
community. The committee focus is water quality and land management practices. This can
involve managing and adapting the floodplain infrastructure (such as floodgates) for water
quality outcomes rather than just as a flood mitigation measure. The Richmond River Estuary
Management Committee is an analogous committee established to formulate a management
plan for the Richmond River estuary.
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Chapter 5, when combined with Chapter 4, provides an overview of the management setting in
the Lower Richmond catchment. The next stage of the conjunctive water management
framework deals with the assessment of water resources (Figure 4.1). Chapters 6 and 7
document the assessment that was undertaken for the catchment components of the Alstonville
Plateau and Tuckean Swamp, respectively.
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Chapter 6

Alstonville Plateau Assessment

Assessment of groundwater-surface water interactions in the Alstonville Plateau applied several
of the techniques previously summarised under the management framework (Appendix 1),
namely:
(i.) Hydrogeological mapping to better understand the geometry and properties of the
Lismore Basalt sequence (Section 6.1);
(ii.) Translatingy/e/J observations into a methodology of mapping seepage areas and springs
on the plateau using aerial photographs (Section 6.2);
(iii.) Hydrochemistry, with the analysis of rock, groundwater, stream and rainfall samples
providing insights into the nature and extent of groundwater discharge to the plateau
streams. In particular, reconnaissance surveys involving field chemistry measurements
(e.g. pH, EC, Eh) were simple but useful (Section 6.3);
(iv.) Streamflow hydrograph analysis, where a frequency analysis approach was developed and
tested using the available long-term stream flow monitoring (Section 6.4), and;
(v.) Surveys of stream flow across the plateau enabled a simple water budget approach to be
used (Section 6.5).
The investigations in the Alstonville Plateau described in this chapter are combined with similar
investigations in the Tuckean Swamp, as described in Chapter 7. These investigations are used
to develop a conceptual understanding of hydrological processes in the catchment. This
conceptualisation and linking of these two catchment components is summarised in Chapter 8.
6.1 Hydrogeological Mapping
6.1.1 Structural Contours
Structural contours represent the surface of a particular stratigraphic boundary. Figure 6.1 shows
the structural contours interpreted for the top of the Clarence-Moreton sediments and
Neranleigh-Femvale metasediments, which are the basement rocks for the catchment. These
contours represent the pre-Tertiary land surface prior to burial by the Lismore Basalt and
Quaternary sediments. In some areas of exposed bedrock such as the Blackwall Range, there has
been significant erosion of this land surface since the Tertiary. These contours were interpreted
using:
(i.)

the small set of boreholes that have been drilled through the basalts and unconsolidated
sediments to the pre-Tertiary basement. These are mostly holes constructed as part of
the groundwater monitoring program;

(ii.)

the water supply bores that have been established in the deeper part of the basalt
sequence. These give an upper limit to the elevation of the pre-Tertiary surface;

(iii.)

structural information derived from the mapped surface contact of the older geological
units;

(iv.)
(v.)

basement contours interpreted for the Tuckean Swamp by Drury (1982);
Surface topographic contours in areas of pre-Tertiaiy outcrop.
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Figure 6.1: Interpreted contours of the elevation of the pre-Tertiary land surface in the Alstonville
Plateau. Marom Ridge is an inferred basement ridge near the southern plateau escarpment. For most of
the plateau, the pre-basalt surface dips to the northwest towards inferred palaeovalley of the protoWilsons drainage.
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Figure 6.2: Inferred thickness of the Lismore Basalt (Brodie and Green 2002). This was derived by
raster-based comparison on the interpreted pre-basalt surface (Figure 6.1) and the modem topographic
surface.
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The northeast trending basement ridge of the Blacicwall Range marks the eastern margin of the
catchment. During the pre-Tertiary, this ridgeline separated drainage that flowed eastwards to
the coastal plain from inland drainage directed westerly to the Tuckean Swamp, as it does today.
The hills at Tuckurimba are a similar structural feature on the western margin of the catchment.
A west-northwest trending basement ridge along an axis between Uralba and Lismore is largely
buried by Lismore Basalt but connects basement highs found at Uralba and Marom Creek. This
feature has been called the Marom Ridge. The ridge rises to over 100m AHD in parts, but
grades westwards to be less than - 5 0 m AHD near Lismore (Figure 6.1). It is a significant
paleotopographic feature as it separated southward drainage that was part of the pre-Tertiary
Richmond catchment from northerly drainage of the pre-Tertiaty Brunswick catchment.
North of the Marom Ridge, the dominant slope of the pre-Tertiary surface is to the northnorthwest with general gradients mostly in the range of 0-9 degrees. This is the general dip of
the Clarence-Moreton sedimentary sequence that underlies the basalt. This gradient is towards a
major palaeovalley that has been partly identified along the western margin of the plateau from
Goonellabah to Clunes (Figure 6.1). This feature has been called the Wilsons Faleovalley. The
western side of this feature is defined by the basement high mapped from Mesozoic outcrops
near Numulgi and Bexhill. The palaeovalley drains to the northeast, opposite to the direction of
modem drainage as defined by the current Wilsons River. South of Marom Ridge, the generally
southerly dip of the pre-Tertiary land surface is complicated by structural ridges and highs at
Cedar Island and east of Tucki Tucki Creek (Figure 6.1).
The thickness of the Lismore Basalt sequence can be derived by comparing the pre-Tertiary
topographic surface (Figure 6.1) with modern topography. Due to the paucity of information
that could be used to map the pre-Tertiary surface, the derived isopachs are indicative only
(Figure 6.2). The basaltic pile is thickest (200-225 m) in an arcuate belt that has its axis along
the northern boundary of the Lower Richmond catchment. This is due to a correspondence
between the Wilsons Faleovalley and relatively elevated parts of the modem plateau.

6.1.2 Cross Sections
Cross sections show geological boundaries and other information in vertical profile interpolated
mainly from borehole logs. Such cross sections have been compiled to gain an insight into the
geometry of the Lismore Basah sequence (Brodie and Green 2002), refer Figure 6.3. The cross
sections relevant to the Lower Richmond catchment are presented in Appendix 4 (Figures A4.1
- A4.16). A vertical exaggeration of 25 was used to obtain sufficient definition within the
relatively thin veneer of basalt across the extent of the plateau. Hence, the gradients shown on
the cross sections are exaggerated.
The series of approximately E-W sections (Sections 1 to 7; Figures A4.1-A4.7) all show the
basement high on the eastern margin of the plateau. This is represented by the remnant of
mainly Paleozoic metasediments in the Blackwall Range, which have been significantly eroded
by the Yellow Creek drainage and coastal streams (Figures A4.1-A4.4). The most southerly
sections (Figures A4.1-A4.2) are also aligned along Marom Ridge, indicated by the basement
outcrop in the valley of Marom Creek. In general, this series of sections shows that the plateau
is sited over the inland flank of a major basement high that runs roughly parallel to the modem
coastline.
The cross sections also show marker horizons mapped within the Lismore Basalt sequence
using the available drilling logs. These are typically zones variably described as weathered, soft,
decomposed or fractured basalt or clay that separate intervals of relatively fresh basalt.
Descriptions of interbedded sediments such as blue mud, gravels, mudstone or shale are also
correlated. These horizons are interpreted to be linked with episodes when volcanic activity
temporarily ceased, allowing weathering to develop a significant soil and regolith profile before
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burial by subsequent flows, so represent relict land surfaces through time. The descriptions of
muds, sands and gravels in these horizons reflect short-lived periods of fluvial and lacustrine
deposition before the resumption of volcanic activity. The sequence shows many of the features
typical of continental basahic successions, as portrayed in the fades model of Figure 4.13 (Cas
and Wright 1995).
In the southerly sections (Figures A4.1 - A4.3) these horizons appear essentially flat-lying as
the sections are astride the axis of Marom Ridge. The remaining sections in this series (Figures
A4.4 - A4.7) show shallow westerly dipping horizons essentially mirroring the general decline
of the pre-Tertiary surface. It is common for the deeper horizons to have apparent dips slightly
steeper (1-2 degrees) than shallower horizons (0-1 degrees). This reflects the gradual levelling
of the land surface through time with the accumulation of flood and valley-fill lava flows.
The extent of erosion and weathering following the final quiescence of Tertiary volcanism is
readily depicted in this series of cross sections. Plateau streams such as Tucki Tucki Creek and
Marom Creek have eroded down to a base level over 100 metres below the elevation of the
surrounding hills (Figures A4.1-A4.3). The southern-central part of the plateau (Figures A4.4A4.7) consists of more undulating terrain allowing the opportunity for the development of a
relatively thick regolith profile.
Figures A4.8 to A4.16 are a series of roughly N-S cross sections across the Alstonville Plateau.
These cut across Marom Ridge (refer Figure 6.1) which is largely buried by the basalt pile but is
exposed at Marom Creek (Figure A4.11) and near Uralba (Figure A4.17). In this series of
sections the pre-basalt surface typically has an apparent shallow dip to the north. The weathered
horizons within the basah sequence also appear to dip to the north at about 0.5-1 degrees or are
essentially fiat-lying. Section 16 (Figure A4.10) gives a good example of a shallow weathered
horizon that has been consistently mapped dipping at about 0.5 degrees to the north.
Figure 6.4 outlines a schematic cross-section outlining the general features of the
hydrogeological framework for the Alstonville Plateau. This is based on the facies model
characteristic of continental basaltic successions (Figure 4.13), the features evident in cross
sections developed across the plateau (Appendix 4: Figures A4.1-A4.16) and the available
borehole data. Groundwater level monitoring and chemistry provides supporting evidence. Two
main groundwater systems can be found in the basalt plateau:
(i.)

a shallow local-scale unconfined groundwater fiow system operating in the upper
mantle of soil and weathered or highly fractured basalt, which lies above;

(ii.)

a deeper intermediate-scale groundwater fiow system operating in interlayered and
fractured horizons within the basaltic sequence. These aquifers can be semi-confined or
confined. Vertical columnar jointing or fracturing can provide a degree of
interconnection between permeable horizons.
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Figure 6.3: Hydrogeological cross sections compiled for the Alstonville Plateau (Brodie and Green
2002).
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Figure 6.4: Schematic cross-section of the hydrogeology of the Alstonviiie Plateau (Brodie and Green
2002). Groundwater flow occurs in the shallow unconfined regolith aquifer as well as transmissive zones
in the volcanic pile. Locations A-F referred to in text.

6.1.3 Shallow Groundwater Flow System

The deep weathering of the Lismore Basalt sequence since cessation of volcanism about 20 Ma,
has resulted in a mantle of krasnozem soils overlying weathered basah (Figure 6.4). The
thickness of the weathering profile is variable, tending to be relatively thick (5-20 m) in the
flatter, less dissected, southern half of the plateau in the Lower Richmond catchment. In
addition, the regolith can directly overly highly fractured or jointed basalt layers, effectively
increasing the saturated thickness of the unconfined groundwater system. The monitoring bore
network infers that for some parts of the plateau the shallow unconfined aquifer can exceed 40
metres in thickness due to the depth of fracturing. In other parts of the plateau, a thick sequence
of unweathered and unfractured basalt is close to the land surface and only a thin regolith veneer
is developed.
The soil profile combined with the underlying weathered and fractured basalt forms an
important shallow unconfined aquifer. Although the krasnozem soil has a high clay content (7095% kaolinite), high levels of sesquioxides cause microaggregation, which leads to increased
particle sizes and enhanced permeability (Isbell 1994). The permeable nature of these soils is
confirmed in field trials, where minimum infiltration rates of 120 mm/d have been measured
(Nicolls et al. 1953). The deep drainage capacity of the krasnozem soils results in significant
infiltration of rainfall. The bulk of precipitation from low intensity rainfall events infiltrates and
little runoff is generated. During high intensity storms, direct runoff occur only subsequent to
the soil profile becoming fully saturated (DWR 1989).
The watertable is typically shallower than 10 metres (McKibbin 1995). Being a weathered
mantle, the aquifer geometry is largely controlled by topography (Figure 6.4). Groundwater
flow is'also a function of topography and dominated by local-scale flow systems having
flowpaths typically less than 5 km. This means that shallow groundwater divides correspond
with surface water catchment boundaries. Groundwater recharged from the hills or ridges, flows
down-slope largely constrained by the contact between the regolith and relatively fresh and
unfractured basalt. Groundwater discharge occurs as springs or seepage areas lower in the valley
floor. Mid-slope springs can occur where structural benches of unweathered or unfractured
basalt impedes this down-slope movement. Groundwater discharge is the mechanism keeping
many of the major plateau streams flowing all year around.
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6.1.4 Deep Groundwater Flow System
Deeper sub-horizontal aquifers are found in the buried weathered horizons, the vesicular and
highly fractured components of basalt flows and interbedded fluvial deposits (Figure 6.4). These
aquifers can be separated and confined by relatively thick sequences of massive, poorly
fractured basalt. The aquifers are mostly described as weathered, soft, decomposed or fractured
basah with interbedded sediments, and mark the tops of (and hiatus between) major volcanic
flow events. These tops of lava flows tend to have higher permeability due to primary jointing
and vesicles caused by rapid cooling and gas escape, as well as from the greater opportunity for
weathering and deposition of fluvial sediments. In contrast, the inner cores of the lava flows
tend to be more massive and coherent because of slower cooling, and act as aquitard layers. The
combination of a solid inner core and highly fractured margins results in a high degree of
anisotropy (Davis 1969), with maximum permeability in the down-dip direction of the flows
(Figure 6.5). This implies that deeper groundwater flow in the Lismore Basalt is largely
controlled by the dip of the volcanic sequence.

Figure 6.5: Probable orientation and
relative magnitude of bulk permeability of
young basalt rocks (Davis 1969).
Dominant groundwater flow is aligned
along the primary dip of the lava flow.

As discussed above, interpretation of bore logs suggests a general shallow northwesterly dip to
these horizons, largely controlled by the palaeotopography of the now buried pre-Tertiary
surface. The section in Figure 6.4 is vertically exaggerated by a factor of 25 because of the
relatively thin but geographically extensive nature of the Lismore Basalt. This means that the
dips portrayed are exaggerated and in reality are in the order of 0-2 degrees. This geometry still
has significance in terms of groundwater flow.
A component of recharge manages to infiltrate below the base of the shallow weathered and
fractured zone to replenish the deeper permeable horizons within the basalt pile. Due to the
overall northwesterly dip of the sequence, these horizons tend to shallow to the east and south
where they can become semi-confined to unconfined (Figure 6.4). These areas in the east and
south of the plateau are the focus for recharge of these deeper aquifers. In some cases, these
aquifers are unconfined or semi-confined in close proximity to local drainage, and stream loss
can also contribute to aquifer recharge. Leakage to the deeper aquifers can also be facilitated by
vertical fracturing and columnar jointing within the basaUs. In certain areas, these can provide
very quick vertical pathways for groundwater and provide a high degree of hydraulic connection
between aquifers. In these areas, the Lismore Basalt is essentially a dual-porosity system with
sub-horizontal porous horizons overprinted by sub-vertical fracture porosity.
Groundwater flow paths in the deeper aquifers tend to be much longer than that of the localscale flow systems developed in the weathered surficial aquifer. The flow path length is
determined by the position of the aquifer within the basalt sequence and the level of dissection.
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Basal aquifers tend to be mostly recharged on the eastern and southern up-dip margins of the
plateau with the possibility of recharge further down-dip to the northwest where fracturing or
jointing allows vertical hydraulic connection of aquifers. If the tops of these basal aquifers are
below the deepest level of dissection (as in aquifer A in Figure 6.4), then it is possible that the
length of the groundwater flow path can be in the order of tens of kilometres. Bores intersecting
this confined aquifer in the deep northwesterly part tend to have high groundwater levels, and in
some cases are flowing artesian. In situations where the aquifer is exposed on the plateau
margins (as in aquifer B in Figure 6.4), springs develop and free drainage occurs. As a
consequence, deep bores near the plateau margins that intersect these aquifers tend to have very
low groundwater levels, sometimes exceeding 80 m below the ground surface, which attract
high pumping costs. This is why historically it has been advised to avoid areas close to the
plateau scarp and deeply incised creeks when drilling for groundwater (DWR 1989). Aquifers in
the middle of the basalt sequence (as in aquifer C in Figure 6.4) have a greater chance of being
dissected by the more significant drainage on the plateau. This means that the groundwater flow
paths are significantly shorter, generally < 5 km. The degree of dissection becomes greater for
the aquifers in the upper part of the basalt sequence, resulting in even shorter groundwater flow
paths, as in the case of aquifers D,E and F in Figure 6.4.
It is assumed that the deeper groundwater flow is largely controlled by the dip of the stacked
aquifers within the Lismore Basalt sequence, which is largely to the northwest. On this basis.
Figure 6.12 shows the major flow directions inferred for the deeper groundwater flow system.
Potentiometric contours were compiled for the deeper basalt groundwater system by Bilge
(2001) for input into a regional groundwater flow model. These contours confirm the down-dip
control with groundwater flow directed to the northwest.
As evident from Figures 6.4 and 6.12, groundwater flow in the deeper aquifers can transcend
the surface water divides defined by the modem plateau topography. Hence, they represent a
groundwater transfer between sub-catchments defined for the plateau. Due to this, and also
because typical flow path lengths are in the range of 5-30 km, the deeper aquifers are termed an
intermediate-scale groundwater flow system.

6.2 Field Observations
There is a high degree of aquifer-stream connectivity on the Alstonville Plateau. Groundwater
discharge can be readily observed as discrete valley floor or mid-slope springs or as seepage
zones along watercourses. A local-scale groundwater flow system in the shallow regolith
aquifer initiates on the plateau ridge or hill and terminates as groundwater discharge along the
valley floor. Thinning of regolith due to benching of the more massive and coherent parts of the
basalt sequence can impede downhill shallow groundwater flow, expressed as mid-slope
springs. The more dissected major streams on the plateau such as Marom Creek and Tucki
Tucki Creek can also intersect aquifers at intermediate depths (<50 m) resulting in additional
spring development. Groundwater discharge from even deeper aquifers exposed along the
plateau scarp can also contribute to downstream reaches of the major streams.
Figure 6.6(c) shows a typical groundwater seepage that can be found bordering the plateau
streams. The characteristic features are iron staining and precipitates, and the presence of
filaments and films of iron bacteria, these relating to the processing of dissolved iron in the
groundwater. Dissolution of the basalt profile is the primary source of the iron. These seepage
areas occur in the broader swampy reaches of the plateau streams, an example is given in Figure
6.6(a). Groundwater discharge can also be found higher in the landscape, as mid-slope springs.
These can be either associated with the upper reaches of the plateau streams marking the
transition from dry gully to more reliable stream flow, or can be isolated from the main drainage
network. Many of these springs act as the source for small water storages, or are the site of
shallow wells used for stock, domestic and irrigation purposes (Figures 6.6b,d).
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These field observations allow the possibility of using aerial photography to map the numerous
springs and groundwater seepages on the plateau. Aerial photography flown in August 1942
provided the best imagery for this task, as the majority of the area was then cleared dairy pasture
with limited horticultural development and minor invasion by exotic species such as camphor
laurel or lantana. This reduced the problem of tree cover obscuring the indicators of
groundwater discharge. Also, the timing of the aerial photography corresponded with the
typically dry late-winter period when pasture vigour was relatively low. Mid-slope springs were
identified as dark patches interpreted as enhanced pasture growth, and in-stream springs were
identified by the sharp transition from diy gully to flowing stream. Groundwater seepage areas
could be identified as relatively broad swampy reaches of the plateau streams.
Using the 1942 aerial photography and the available 1:25,000 scale drainage lines as a base, the
streams on the Alstonville Plateau were categorised into:
(i.)

Intermittent, with no or limited groundwater input and identified as dry watercourses on
the aerial photography;

(ii.)

Perennial, with low to moderate groundwater input and identified as watercourses
containing water but limited development of adjacent swampy seepage areas;

(iii.)

Seepage, with high groundwater input and identified as watercourses bordered by
swampy seepage areas.

Over 1500 individual springs and about 150 stream seepage zones were mapped in this way
(Figure 6.7). Field checking and confirmation with landholders has been successful in validating
a small subset (<5%) of this mapping.
The mapping of springs and seepages highlights the significance of groundwater input to the
plateau streams, with Youngmans Creek being a good example (Figure 6.8). This stream has
significant groundwater seepage zones and springs in its upper reaches. Further downstream
there are a many licensed surface water users that would rely on the groundwater baseflow
contribution to service their water requirements, particularly during low flow conditions.
Springs can be correlated with fractured or weathered horizons within the basalt sequence.
Figure 6.6(e) illustrates groundwater discharge associated with an aquifer developed within a
cherty weathered horizon. Hence, the spring mapping can highlight the geological control on
spring development. It is common for a collection of springs to be locally developed at a similar
topographic elevation, along strike of the near-horizontal fractured/weathered unit making up
the aquifer, or marking the top of the underlying massive basalt flow that is impeding
groundwater flow. Spring locations can be used as an indicator of geological structure. Figure
6.9(a) maps the distribution of springs that source the streams draining the northern slope of the
Goonellabah Ridge, which is the northwest boundary of the catchment. Using the 90 m AHD
topographic contour as a reference, the spring positions grade uniformly from about 120 m
AHD in the east to about 70 m AHD in the west. This is entirely consistent with the general
shallow westerly-dipping nature of the basah flow sequence, as indicated in the hydrogeological
cross sections (refer Figure 6.4). Springs also tend to be developed in contiguous zones
characterised by relatively steep topographic gradient, with these zones separated by relatively
flat areas (Figure 6.9b). The flat areas represent benching of the more massive basalt layers,
with the steeper zones exposing the intervening more weathered or fractured aquifers. The
massive basalt layers act as an impermeable base to groundwater movement in the overlying
weathered or fractured parts of the basalt flow.
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6.6a

6.6b

6.6d

Figure 6.6: Examples of groundwater discharge on
the Alstonville Plateau (from top left)
(a) Groundwater seepage area in swampy reach
of Youngmans Creek
(b) Shallow well constructed over mid-slope
springs in Marom Creek catchment
(c) Groundwater seepage bordering Pearces
Creek with characteristic iron staining and
iron bacteria
(d) Shallow well constructed over spring at
base of plateau
(e) Location of spring feeding tributary of
Houghlahans Creek, associated with cherty
weathered and fractured horizon
interbedded with basalt flow sequence.
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Figure 6.7: Mapping of stream categories and springs on the Alstonville Plateau. This was deriveci from
aerial photographic interpretation and highlights the extent of groundwater discharge on the plateau.
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Figure 6.8: Groundwater-surface water interactions in Youngmans Creek subcatchment. Surface water
licences along the creek rely on flows maintained by groundwater discharge.
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F i g u r e 6.9: E x a m p l e s of spring d e v e l o p m e n t in the Alstonville Plateau ( a ) north o f G o o n e l l a b a h R i d g e
( b ) near H o s k i n s Hill. T h e s e indicate geological controls relating to structural b e n c h i n g o f lava f l o w s and
distribution o f springs.
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6.3 Hydrochemistry
Hydrochemistry can be used to verify the conceptual model developed for groundwater flow
within the basalts of the Alstonville Plateau and summarised in Figure 6.4. Water analyses were
compiled from various sources:
(i.)

Analyses of rainfall samples by Drury (1982);

(ii.)

Historic sampling of Gum Creek, Maguires Creek, Marom Creek and Wilsons River at
the gauging stations maintained by DNR and its predecessors;

(iii.)

Groundwater analyses from the DNR water quality database, mainly being samples
submitted by licence holders upon construction of bores, as well as departmental
sampling of the borehole monitoring network;

(iv.)

A total of 45 groundwater samples taken from springs, shallow wells and deeper bores,
with 5 surface water samples collected for comparative purposes by the Bureau of Rural
Sciences (Budd et al. 2000). The samples were analysed for a comprehensive range of
field parameters, major and minor constituents, trace elements, nutrients, pesticides,
isotopes and microbiology;

(v.)

As part of this study, some 46 stream and 11 groundwater samples from selected
boreholes were taken in a survey undertaken in November, 2004. Analyses included
radon to test its application as a tracer, in addition to field chemistry, major and minor
ions and stable isotopes.

6.3.1 Ion Chemistry
The Durov diagram summarises the major ion chemistry of the rainfall, stream and groundwater
samples, highlighting the important relationships between the hydrological components of the
plateau (Figure 6.10ab). Samples from the unconfined regolith aquifer show the closest
association with rainfall, are mostly of the Na-Mg-Cl-HCO, type, and the most influenced by
fallout of ocean-derived salt. The deeper intermediate-scale groundwater flow system has a
different chemical signature to that of the shallow local flow system, being relatively enriched
in bicarbonate. In turn, two populations are evident in the deeper groundwaters, showing a
transition in terms of relative abundance of sodium (Figure 6.10a). On this basis, these groups
have been called Low-Na and High-Na basalt groundwaters. The Low-Na regional population
appears to be an end-member which merges along a consistent trend with the shallow basalt
population, towards the bulk of the regolith groundwater being the other end-member (Figure
6.10a). In contrast, the High-Na groundwaters form a distinct population removed from this
general trend.
The plateau streams plot intermediate between the unconfined regolith and Low-Na basalt
groundwater end-members (Figure 6.10a). This suggests that the streams receive proportional
contributions from both these groundwater sources, and in contrast receiving minimal discharge
from the High-Na basalt groundwater type. Different streams appear to receive different
proportions of these two end-member groundwater sources. For example, the cluster of Gum,
Youngmans and Yellow Creek samples plot closer to the regolith samples than say the Tucki
Tucki Creek samples. This is further explored in Figure 6.10b, where the stream samples are
compared against sample mixtures generated from representative samples of the unconfined
regolith and Low-Na end members. Table 6.1 shows where the stream sample clusters fit in
terms of the range and average of the proportion of the regolith end-member in the relevant
sample mixture. Although this analysis is influenced by the selection of the samples
representative of the two groundwater end-members, it shows that the unconfined regolith
aquifer is the dominant baseflow source of the plateau streams. It also shows that the proportion
of discharge from the deeper Low-Na basalt groundwater is larger for the Tucki Tucki and
Marom Creeks than for Gum and Yellow Creeks further to the east of the catchment.
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Figure 6.10: Durov diagrams for Alstonville Plateau waters (a) available surface water, groundwater and
rainfall samples (b) surface waters compared with groundwater mix. These show the relationship
between plateau streams and groundwater in the shallow to mid-level basalt aquifers.
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Table 6.1: Comparison of plateau stream samples with representative groundwater mixtures.
Stream Cluster

Number of
Samples

Percentage
Regolith Range

Percentage Regolith
Average

Yellow Creek

5

80-90

85

Gum Creek

6

65-95

80

Youngmans Creek

6

70-80

75

Marom Creek

14

50-80

65

Marom >125m AHD

2

?

?

Marom 100-125m AHD

6

20-65

55

Marom 50-100m AHD

2

60-65

65

Marom <50m AHD

3

60-70

65

Tucki Tuck! Creek

13

50-90

60

Wilsons River

45

45-90

60

Wilsons >Q25

12

60-90

75

Wilsons Q25-Q50

10

30-80

70

Wilsons Q50-Q75

8

50-90

70

Wilsons Q75-Q90

7

50-60

55

Wilsons <Q90

3

55-70

50

S04

S04
Wilsons River (g Eltham samples
•
•
•
•

Wilsons
Wilsons
Wilsons
Wilsons
Wilsons

Marom Creek @ Alstonville samples

>Q25
Q50-Q25
Q75-Q50
Q90-Q75
<Q90

•
•
•

Marom
Marom
Marom
Marom

<50m AHD
60-100m AHD
100-126m AHD
>125m AHD

40

1
1
•
- - -

- - -

i—^—1—^

6.10c

Figure 6.10: Durov Diagrams of Alstonville Plateau waters (c) Wilsons River @ Eltham flow percentile
categories (d) Marom Creek sampling points.

The variation found in the stream samples can be attributed to two situations:
(i.)

For stream samples taken at the one location, variability relates to varying flow
conditions over time;

(ii.)

For multiple samples taken during a survey at a particular time, variability relates to the
position of the sample along the stream.

Figure 6.10c gives an example of the first case, plotting the record of stream samples overtime
for the Wilsons River at the Eltham gauging site. When compared against the representative
groundwater sample mixes, the proportion of discharge from the shallow regolith aquifer
appears to dominate the higher flow percentiles but decreases relative to discharge from the
deeper Low-Na source at lower flows (Table 6.1). At the low-flow Q90 percentile, the
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contribution from these two groundwater sources is about equal. Figure 6.10d gives an example
of the second case, plotting Marom Creek samples in terms of the position along the stream, as
represented by elevation. The upper reaches of Marom Creek have slightly higher contributions
from the deeper Low-Na source than at lower elevations (Table 6.1).
Figures 6.13(a-p) plot the variation in chemical parameters relative to topographic elevation (m
AHD) of the groundwater source. The plot for sodium/conductivity ratio (Figure 6.13g) shows
that the regional groundwaters relatively enriched in sodium tend to be found lower in the basalt
pile at elevations o f - 1 0 0 to 100 m AHD, in comparison with the Low-Na regional
groundwaters at elevations of 0 to 150 m AHD. In plan view, these High-Na groundwaters are
found in the northern half of the plateau (Figure 6.12), corresponding to the down-gradient part
of the regional groundwater system. The Low-Na groundwaters tend to be found on the
southern and eastern margins of the plateau, in the up-dip parts of the regional aquifers. Figure
6.11 places the hydrochemical groupings of the Durov plots (Figure 6.10) in context with the
schematic cross section - the shallow groundwaters associated with the regolith at the top of the
plateau, the Low-Na regional groundwaters associated with the mid-level basah aquifers, and
the High-Na groundwaters found in the deeper down-gradient (and northwestern) parts of the
regional aquifers, further along the groundwater flow path. Hence, hydrochemistry plots such as
Figures 6.13(a-p) can be interpreted on the basis of length of groundwater flow path or
residence time. The regolith and shallow basalt samples represent relatively short local-scale
groundwater flow paths (< 2km) and short residence times. The Low-Na groundwaters represent
the mid-levels of the regional groundwater system at intermediate elevations (0-150 m AHD),
close to recharge and characterised by moderate residence times and groundwater flow paths (<
5 km). The High-Na groundwaters are found in the deeper, lower parts of the regional
groundwater system (<100m AHD), and the product of longer groundwater flow paths (> 5km)
and hence longer residence time.
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Figure 6.11: Distribution of groundwaters and hydrochemical processes in the Alstonville Plateau basah
profile.
In terms of field parameters, water temperature and pH tends to increase, and dissolved oxygen
and Eh tends to decrease, with decreasing elevation, and by inference increasing residence time
(Figures 6.13a-d). Salinity and sodium, and to a lesser extent chloride, also increase with
decreasing elevation, representing chemical evolution with increasing residence time (Figures
6.13e-h). However, the other major ions show a different trend as typified by that of calcium
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(Figure 6.13j). Solute concentrations are low in the shallow regolith groundwaters, reach a
maxima in the samples from the mid-level part of the regional system, before decreasing in the
deeper part. This trend is also evident for magnesium, potassium (to a lesser extent), silica,
sulfate and iron + manganese (Figures 6.13k-o). These differences in major ion chemistry can
be explained in terms of water-rock interactions within the basalt profile.
The Lismore Basalt sequence consists of mafic lava flows that are assemblages of volcanic
glass, olivine, plagioclase, pyroxene and opaque oxides. The typical rock type contains
plagioclase phenocrysts in a feldspar-rich groundmass also containing olivine, clinopyroxene,
ilmenite, magnetite, chlorophaeite and apatite (Table 6.2).
The significant water-rock reactions associated with the weathering of these minerals to clays
are:
Olivine dissociation

(Equation 6.1)

(Fe,Mg)Si04 +4CO2 +4H2O ^ Fe^^

+H4Si04 +4HCO3"

Albite ^ Kaolinite

(Equation 6.2)

2NaAlSi308 + ICO 2 + IIH2O ^ Al^SijO; (OH)4 + 2Na^ + 4H4Si04 + 2HCO3
Anorthite ^ Kaolinite

(Equation 6.3)

CaAl2Si208 +2CO2 +3H2O ^ Al2Si205(OH)4

+2HCO3'

Augite ^ Kaolinite

(Equation 6.4)

[Ca, isMgAlosSii yJOg +4.3C02 +5.25H20-^
0.15Al2Si2O5(OH)4 +1.15Ca2+ +Mg2+ +1.4H4Si04 +4.3HCO3"
Albite ^ Gibbsite

(Equation 6.5)

NaAlSijOg +CO2 +8H20^.A1(0H)3 +Na'' +3H4Si04 +HCO3"
Geochemically, carbon dioxide and its dissolved equivalents are important constituents of
groundwater. The carbon dioxide partial pressure within the soil/regolith zone tends to be
significantly higher than atmospheric, due to generation by biological processes such as organic
decay and plant respiration. This is a driving mechanism for dissolution of the basalt minerals,
with the presence of carbonic acid forming relatively low pH conditions.
The krasnozem soils are the end product of these chemical weathering processes. The typical
soil profile on the plateau consists of kaolin (70-95%) and haematite, with halloysite (a hydrated
kaolin) evident in deeper horizons, and minor gibbsite in surface horizons (Isbell, 1994).
Haematite is a secondary iron mineral (FejOs) that gives the Alstonville soil profile its
characteristic red colour and is formed from the breakdown of the primary basalt minerals such
as olivine.
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Table 6.2: Chemical composition and nominal mineralogy for Alstonville Plateau rock types (after
Duggan 1974).
28050

28051

28055

28057

27291

Average

SiOz

50.61

50.66

54.33

52.33

55.73

52.7

TiOj

2.75

3.09

2.19

2.52

1.29

2.4

AI2O3

14.94

14.47

14.42

15.40

14.45

14.7

FejOj

2.64

2.66

2.77

1.98

2.35

2.5
9.5

Sample

FeO

9.66

10.46

9.20

8.48

9.77

MnO

0.15

0.16

0.15

0.16

0.18

0.2

MgO

3.98

3.52

2.38

4.62

2.38

3.4

CaO

7.06

7.94

6.17

7.52

4.99

6.7

NazO

3.38

3.73

4.17

3.73

3.49

3.7

1.40

3.58

2.24

1.25

0.9

1.30

0.25

0.6
0.7

K2O

2.42

1.08

2.74

H2O+

1.53

0.17

0.65

H2O-

0.48

0.68

0.33

P2O5
Total

0.76

0.82

0.78

0.38

0.60

100.36

100.16

100.22

99.82

10031

0.14

0.16

2.98

1.72

4.36

1.9

8.27

21.16

14.1

CIPW Norms
Quartz
Orthoclase

14.30

10.64

16.19

Albite

28.60

31.56

34.77

31.56

29.53

31.2

Anorthite

18 46

17.43

12.81

21.15

13.20

16.6

6.51

10.4
15.0

Diopside

9.65

13.89

10.73

11.26

Hypersthene

16.41

14.02

11.76

16.02

16.81
-

-

-

-

-

Magnetite

3.83

3.86

4.02

2.87

3.41

Ilmenite

5.22

5.87

4.16

4.79

2.45

4.5

1.90

1.81

0.88

1.39

1.5
1.3

Olivine

1.76

Apatite
Resistate
Total

2.01

0.85

098

1.30

1.50

100.38

100.18

100.21

99.82

10032

Modal Analysis
-

1.1

-

<1

7.2

10.3

1.0

5.8

6

Clinopyroxene Phenocrysts

-

8.9

-

2

-

Clinopyroxene Groundmass

22.0

-

9.7

8

-

Plagioclase Phenocrysts

0.8

10.2

1.2

3

-

26.0

52.5

40

Olivine Phenocrysts
Olivine Groundmass

Plagioclase Groundmass

34.2

49.3

6.5

7.5

-

" Ilmenite

6.8

- Magnetite
Indeterminate Groundmass
Residual Glass
Chlorophaeite
Anatite
28050
28051
28055
28057
27291

-

Low-Si
Low-Si
Low-Si
Low-Si
Low-Si

tholeiitic
tholeiitic
tholeiitic
tholeiitic
tholeiitic

49.6
-

2.5

-

5.3

43.7
-

8.0

7

"

23

22.1

7
3
0.1

4.4

1.7

1.7

0.4

-

-

V 1V«11 iiv.
•• -w. ^ andesite, L-ISIIIUI W
andesite, L i s m o r e Basalt, 6 k m south of Alstonville
andesite, L i s m o r e Basalt, 1.5 k m east o f Alstonville
andesite, L i s m o r e Basalt, 6 k m east of L i s m o r e
andesite, L i s m o r e Basalt, 6.5 k m south o f Alstonville
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As indicated in the above chemical equations, the weathering process releases significant
amounts of base cations and silica from the host material. Due to high rainfall and infiltration
rates, and the dynamic nature of the shallow local-scale groundwater flow system, these soluble
components have been effectively removed from the soil profile. As the soils are strongly
leached, they are deficient in basic elements such as calcium, potassium and magnesium and
hence naturally acidic. Measured soil pH is typically 5.7-5.9 (Table 6.3) with greater soil
acidity, sometimes down to pH 4, evident deeper in the profile (Nicolls et al. 1953).
Table 6.3: Acidity of soil types on the Alstonville Plateau (Nicolls et al. 1953).
Alstonville Plateau Soil Type
Wollongbar clay loam

Samples

Median pH

Typical range

554

5.7

4.9-6.5

49

5.7

5.1-6,1

Alpliadale clay loam

59

5.8

5.4-6.2

Creelc soils of Alpliadale association

23

5.9

5.5-6.3

Bangalow clay loam

129

5.7

5.3-6.1

Creek soils of Wollongbar association

The low pH soil conditions are mirrored in the acidity of the groundwaters in the shallow
regolith, commonly less than pH 6 (Figure 6.13b). Although acidic, these groundwaters do not
effectively dissolve significant concentrations of major constituents because of the short
residence time and the limited availability of unweathered material within the leached profile.
This is indicated by low salinities (<200 f^S/cm) and low concentrations of calcium, magnesium
and potassium (Figures 6.13j-l). However, the shallow groundwater can have concentrations of
aluminium, zinc, copper, iron and lead that exceed guidelines for the protection of aquatic
ecosystems (Budd et al. 2000). Due to the natural acidity of the soil profile, and hence of the
shallow groundwater, these exceedances may reflect relatively high background levels, and
aquatic ecosystems have adapted accordingly. The krasnozems are also characterised by low
cation exchange capacity but significant anion exchange capacity and high phosphorus sorbing
ability (Moody 1994). This is also reflected in the chemistry of the shallow groundwaters. For
example, soil properties are a significant factor explaining low nitrate and phosphorus levels in
the shallow groundwaters, despite intense agricultural development (Budd et al. 2000).
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The clustering of the shallow groundwaters with the rainfall neatly represents the local-scale
unconfined groundwater flow system operating in the regolith and immediately underlying
fractured basalt (Figure 6.10). The chemistry of the regolith groundwaters is largely controlled
by the input of marine salt via rainfall, with these samples plotting close to the rainfall
evaporation line (Figure 6.14a).
Due to the relatively limited reactivity of the leached soil profile, the component of recharge
that percolates below the regolith is still acidic and reacts with the underlying shallow partiallyweathered basalts. The groundwater chemistry in the mid-level basalt aquifers is the product of
these dissolution reactions (Figure 6.11). The weathering of the basalt groundmass and minerals
like olivine, feldspars and pyroxenes produces base cations, bicarbonate and dissolved silica.
This explains the elevated concentrations of calcium, magnesium, potassium and silica found
for the mid-level Low-Na basah groundwaters (the inverted triangles in Figures 6.13j-m).
The generation of bicarbonate during basalt dissolution as plotted in Figure 6.13i also
contributes to the associated rise to a pH range of 6.5 to 8.5 in these mid-level groundwaters, in
contrast to the pH range of 4.5 to 7.5 in the shallow groundwaters (Figure 6.13b). Hence, the
deeper groundwaters have neutral to alkaline pH regardless of the aquifer matrix, whether it is
fresh basalt, sediments or paleosol horizons. This is due to the dissolution reactions and the fact
that the groundwater is at depth and isolated from the mechanism that generate acid conditions
in the shallow regolith aquifer - the high carbon dioxide partial pressures due to biological
processes. This is summarised by carbon dioxide saturation progressively decreasing with depth
(Figure 6.15d).
Figure 6.14(b-d) indicate the linkage between groundwater chemistry and basalt weathering. A
linear relationship between bicarbonate and major cations (calcium, magnesium and sodium)
has been used in other studies as evidence for the concomitant release of these ions with the
weathering of the basalt host (e.g. Locsey and Cox 2002; Cook et al. 2001). For example, on the
basis of the stoichiometry of the reactions associated with the weathering of pyroxene and
feldspars to kaolinite and gibbsite (the products being the main clay minerals associated with
Alstonville Plateau soils), the theoretical ratio of sodium to bicarbonate is 1:4.3. Many of the
upper to mid-level samples where these weathering processes dominate parallels this trend (the
inverted triangles in Figure 6.14b). The initial offset from the origin can be explained by the
initial excess of sodium relative to bicarbonate, originating from the marine salt influence
within the shallow groundwater system. Many of the Low-Na mid-level basah groundwaters
also have ratios of calcium/bicarbonate and magnesium/bicarbonate similar to those based on
the stoichiometry of the weathering reactions (Figures 6.14c-d).
Chloride values remain low due to the general absence of a significant salt store either from
evaporative processes or from chloride-bearing primary minerals in the middle to upper levels
of the basalt pile (Figure 6.13h).
As groundwater moves deeper into the basalt pile, weathering reactions still continue, as
inferred by increasing sodium released from dissolution of feldspars (Figure 6.13f). However,
the deep (High-Na basalt) groundwaters plot away from the linear relationship associated with
mineral dissolution that is apparent for the mid-level basalt groundwaters (Figure 6.14b). This is
due to the enrichment of sodium relative to bicarbonate (as indicated in Figure 6.10 and Figure
6.14b) as well as relative depletion of calcium and magnesium (Figures 6.13j, 6.13k, 6.14c and
6.14d). This suggests that other processes are coming into play in the deeper parts of the aquifer.
The depletion of silica and iron for these deep groundwaters, relative to bicarbonate and to
concentrations expected from the weathering reactions, also suggests that other processes are
occurring (Figures 6.14e-f).
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Groundwater becomes progressively more alkaline along the flow path with pH>9 occurring for
deep groundwaters (Figure 6.13b). With increasing pH, the dissolution reactions are being
counterbalanced by precipitation reactions that remove base cations, silica and carbonate from
solution. This is the mechanism for losses in calcium, magnesium, potassium and silica from
groundwater as it moves deeper into the basalt pile (Figures 6.13j-m). Presented in a different
way, this is reflected in the depletion of calcium, magnesium and silica relative to bicarbonate
for the deep groundwaters (Figures 6.14c - e). This is consistent with field observations of
secondary mineral deposits of calcite, analcite, common opal, prehnite, chalcedony, chabosite
and labradorite commonly found in fractures and vesicles (Drury 1982). This is also supported
by the fact that the deep groundwaters have reached saturation with respect to minerals such as
calcite, dolomite and chalcedony (Figures 6.15a-c). For example, silica is depleted relative to
bicarbonate for the majority of the regional groundwaters (Figure 6.14g), and this is reflected in
these groundwaters being chalcedony saturated (Figure 6.15c). These deep groundwaters would
have a greater tendency for carbonate incrustation leading to reduced bore efficiency and higher
levels of pump maintenance, as well as affecting crop growth and soil conditions under
irrigation (Budd et al. 2000).
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The balance between dissolution and precipitation processes has been recognised in
investigations of the chemical weathering of basalt profiles. Nesbitt and Wilson (1992) found
that water chemistry is influenced by reactions with both primary and secondary minerals.
Laboratory experiments on the dissolution rates of basaltic glass recognised the importance of
metastable secondary minerals as sinks for elements released from basalt alteration, controlling
the chemistry of the fluid (Gislason et al. 1993). During the experiments, solute concentrations
of cations such as calcium, magnesium and silica reached equilibrium values, with continued
dissolution from basalt being matched by precipitation of secondary alteration minerals.
Investigations of the Columbia Plateau basalt groundwater system also concluded that the
presence of secondary alteration products, particularly amorphic phases, limited the
groundwater concentrations of their constituent elements (Deutsch et al. 1982).
Hence, precipitation of secondary minerals is interpreted to be the dominant process causing
depletion of calcium, magnesium and silica in the deep groundwaters. However, the excess of
sodium relative to bicarbonate in the deep groundwaters suggests addition of sodium by other
processes (Figure 6.14b). In the mid-level parts of the basaU profile the chloride content in
groundwaters tends to be low (<30 mg/L). Below sea level (0 m AHD) the chloride content can
double to exceed 60 mg/L (Figure 6.13h). This may reflect dissolution of salts such as halite
stored in deep paleosol horizons or the finer grained interbeds such as lacustrine clays (Figure
6.11). Another option is mixing with an older and more saline groundwater found deep in the
basalt profile or originating from the underlying sedimentary sequence.
Ion exchange processes, particularly with secondary zeolites, can also preferentially increase
sodium in the deeper groundwaters with a concomitant decrease in calcium, with the general
reaction:
Ca^^ +Na- zeolite

INa'' +C<3 - zeolite

(Equation 6.6)

Both sodium zeolites (analcite) and calcium zeolites (chabosite) have been reported as
secondary minerals within the vesicles and fractures of the basalt (Drury 1982). These possible
scenarios are further investigated using the radioisotope analyses.
6.3.2 Radioisotopes
Tritium (^H) is the heavy radioactive isotope of hydrogen, and with a half-life of 12.43 years is
used as a short-term age indicator or as a tracer for recharge studies. The tritium data for the
Alstonville Plateau groundwaters (Budd et al. 2000) supports the generalisation that residence
time increases from the shallow groundwater system operating in the regolith, to the mid-level
groundwaters in the basalt pile and then to the deeper down-gradient groundwaters. Figure
6.16a shows the general trend of increasing apparent groundwater age with decreasing
elevation, a surrogate for flow path length and residence time. Groundwaters with tritium values
exceeding 1 TU are considered "modem" (<25 years), while those with no detectable tritium
(<0.3 TU) are considered to be older than 50 years. The groundwater in the shallow unconfined
regolith aquifer has tritium values that correspond to the average of about 2 TU measured in
recent Brisbane rainfall (Stone, unpubl.). This provides further evidence that the shallow
groundwater system is being actively recharged. Many of the deeper regional groundwaters
have no detectable tritium and are interpreted to have ages exceeding 50 years.
With chemical evolution of the groundwater along flow paths controlled by basalt weathering
there are trends evident between tritium and parameters such as pH, bicarbonate and, to a lesser
extent, sodium (Figures 6.16b-d). Hence, these parameters can be used as qualitative indicators
for groundwater age. Some mid-level samples have low tritium values in comparison with their
chemistry. These show as Low-Na basalt groundwaters with both low tritium and low sodium
values in Figure 6.16d. These may highlight stagnant zones within the upper part of the regional
groundwater system.
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Figures 6.16(e-f) plot the chlorine-36 data collected during the BRS water quality survey (Budd
etal. 2000). ^"^Cl is a radioisotope with a half-life of 310,000 years produced naturally in the
atmosphere as well as from near-surface rocks due to cosmic-ray interaction. The detonation of
thermonuclear devices in the marine environment during the 1950s and 1960s also generated a
pulse of
to the atmosphere. With chloride having relatively simple hydrochemistry, high
solubility and conservative behaviour, the isotope is useful in studying salt and water dynamics
in groundwater systems.
Figure 6.16e shows that the shallow seepage sample of 99/15 has the same ^®C1/C1 ratio as the
local rainfall, reinforcing the connection between modem rainfall and recharge to the shallow
groundwater system. The sample plots close to the evaporation trend for rainfall indicated in the
^^Cl versus chloride plot (Figure 6.16f)- This sample was taken from a natural groundwater
seepage area that would be subject to post-discharge evaporation. In contrast, the other shallow
regolith sample (99/25) has an anomalously high ^®CI/C1 ratio (Figure 6.16f)- This may reflect
significant monsoonal rainfall event(s) dominating recharge for this site at this time, as has been
observed, but not fully explained, for summer rain in the Northern Territory (Keywood et al.
1998). The
data for the deeper groundwaters suggests addition of 'dead' chloride either by
dissolution of deep salt stores or mixing with old groundwaters originating from the base of the
basah or in the underlying sedimentary basement.
6.3.3 Stable Isotopes
Water (H2O) consists mainly of the light isotopes 'H and '®0. A smaller but significant amount
of heavier isotopes such as deuterium ( H or D) and oxygen-18 ( O) also occur naturally. The
relative proportions of the light and heavy isotopes varies due to physical and chemical
processes causing variations in the ^H/'H and '^O/'^O ratios in the range of parts per thousand.
The isotopic composition of water is expressed relative to an internationally agreed sample of
ocean water, referred to as the Standard Mean Ocean Water (SMOW), this being representative
of the largest and most equilibrated body of water. Water with less deuterium than SMOW has a
negative parts per thousand (or per mil, 7oo) deviation from SMOW, expressed in units of 5D.
The same principal applies to
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Figure 6.16: Isotope scatter plots for Alstonville Plateau waters (g,h) oxygen-18 versus deuterium.
Isotopic fractionation of water molecules due to evaporation of seawater and subsequent
precipitation in rainfall was recognised by Craig (1961). Based on about 400 water samples
from rivers, lakes and precipitation, a linear relationship between deuterium and oxygen-18 was
established for average global meteoric waters. This relationship (5D=85'^0+10) is known as
the Global Meteoric Water Line (GMWL) and provides a useful benchmark against which
regional or local waters can be compared and their isotopic composition interpreted. The slope
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of this curve represents Rayleigh fractionation due to repeated evaporation and precipitation, the
intercept (termed the deuterium excess) is largely a fiinction of the mean relative humidity of
the atmosphere above the ocean water (Merlivat and Torzel 1979).
Local meteoric water lines can be established from isotopic analysis of local precipitation
events. However, stable isotope analysis is not routinely undertaken for any rainfall station on
the Alstonville Plateau, with Brisbane being the nearest such monitoring location. When
compared against the GWML (Figure 6.16g), the Brisbane rainfall has on average a greater
deuterium excess with respect to oxygen-18 (6D=85'^0+14). Although not collected for
rainfall, the stable isotope data for streams and groundwater on the plateau suggests that the
local meteoric water line for Alstonville (5D=85'^0+16?) continues this same trend of increased
deuterium excess relative to the GMWL.
Isotopically light water molecules evaporate more efficiently than isotopically heavy water
molecules. Due to this variability in isotopic vapour pressures, evaporation produces residual
water enriched in the heavier isotopes relative to the initial isotopic composition. Therefore
water that has undergone evaporation lies to the right of the local meteoric water line due to this
enrichment (Coplen 1993). The trend line for evaporation from surface water tends to have a
slope between 4 and 6, with a slope less than 4 indicating evapotranspiration of soil water in the
unsaturated zone (Allison 1982). The trend for the shallow groundwater system and streams has
a slope of 4.3 (Figure 6.16h), with the majority of stream samples and some shallow
groundwaters plotting to the right of the interpreted local meteoric water line. This suggests that
partial evaporation has occurred for these samples.
The Brisbane meteoric isotope data was aggregated into amount-weighted monthly averages. A
trend of progressive isotopic depletion with increasing rainfall is evident when the monthly
means are plotted on the conventional 5D-5'^0 diagram (Figure 6.16h). High rainfall months
(>200 mm) have more negative 8D and
values and hence are isotopically lighter than the
dry months (0-50 mm). This amount effect can be explained by the combination of two
processes (Dansgaard 1964). Firstly, lower ambient temperatures resuh in clouds forming with
lighter isotopic composition and also heavier rainfall events. Secondly, the effect of evaporation
on falling rain drops (and hence enrichment of heavy isotopes) is less as the rainfall intensity
increases.
Comparison between the groundwater samples with the amount-weighted rainfall averages can
provide information in terms of recharge dynamics. The trendline for the shallow groundwater
system represented by the regolith, shallow basalt and stream samples intercepts the inferred
local meteoric water line in proximity to the 100-150 mm rainfall average (Figure 6.16h). This
suggests that a minimum rainfall of 100-150 mm/month is required for recharge into the
shallow groundwater system. Average monthly rainfalls exceed 100mm for all months apart
from August to October.
The deeper basalt groundwaters have distinctly depleted isotopic compositions when compared
with the shallow regolith groundwaters (Figure 6.16h). Two possible conclusions can be drawn
from this. One option is that because of the amount effect, the deeper groundwater isotope
signature simply reflects the fact that more significant rainfall events (say >150-200 mm/month)
are required for recharge into the regional system to occur. The alternative is that the deeper
groundwaters are indeed ancient, and reflect a meteoric water source from a different
paleoclimatic regime and hence isotopic signature. The first option of a larger recharge
threshold is a better fit to the conceptual model developed for the Alstonville Plateau
groundwater system. This explanation is consistent with mixing and dissolution of interstitial or
formational salts in the deeper groundwaters as suggested by the ^^Cl data. If this is the case,
and a monthly rainfall exceeding 150-200mm is required for recharge into the deeper

Conjunctive water management in the Lower Richmond catchment

122

groundwater system, then this is likely to occur on average over two to five summer-autumn
months.

6.3.4 Field Chemistry Survey of Streams
As indicated above, the differences in the chemical signatures of the shallow and deeper
groundwater systems can be used to investigate interactions with the plateau streams. A field
chemistry survey of the plateau streams was undertaken in July 2004. The objective was to
identify variations in the relative contribution of shallow and deep groundwater systems to
streams across the plateau. There was some rainfall during the survey, having had no rainfall for
28 days prior to the survey (Figure 6.17). The rainfall events during the survey period were
minor (< 5mm) and the stream flow was considered to reflect baseflow conditions.
The field measurements of electrical conductivity (uS/cm), pH and redox potential (mV) of
stream samples are shown in Figures 6.19-6.21 respectively. The distribution of this field
chemistry is consistent with the conceptual model developed for the groundwater systems on the
plateau (Figure 6.4). Shallow groundwater in the basalt soils and regolith is relatively fresh. The
deeper aquifers in the basalt profile are interpreted to dip to the northwest, with groundwater
salinity increasing down-dip mainly due to water-rock interactions. The freshest stream
salinities are in the southeast comer of the plateau, notably in the Gum Creek subcatchment
(Figure 6.19). This area coincides with the regional recharge area interpreted for the deeper
groundwater system. As the streams here are not as incised into the landscape as they are to the
west and north, groundwater input is dominantly from the shallow unconfined regolith aquifer.
This is reflected in the low salinities (<80 uS/cm) and high acidity (pH < 6) in the upper reaches
of these streams. This supports the evidence from the Durov plot (Figure 6.10) that the eastern
subcatchments like Gum Creek receive proportionally more from the shallow regolith aquifer.
For both Marom and Tucki Tucki Creeks to the west, stream salinity in the headwaters is
relatively high (>120 uS/cm), before decreasing in their midsection reaches. This is because the
relatively incised headwaters of Marom and Tucki Tucki Creeks are in the northwestern half of
the plateau, so are picking up some of the deeper (and more saline) groundwater from the
southeast. The relatively high pH values for these headwater samples (pH > 6.5) also suggest
greater contribution from the more alkaline deeper groundwater (Figure 6.21). The downstream
decrease in stream salinity particularly for Marom Creek suggests progressively greater
contributions from the shallow (and fresher) groundwater system. Stream salinity rises again
slightly in the lower reaches where these creeks flow down the plateau escarpment, presumably
from contributions from the deeper aquifers. This pattern is also suggested by comparison of
Marom Creek samples with representative groundwater mixtures (Table 6.1) derived from the
Durov plot. Relatively high salinities (>900 EC) are found in the lower (and low-flow) reaches
of drainage off the northern escarpment of the plateau in the valley of the Wilsons River (Figure
6.19). These high salinities in the Wilsons River valley suggest that there is discharge from the
deep aquifers in this area. However, the fresh and relatively constant salinity in the Wilsons
River suggests that the contribution to the river by the deep aquifer is not significant.
The measurement of stream electrical conductivity seems to be the most reliable indicator of
groundwater input, reflecting salinity differences in the groundwater systems. Stream pH is a
reasonable indicator but can be inconsistent. For example, decreasing salinity for the midsection
reach of Marom Creek suggests greater input from the shallow (fresh and acidic) aquifer, but pH
actually increases. There is no recognisable pattern to the distribution of field redox potential
measurements (Figure 6.20). Both pH and Eh can vary significantly due to in-stream processes,
particularly secondary precipitation of iron and biological activity.
Focusing on Gum Creek can highlight the potential use of field electrical conductivity as a
tracer for groundwater input to the streams. The stream shows an increase in salinity as it
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progresses down the plateau escarpment, inferred to be due to contribution from deeper aquifers
(Figure 6.18). This results in a stream salinity at the base of the escarpment that is about 25
uS/cm higher that at the top. Numerous springs have been mapped along the middle and base
levels of the escarpment (refer Figure 6.7). The relative contribution from the deeper
groundwater system (QQ) can be estimated using a mass balance equation of:
Q^

= Q, {EC,

- ECS^G

) KECs^a

- EC^

)

(Equation

6.7)

(Oxtobee and Novakowski 2002)
Where Qs is the ambient stream discharge, ECs is the measured ambient electrical conductivity
of the stream (75 uS/cm at the plateau top), ECQIS the measured electrical conductivity of the
discharging groundwater (350 uS/cm from a spring measurement), and £Cs+g is the electrical
conductivity of the stream resulting from mixing with the groundwater input (100 uS/cm at the
plateau base). This gives an estimate of the relative contribution of the deeper groundwater
system down the plateau escarpment as being in the order of 10% of stream flow under these
low-flow conditions. This reinforces the relative dominance of the shallow groundwater system
for baseflow, particularly for these streams of the southeast comer of the plateau.
The field stream salinity data for the eastern tributary of Gum Creek can be used to support this
estimate. At the plateau top, this tributary was not flowing at the time {ECs=92 uS/cm), so it is
assumed that there is no contribution from the shallow aquifer. At its junction with Gum Creek,
the tributary has a small flow and higher salinity {ECS+G = 232 uS/cm), refer Figure 6.18a. If
this stream flow is assumed to be entirely baseflow from the deeper groundwater system then
QG = Qs and the mass balance equation (6.7) can be rearranged to:
ECG

—

{Equation

ECg

6.8)

Using the salinity data for the tributary gives an estimate of the salinity of the groundwater
discharge {ECc) of 372 uS/cm, similar to the spring discharge measurement (350 uS/cm) used in
the calculation of the relative contribution of deeper groundwater discharge to overall stream
flow for Gum Creek.
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Figure 6.18: Field chemistry of Gum Creel; and nearby springs, July 2004 (a) Field electrical conductivity
(uS/cm) and (b) pH. This shows downstream salinity increase and pH decrease associated
with influence of groundwater discharge from mid-level basalt aquifers along the escarpment.

6.3.5 Radon-222 Stream Survey
Radon-222 (^^^Rn) has been used as an environmental tracer to characterise groundwater input
to streams (Ellins et al. 1990; Lee and Hollyday 1993; Cook et al. 2001; Cook et al. 2003).
Radon-222 naturally occurs in the subsurface due to the radioactive decay of uranium-series
isotopes, principally radium-226 (^^''Ra). Radon concentrations in groundwater depends on the
presence of these radioactive isotopes in the aquifer matrix, and can vary from <2 Bq/L within
clastic sediments to >200 Bq/L in igneous and metamorphic rocks (Lee and Hollyday 1993).
Being a gas and with a half-life of 3.8 days, the radon entering into surface waters with
discharging groundwater is quickly lost as it readily escapes to the atmosphere and naturally
decays. Due to this short residence time, high radon concentrations in streams indicates a locus
of relatively high groundwater input.
In November 2004, stream and groundwater were sampled for analysis of radon activity. The
stream samples were collected in 1.25L plastic bottles taking care that no air bubbles were
trapped. After removing 50 ml of water from the bottle using a syringe to provide air space, a
scintillant (Packard NEN mineral oil cocktail) was added to the sample from a 22 ml preweighed vial. The bottle was inverted repeatedly for four minutes to transfer the radon to the oil
scintillant phase. After allowing the oil to separate and settle to the top of the bottle, the
scintillant was then returned to the vial, sealed and the time recorded. In terms of the
groundwater samples, a set of bores were selected on the basis of providing representation of
both shallow and deep groundwater systems. These bores were pumped for three well volumes,
before commencement of sampling. A length of silicon rubber tubing was attached to the
discharge outlet, and a syringe then inserted through the tubing and into the water stream. A
sample was then extracted, taking care to avoid entrapped air bubbles, and 14 ml slowly injected
into the scintillant vial. All vials were despatched by courier to the Adelaide CSIRO Land and
Water Laboratory for analysis. Radon activity in the samples were counted by liquid
scintillation on a LKB Wallac Quantulus counter using the pulse shape analysis program to
discriminate alpha and beta decay (Herczeg et al. 1994).
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The comparison of radon activity in the selected streams, shallow and deep groundwaters is
plotted in Figure 6.22 and 6.23. The shallow groundwaters consistently had higher radon
activity (~30-50 Bq/L) compared with the deeper groundwaters (<15 Bq/L). This would seem
counter-intuitive considering that the deeper groundwater system has much longer flow paths
and greater opportunity to interact with any radium-226 found in the basalt pile. However,
equilibrium in groundwater systems where the rate of radon loss due to radioactive decay
balances the rate of supply due to the decay of radium-226 in the aquifer matrix is reached over
a short timeframe. Radon activity effectively reaches within 10% of this equilibrium by two
weeks (Asikainen 1981). This is within the residence time of groundwater in the shallow
unconfmed aquifer. The radium-226 source in the shallow aquifer is likely to be radionuclides
adsorbed onto the secondaiy iron and manganese oxides that are a common feature of the
leached basalt soil profile.
Most of the stream samples have low radon activities (<3 Bq/L) when compared with the
groundwater samples (Figure 6.22). The exception (42.6 Bq/L) is one sample from the
headwaters of Boggy Creek, which is a tributary of Tucki Tucki Creek (Figure 6.23). Here, the
high radon activity indicates active groundwater discharge from the shallow unconfmed aquifer.
The site had the field indicators of such discharge including iron precipitates and iron bacteria
films.
The remaining stream samples have radon activities about 2-3 orders of magnitude less than the
shallow groundwater samples. This is consistent with other radon surveys and reflects the
combination of the initial groundwater radon input as well as post-discharge processes such as
degassing and radioactive decay which progressively removes the radon from the surface water
body. Hence, characterising the groundwater sources for these remaining stream samples is
more problematic due to this combination of factors (Lee and Hollyday 1993):
(i.)
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Differences in the relative contributions of the shallow (high ^^^Rn) groundwater and
the deeper (lower ^^^Rn) groundwaters;
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(ii.)

The magnitude of groundwater seepage along a reach compared with the total stream
flow;

(iii.)

The rate of radon gas loss based on changes in water temperature, diffusion, turbulence,
stream surface area and depth;

(iv.)

The length of the stream reach measured and the distribution of groundwater discharge
along the reach (including whether the discharge occurs at discrete locations or is
diffuse along the reach length);

(v.)

Contributions of flow (and ^^^Rn) by tributaries.

These variables make it difficult to separate the relative contributions of the shallow and deeper
groundwater systems. Considering radon activity is 4-5 times greater in the shallow unconfmed
aquifer than the deeper groundwaters, it is assumed that relatively high radon activity (say >1
BqA^) in the streams reflects greater input from the shallow system. Many of the stream samples
in this category are from the eastern subcatchments of Yellow, Gum and Youngmans (Figure
6.23). This supports the interpretation of other field data (such as electrical conductivity) that
the shallow unconfmed aquifer dominates baseflow in these areas.
For Marom Creek, such a high value (2.2 Bq/L) occurs in its mid-upper reach. This site
represents the commencement of flow for the stream at the time of the survey. Upstream of this
site, the stream was not flowing and radon activity was very low in the standing water. This
would reflect radon loss by degassing exceeding replenishment from any groundwater input.
Downstream of the commencement of flow on the plateau, stream flow progressively increases
but radon activity tends to decrease (Figure 6.23). The plateau streams are small, shallow with
numerous riffle sections with turbulent flow, so this radon decrease is most likely to be due to
degassing exceeding replenishment. This is supported by the fact that stream salinity also
decreases along this reach, suggesting greater input from the shallow (and fresher and higher
^^^Rn) aquifer rather than the deeper system (Figure 6.23). Below the escarpment, radon activity
decreases significantly, reflecting the absence of any significant baseflow. This supports the
inference from stream flow measurements that this reach of Marom Creek was a losing stream
at this time (refer Section 6.5).
Interpretation of the Tucki Tucki Creek analyses is complicated due to the effects of rainfall
during the survey (refer Figure 6.53). Run-off response was relatively high due to the urbanised
nature of the upper part of the subcatchment. This is reflected in the low radon activity for the
upstream samples of the main trunk of the Tucki Tucki which were affected by run-off from the
Goonellabah area in the northeast of the subcatchment. In contrast, the tributaries from the east
had higher radon activity due to the limited run-off response from these agricultural areas. This
includes the upper reaches of Boggy Creek which had the highest radon activity of 42.6 Bq/L,
(which was measured after rainfall) reflecting shallow groundwater input. Resampling of two
sites about a week after rainfall, showed that radon activity had increased by 2- to 3-fold,
indicating a return towards baseflow conditions.
Seepage areas in drainage lines in the Wilsons River valley at the base of the northern
escarpment of the plateau were also sampled (Figure 6.23). High electrical conductivity (>700
uS/cm) suggests that discharge is from the deeper more saline groundwater systems (Figure
6.24). The radon activity is low which reflects a combination of input from this relatively lowradon source (refer Figure 6.22) and the effects of degassing considering the stagnant
conditions.
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Figure 6.23: Radon-222 concentration (Bq/L) of Alstonville Plateau streams and groundwaters,
November 2004. The highest radon-222 levels in stream samples occur where groundwater
discharge from the shallow regolith aquifer dominates.
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Figure 6.24: Electrical conductivity (uS/cm) of Alstonville Plateau streams and groundwaters, November
2004. Lowest stream salinity occurs in the Gum Creek catchment overlying a basement high
where shallow groundwater processes dominate.
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6.4 Streamflow Hydrograph Analysis
The stream flow data from two gauging stations in the region (Wilsons River @ Eltham, Marom
Creek @ Alstonville) were selected for detailed hydrographic analysis due to their length of
record. Marom Creek is a significant plateau stream within the Lower Richmond catchment.
However, the stream gauge is obsolete, with data collection disjointed, spanning the periods
1923-1931 and 1969-1985 (Figure 6.25a). Hence, although outside the catchment, the Wilsons
River monitoring was selected as the principle dataset as its catchment is dominated by similar
Tertiary basalt geology, it has a continuous flow record commencing in 1957 and it is a
currently maintained site (Figure 6.25b; 6.26). The streamflow and water quality monitoring
data for these sites were accessed from the NSW Department of Natural Resources (DNR). The
focus of the hydrographic analysis was to better define the dynamics of groundwater input into
the streams.
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Figure 6.25: The available stream flow record for Lower Richmond gauges (a) Marom Creek @ Alstonville
and (b) Wilsons River @ Eltham. Data from NSW Department of Natural Resources. Note relatively poor
record of Marom Creek monitoring in the study area.
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Figure 6.26: Location of catchments for stream gauging stations used in hydrographic analysis.

Conjunctive water management in the Lower Richmond catchment

134

6.4.1 Frequency Analysis
A new hydrographic analysis technique was developed as part of this study (Brodie et al.
2007b). By taking a frequency analysis approach, the streamflow data can be presented in an
entirely different format to the traditional time-series approach, as depicted in Figure 6.25.
Figure 6.27 shows the stream flow variability for Wilsons River @ Eltham on the basis of daily
percentiles. This was achieved by:
(i.)
(ii.)

Assigning each daily streamflow record to its appropriate day of the year (1-365);
Deriving flow statistics for each daily population of streamflow data (e.g. take all
January 1 records as a subset). Flow percentiles were generated on a 5% incremental
basis from Q5 to Q95, with the extreme flows of Q1 and Q99 also calculated for each
day of the calendar year.

Figure 6.27a shows the variability of the high-flow regime over the calendar year, ranging from
the Q1 percentile to the Q50 percentile, with Figure 6.27b showing the lower half of the flow
regime spanning from Q50 down to Q99. The Q50 represents median conditions where 50% of
the flow record for that particular day is above this value. The Q1 percentile represents the very
high flow condition on a daily basis, where only 1% of the flow record for that particular day is
above this value. In contrast, the Q99 percentile represents the very low flow condition on a
daily basis, where 99% of the flow record for that particular day is above this value. It is
generally considered that the high flow regime (>Q50) is influenced by quickflow, with the lowflow regime (<Q50) more influenced by baseflow processes.
This streamflow data needs to be placed into context in terms of the rainfall distribution
throughout the year. A similar frequency distribution approach can be taken for the available
rainfall data by deriving statistics on data related to each calendar day. Figure 6.28 shows the
daily percentile rainfall for the Alstonville rainfall station 58131. In this case, the upper half of
the rainfall record is represented as percentiles R50, R20, RIO and R5. This is because the daily
median rainfall (R50) is typically zero, with some non-zero values (<4 mm) during the
February-April period. Basically, about 60% of the daily rainfall record are no-rain days. The
R20 percentile is where 20% of the rainfall record for that particular day is above this value,
whilst the RIO represents a 10% threshold. With the progression of rainfall percentiles from
R50 to RIO, the daily variability increases as well as the magnitude (Figure 6.28). This is
because the latter percentile is dominated by the higher magnitude but more sporadic rainfall
events.
Our focus is the low-flow regime (Figure 6.27b), so the daily rainfall percentiles were smoothed
to facilitate better comparison. A 7-day moving average was applied. There is significant
attenuation of the peaks and troughs making up the 7-day average rainfall curves, progressing
from R20 to R5 (Figure 6.28). However, importantly there is no shift in the timing of these
fluctuations, i.e. a R20 peak corresponds with a R5 peak. Also frequency analysis of nearby
rainfall stations indicates some variations in the magnitude of the rainfall but almost identical
seasonal patterns (Figure 6.30).This suggests that using rainfall data from a single site (rather
than aggregated across the catchment) is a reasonable approach in this case. Hence, for
convenience, the 7-day RIO rainfall percentile (7R10) from the single rainfall station was used
as the comparison against the streamflow percentiles.
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Figure 6.27: Daily discharge for various percentiles for Wilsons River @ Eltham compared with 7R10
percentile rainfall for Alstonville 58131 (a) High flow Q1-Q50 (b) Low flow Q50-Q99. The
lag between rainfall and stream flow maxima is more apparent for the low flow percentiles.
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Figure 6.28: Daily rainfall percentiles for Alstonville station 58131. These show a consistency in
seasonal trends.
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Figure 6.29: Comparison of various daily streamflow percentiles for Wilsons River @ Eltham with
moving 7-Day average of daily RIO rainfall percentile for Alstonville station (a) Q99 (b)
Q90 (c) Q50 (d) QIO (e) Q1. The shift between the rainfall and streamHow maxima
progressively decreases from low flow to high flow percentiles.
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Figure 6.30: Comparison of 7-Day moving average daily rainfall at major towns within the Richmond
River catchment. Although rainfall magnitude may differ, there is a similarity in seasonal
pattern.

The 7R10 rainfall percentile for Alstonville is plotted with the various Wilsons River
streamflow percentiles in Figure 6.27. Focusing on the low-flow regime (Figure 6.27b) there
appears to be a lag between the streamflow peak (March to June) and the rainfall peak
(February-April). This becomes more exaggerated at the extreme low flows of Q90 and beyond.
Like the rainfall record, the higher flow percentiles (Figure 6.27a) become progressively more
variable as well as higher in magnitude. This is because the highest percentiles (e.g. Q5 and Q l )
are dominated by the flood events that occur sporadically throughout the record. However, in a
general sense, the lag between rainfall and streamflow in these percentiles is not as apparent as
in the low-flow regime (Figure 6.27b).
Figure 6.29 is a different perspective of the comparison between the rainfall and streamflow
frequency distribution through the calendar year. Selected flow percentiles are plotted
individually against the 7R10 rainfall percentile. As an example, the Q90 streamflow percentile
(Figure 6.29b) is taken to be representative of low-flow conditions dominated by baseflow
contributions from natural storages such as the shallow groundwater system. The 7R10 rainfall
percentile is representative of the significant rainfall events that generate run-off and also
recharge to aquifers.
There are several important features to the plot of Figure 6.29b. Firstly, the distinct time lag
between the seasonal 7R10 rainfall peak (in February-April) and the Q90 streamflow peak (in
May-June) is clearly evident. This gives this frequency analysis method its name of Q-Lag
(Brodie et al. 2007b). When the streamflow data is shifted back by 106 days (plotted as light
grey) then the second feature of the plot becomes more evident, namely the similarity between
the general shape of the streamflow and rainfall pattern. This relationship is logical, considering
the causal link of rainfall to streamflow. For dynamic high-baseflow streams like the Wilsons
River, the recharge component of rainfall in the catchment is returned to the river at some stage
as groundwater discharge, so there is a consistency between rainfall and streamflow. The
rainfall-streamflow relationship is poor in the case of losing streams (Brodie et al. 2007b). This
is because the recharge component of rainfall does not return to the river, and a component of
streamflow also recharges the aquifer.
At median flow conditions (Figure 6.29c), the lag between streamflow and rainfall is not as
long, with a delay of 50 days used instead of 106 days to shift the streamflow record (as plotted
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in light grey). This trend of decreasing lag time continues through the high-flow regime, with a
shift of only 9 days used for the Q1 flow percentile (Figure 6.29e). The corresponding trend of
increasing noise in the streamflow data is also apparent in these plots, making it more difficult
to interpret relationships between streamflow and rainfall. However, the polynomial trendline
for the Q1 data suggests that the lag between this high-flow percentile and rainfall is limited.
This is expected considering the Q1 percentile is dominated by quickflow processes such as
direct runoff and interflow.
The time lags used to shift the streamflow percentiles to provide a better match with the rainfall
7R10 percentile are not arbitrary but calculated statistically by cross-correlation analysis (Davis
1986). Such an approach has been used to define time lags between rainfall and recharge
effecting the groundwater level (Moon et al. 2004). In this study, the daily 7R10 record was
compared with a series of data sequences produced by incrementally shifting the streamflow
percentile record by one day at a time. Each of the 364 shifts in the streamflow record is termed
a match position and the cross-correlation or 'goodness of fit' is calculated using:
r^ =

^

{Equation 6.9)

where COV,2 is the covariance of the two data sequences (i.e. the daily 7R10 sequence and a
shifted daily Q90 streamflow sequence) and Si and S2 are the standard deviations of these
sequences. The shifted streamflow data sequence with the maximum cross-correlation {r„) has
statistically the best fit with the reference data sequence, in this case the 7R10 data. The closer
r„ is to +1 the better the correlation between the two data sequences. Figure 6.31 shows the
results of this analysis for the daily Q90 data, showing that the maximum r^ and thereby the
best fit is provided when the streamflow data is shifted by 106 days. This shift is represented in
the plot of Figure 6.29b.
Figure 6.32 shows the outcome of the cross correlation analysis undertaken across the range of
flow percentiles calculated for Wilsons @ Eltham and with respect to Alstonville rainfall. As
suggested in previous comparisons (Figures 6.27-29) the lag between rainfall and streamflow
progressively increases down the low-flow regime (Figure 6.32a), reaching a maxima of 116
days for Q99. In general, the correlation is good with the maximum fit value typically ranging
0.8-0.9 (Figure 6.32b). The exceptions are the high flow percentiles of Q5 and Q1 as these data
sequences are relatively noisy (refer Figure 6.29e), so more difficult to compare against the
rainfall sequence.
The Q-Lag analysis described above uses the 7-Day moving average of the daily lO"' percentile
(7R10) of Alstonville rainfall as the data sequence to reference the Wilsons River flow
percentiles. An analysis was undertaken to check the appropriateness of this rainfall data
sequence. Various rainfall parameters were compared using the Wilsons River QIO percentile as
a reference in a Q-Lag analysis (Figure 6.33). This suggests that although the maximum fit
using the 7-Day moving RIO average was good (rn, = 0.90), smoothing the data further using
longer timeframes gave marginally better results. The 11-Day moving average derived a
maximum fit of 0.92, with a maximum fit of 0.94 for the 15-Day moving average. In contrast,
the original daily RIO data sequence had a significantly lower maximum fit (r^ = 0.75)
suggesting that some sort of smoothing is warranted.
However, closer inspection suggests that these longer duration moving averages can produce a
data sequence that has differences with the original RIO data. Figure 6.34 shows an example of
this where the 11-Day and 15-Day moving averages are not effectively replicating the general
peaks and troughs of the RIO data. In contrast, being a less severe smoothing function, the 3Day moving average is faithful to the original data but has a lower maximum fit (r^ =0.84). The
7-Day moving average is a reasonable compromise.
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Figure 6.31: Derivation of time lag between Wilsons River @ Eltham streamflow Q90 and Alstonville
rainfall 7R10 using cross-correlation. The calculated time lag is the day shift that gives the
maximum cross correlation rm, in this case 106 days.
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Figure 6.32: Cross correlation analysis between Wilsons @ Eltham stream flow percentiles (Qx) and
Alstonville rainfall 7R10 percentile (a) relationship between lag and flow percentiles and
(b) relationship between maximum cross correlation rm and flow percentiles. The time lag
increases from high flow to low flow percentiles.
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Figure 6.34: Comparison of smoothing using different moving averages on daily RIO percentile data.
Note progressive deterioration of signal with increasing duration of smoothing function. The 3-day
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Figure 6.35: Comparison of Q-Lag analysis using lO"' percentile rainfall (RIO) and lO"' percentile of
rainfall-evaporation difference (R-E)IO based on Alstonville climate data. Incorporating evaporation
provides a better match during the summer months but not the wet season of February to April.

The sensitivity analysis also tested the use of combining evaporation with the rainfall data.
Figure 6.35 shows a comparison between the shifted Q90 percentile with the 10* percentile of
the daily difference between measured rainfall and pan evaporation rates (R-E)IO, as well as the
typical RIO sequence. Both of these climate sequences have been smoothed using a 7-Day
moving average. It appears that taking account of evaporation provides better curve fitting for
the summer months (October-January), recognising the greater influence of evaporation on
catchment water storages (soil moisture, groundwater etc) during this period. However,
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incorporating evaporation does not improve curve-fitting (in fact, it appears to make it worse)
during the wet season of February to April.
A link between the general pattern of rainfall and streamflow throughout the year is intuitive.
However, the catchment processes underlying the observed lag, and how this lag changes with
flow percentiles are less obvious. Alternative methods of hydrographic analysis were
undertaken on the Wilsons River streamflow data to directly compare with the Q-Lag outputs
and to provide insights into the key catchment processes that may be defining these outputs.
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Figure 6.36; Streamflow frequency distribution curves (FDC) for Wilsons River @ Eltham (a) for total daily streamflow
record (b) for m i n i m u m annual 1-day streamflows. In latter, note break in slope at about Q75.
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Figure 6.37:Seasonal streamflow frequency distribution curves (FDC) for Wilsons River @ Eltham (a) for
minimum seasonal 1-day streamflows and (b) for seasonal daily Q95 percentile streamflows

More conventional frequency analysis methods can be undertaken on the data. The flow
duration curve based on the daily streamflow data is plotted as Figure 6.36a. The shallow slope
of the lower end of the curve (Q50 to Q90) as well as the absence of non-zero flows indicates a
high baseflow system, assumed to be from the Tertiaiy basalt aquifers. A similar FDC but just
for the minimum streamflow for each year of the record is more instructive (Figure 6.36b).
Breaks in slope for this curve have been interpreted to represent transitions from one catchment
water storage to another (Riggs 1972). In the Lower Richmond case, there appears to be a
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transition at about the Q75 percentile. Seasonal breakdown of this FDC as presented in Figure
6.37a shows that this transition is more dominant in autumn (and to a lesser extent summer).
Using Q95 percentile flows rather than minimum flows gives similar seasonal trends (Figure
6.37b). This may reflect seasonal patterns in water extraction in the catchment, with greater
water usage in the peak autumn-summer period having an impact on the low flow regime.
The flow percentile ratio of Q90/Q50 is commonly used as an indicator of the relative
proportion of baseflow (Nathan and McMahon 1990a). As plotted in Figure 6.38, this ratio
confirms that the baseflow component is more dominant during the relatively dry late winter
and spring months of August to October. Alternatively, the Q20/Q90 ratio can also be used to
indicate dominance of quickflow, which is the case for the wetter period of February to April
(Figure 6.38).

Wilsons River @ Btham

Figure 6.38: S t r e a m f l o w p e r c e n t i l e ratios f o r W i l s o n s @ E l t h a m c o m p a r e d w i t h A l s t o n v i l l e 7 R 1 0 . The
high Q90/Q50 ratio during August-October indicates a dominance in baseflow during these months.

6.4.2 Baseflow Separation Methods
Various recursive filters were applied to the Wilsons @ Eltham streamflow record, using 2004
as a representative calendar year (Figure 6.39). The year 2004 was selected as it had the typical
seasonal pattern of a wet summer-autumn period and a relatively dry spring. The filters applied
include the Lyne and Hollick (1979), Chapman (1991), IHACRES three-parameter of Jakeman
and Homberger (1993), Boughton (1993) two-parameter, Furey and Gupta (2001) and Eckhardt
(2005). Details of these filters are provided in Table 6.4.
Many of these filters originate from signal analysis and are used as smoothing functions to
diminish the high frequency component. One of the features of Figure 6.39 is the variability in
the derived baseflow signal, highlighting how subjective this approach can be. This is also
reflected in the variability of the calculated baseflow index (BFI), being the ratio of the
aggregated baseflow to total streamflow, and ranging from 0.39 to 0.74. These filters can
involve adjustment of one, two or three variables and the derived baseflow can change
significantly with this adjustment. For example, the results of the Lyne and Hollick filter are
highly sensitive to small changes in the single parameter, which typically ranges between 0.900.98. The use of recursive filters is inherently arbitrary in nature and requires confirmation with
other information such as field observations (Nathan and McMahon 1990a).
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However, a common feature of the derived baseflow signals in Figure 6.39 is the strong buildup of baseflow following the successive rainfall events of January to April. The initial rain
events in January and February, although significant (145mm and 56mm respectively) have
relatively steep recessions compared to the response to the significant rainfall events later in
March (120mm and 114mm). A significant proportion of these early rains infiltrates and rewets
the soil profile and provides aquifer recharge. With replenishment of soil and groundwater
storages, the latter rainfall events in March and April provide the impetus for a major recession
phase which steadily diminishes until the onset of significant rainfall in October.
This seasonal pattern can be used to interpret the streamflow and rainfall percentiles of the
Q-Lag analysis. Figure 6.29b can be used as a comparison by assuming that the Q90 streamflow
percentile adequately represents groundwater discharge and baseflow. The rainfall events of
January-April 2004 are represented in the higher 7R10 rainfall percentile during this period as
indicated in Figure 6.29b. The delayed peak in Q90 in May represents the onset of elevated
baseflow towards the end of the wet season and after the soil and groundwater storages have
been replenished. The subsequent recession phase during the remainder of the year is also
evident in the Q90 sequence.
T a b l e 6 . 4 : Recursive digital filters used in base f l o w analysis (Grayson et al. 1996; Chapman 1999;
Furey and Gupta 2 0 0 1 , Eckhardt 2005).
Filter Name

Filter Equation

One-parameter
algorithm

\-k
^KO ~

2 - k

Boughton twoparameter algorithm

I

k

Source

Comments

Chapman and
Maxwell (1996)

quo Sq(i)
Applied as a single pass
through the data.

2-k
Boughton
(1993)

C

Chapman and
Maxwell (1996)

qtW <q(i)
Applied as a single pass
through the data
Allows calibration against
other baseflow information
such as tracers, by adjusting
parameter C

k

IHACRES threeparameter algorithm

c

Lyne and Hollick
algorithm

1+ a

Jakeman and
Homberger
(1993)

Extension of Boughton
two-parameter algorithm

Lyne and
Holhck(1979)

q/i)>0

Nathan and
McMahon
(1990a)

a value of 0.925
recommended for daily
stream data
filter recommended to be
applied in three passes
Baseflow \sqb = q - q/

Chapman algorithm

1m
Furey and Gupta

3a-1
= 3V -^a^ / c - ' )
filter

Eckhardt

(1 -

1m

= •

2

Chapman (1991)

^

^

B F I ^ ^

Baseflow \sqb = q-q/

Mau and Winter
(1997)

'fc('-l)

+ (1

-

Furey and Gupta
(2001)

Physically-based filter
using mass balance
equation for baseflow
through a hillside

Eckhardt (2005)

General formulation
devolves to commonly used
one-parameter filters

\-aBFr

qfi) is the original streamflow for the i'" sampling instant
qifi, is the filtered baseflow response for the /"' sampling instant
qj,,, is the filtered quickflow for the <"' sampling instant
qf,.i) is the original streamflow for the previous sampling instant to /
is the filtered baseflow response for the previous sampling instant to i
qff.i) is the filtered quickflow for the previous sampling instant to i
k is the filter parameter given by the recession constant
a, a , are filter parameters
C is a parameter that allows the shape of the separation to be altered
y, ci, c j are physically based parameters
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6.4.3 Recession Analysis Methods
The specific recession curves evident in the Wilsons River streamflow data for 2004 were also
the subject of recession analysis techniques. Various storage-outflow models were applied to
these recession curves (Figure 6.40). The linear model assumes a storage-outflow relationship
of
with recessions expressed as the classic exponential decay function. However this
generally performed poorly when applied to curve-fitting of the Wilsons River recessions
(Figure 6.40a). The general non-linearity of these recessions appears to be quite common and
calls into question the general application of the exponential decay function (Wittenberg 1999;
Chapman 1999). The models of Depuit-Boussinesq storage (Boussinesq 1904) and of Chapman
(1999) performed much better, as was the case for the similar non-linear model of Wittenberg
(1999). The latter uses a power-law storage-outflow relationship of the form
^ whilst
Chapman (1999) uses the relationship with a variable power of 1.6-3.2 (rather than 0.5). A
summary of these recession functions and their underlying storage-outflow relationships is
provided in Table 6.5.
A common feature of using these recession models was the need to vary the parameters to fit the
various recession curves. For example, the tO variable used in the Chapman model (Figure
6.40c) varies through the year from 3.5 to 30. The exception to this was for Figure 6.40e where
a constant value (a=500) was trialled for the non-linear reservoir model of Wittenberg (1999).
When this relationship was used with a variable parameter to provide a better fit to the recession
curves the parameter varied from 80 to 400.
The seasonal variation in parameters is because of the seasonal differences in the steepness of
recession curves. As discussed above, the recessions early in the wet season (January-February)
are relatively steep compared to recessions related to follow-up rains in March-April. This is
reflected in the calculated recession indices (K) which are the time (in days) for the baseflow to
recede by one log cycle i.e. Qo to O.lQo Early in the season (January-March) the recession index
is 3-14 days, compared to later (April-July) where it is much more prolonged with a range of
54-119 days. Wittenberg and Sivapalan (1999) attributed this steepening of recessions during
the summer period to depletion of groundwater storage by evapotranspiration.
An important concept is introduced by the recession analysis as presented in Figure 6.40, being
the superimposition of baseflow responses. Early steep recessions when soil and groundwater
storages depleted by evapotranspirative losses are largely being replenished by the rainfall
events tend not to overlap significantly. However, later (from April onwards) when recessions
have a shallow slope (presumably due to greater release from replenished groundwater/soil
storages) there is much greater opportunity for the superimposition of baseflow responses.
This concept is explored further in Figure 6.41. Here, the streamflow is assumed to be a
composite of three key catchment storages:
(i.)

A short-term quickflow response, dominated by surface run-off and interflow processes;

(ii.)

A medium-term baseflow response, dominated by shallow and dynamic groundwater
processes with short flow paths;

(iii.)

A longer-term baseflow response, dominated by groundwater with longer (or deeper)
flowpaths.
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Table 6.5: DifTerent storage-outflow models used in recession analysis (Moore 1997; Griffiths and Clausen 1997; Dewandel et al. 2003).
Conceptual Model
Linear reservoir

Storage-OuHlow Relation
Q =

kS

Recession Function
Q =

^-kl
Qoe-

Hoilon double
exponential

Storage Types

Source

Comments

General storage

Boussinesq(1877)

Linearised Depuit-Boussinesq equation

Maillet(1905)

Approximation for short time periods

Motion (1933)

Transformation of linear reservoir model

General storage

Coutagne(1948)

Channel Bank Storage

Q =

Karstic aquifers

Padillaet al. (1994)

Qc is discharge from low-transmissivity components of karst

Channel banks

Cooper and Rorabaugh, (1963)

Variant of linear reservoir. Also used to model evapolranspirative
losses

ae-'"

Exponential reservoir

Throughflow in soil

Power-law reservoir

Q =

Springs and unconfined
aquifers {p = -2)

aSP
Q =

hydraulic conductivity assumed to exponentially decrease with depth

Hall (1968)
Brutsaert and Nieber (1977)

QJ{\+<l>Qot)

Recessions modelled using /3=0.5 (Wittenberg 1999)
and 3=1 6-3.2

Soil moisture
(Chapman, 1999)

p = ( i l ( \ - ( i )
Depuit-Boussinesq
aquifer storage

Shallow unconfined aquifer

Boussinesq(1904)

Special case of power-law reservoir for Depuit-Boussinesq aquifer
model

Depression Storage

Surface depressions such as
lakes and wetlands.

Griffiths and Clausen (1997)

variant of power-law reservoir

Detention Storage
Overland flow
Two parallel linear
reservoirs

Independent aquifers

Barnes (1939)

Underground caverns in karst
terrain

Griffiths and Clausen (1997)

Ice melt, lakes

Toebesand Strang (1964)

Two serial linear

Q = Q^e-"'

dt
Cavern Storage

Hyperbola reservoir

Constant reservoir
Q - discharge; S.SIA

+

'

Q =

a , - a ^ t

Q =

a^r''+b

Q = a

Permanent snow and ice pack,
large groundwater storages

Constant stream flow over a finite time period

- reservoir storages; SD - catchment storage deficit, I- time since beginning of recession; Q„ - discharge for t = 0; OB. QI, QI. k. k,. KI, A,P,(p- parameters to be determined by calibration
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Figure 6.39: Baseflow separation of Wilsons @ Eltham for 2 0 0 4 calendar year using recursive
N o t e v a r i a b i l i t y in t h e d e r i v e d b a s e f l o w s i g n a l d e r i v e d from t h e s e s m o o t h i n g f u n c t i o n s .
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Figure 6.40: Baseflow recession analysis of Wilsons @ Eltham for 2004 calendar year using different
storage-outflow models (a) Boussinesq (1877) (b) Boussinesq (1904) (c) Chapman (1999) (d,e)
Wittenberg (1999). The non-linear approaches are more efficient at fitting the recession curves.
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Figure 6.41: Subdivision of Wilsons @ Eltham streamflow for 2004 calendar year into quickflow,
medium-term and long-term baseflow components using Weibull functions (a) subdivision of individual
stormflow events (b) grouping of components. Note the progressive dominance of the long-term baseflow
component during the dry months.

These components are modelled by the Weibull function, as this provided the flexibility to
characterise the large but short-duration quickflow responses as well as the lower-magnitude but
longer duration baseflow responses. The Weibull distribution has been used to describe lowflow conditions in the statistical analysis of droughts (Gumbell 1954; Nathan and McMahon
1990b). Figure 6.41a shows the break down of the individual recession events into these three
components. By combining the components from the individual recessions together, the
aggregate curves for the short-term quickflow, medium-term baseflow and long-term baseflow
can be derived (Figure 6.41b). The important feature of this plot is the accumulation of the longterm baseflow component in April due to the stacking of individual responses from the rainfall
events of January-March. This is the inferred mechanism for the Q-Lag as exemplified by the
lag in the Q90 streamflow peak relative to the 7R10 rainfall peak (Figure 6.29b).
Another inference that can be made from this analysis is the emerging significance of the longterm groundwater storage, presumed to have relatively longer (or deeper) flowpaths to the river.
This can be seen in Figure 6.41b, where by August the response from quickflow and the
medium-term groundwater storage has dissipated and the recession phase is dominated by
release from the long-term groundwater storage. This is highly significant for management. If
the river is being managed on the basis of protecting a minimum flow (e.g. during the critical
dry spring period) there needs to be a focus on this long-term groundwater storage (as opposed
to medium-term near-stream groundwater storages). By implication, establishing a zonal
approach to managing stream-aquifer interaction may be an over-simplification of the key
groundwater processes.
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6.4.4 Event Analysis
The baseflow separation and recession analysis suggests that the seasonal variability of rainfall
and the catchment response to this variability are significant factors controlling the lag seen
between rainfall and low-flow percentiles. As summarised in Figure 6.41b, a sequence of
consecutive rainfall events firstly replenishes the catchment storages, subsequently allowing
greater discharge as represented in the Q90 peak seen later in the season. To explore this
relationship between Q-Lag parameters and the dynamics of rainfall, event analysis was
undertaken on the stream flow and climate data. This is a form of frequency analysis where the
data is grouped and analysed as distinct events rather than directly using the daily
measurements.
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Figure 6.42: Characteristics of rainfall events derived from Alstonville monitoring data (a) total rainfall
and duration of event (b) exceedance plot of event rainfall (c) frequency of exceedance on monthly basis
(d) event properties on monthly basis. Rainfall events during spring are smaller in magnitude and
duration when compared with other seasons.

A rainfall event can be defined as a sequence of consecutive days where rainfall has been
recorded. Hence, rainfall events have properties such as duration (in days), the total rainfall
(mm), the total evaporation during the event (mm) and the number of dry-days prior to the
event. Rainfall events can be categorised in terms of its month or season of occurrence.
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Figure 6.42 presents some results of the analysis of rainfall events from the Alstonville record,
indicating the seasonal variability of rainfall. Rainfall events during spring tend to be smaller
both in magnitude and duration when compared with the other seasons (Figure 6.42a). This is
also indicated when the data is presented as a frequency distribution curve showing that autumn
and summer are the wetter seasons (Figure 6.42bc). On average, rainfall events in summer and
autumn are higher magnitude, of longer duration and are closer together than later in the year
(Figure 6.42d). These are the conditions for the replenishment of groundwater and soil storages
allowing the initiation of high baseflow conditions (refer Figure 6.41).
A similar analysis can be undertaken on the streamflow data by assuming that rises in
streamflow are discrete events. This shows that there is a quickflow response corresponding to
the seasonal variability in rainfall. On average, the quickflow events in summer and autumn are
higher magnitude, are closer together and start from a higher initial flow (Figure 6.43). The
actual duration of the streamflow rise remains relatively constant throughout the year.

Figure 6.43: Characteristics of streamflow
rises at Wilsons River @ Eltham.
Quickflow events in summer and autumn tend
to be higher magnitude and closer together.

4

5

6

7

8

Month

6.4.5 Hydrographic Analysis of Stream Water Quality Data
The hydrochemical differences between the shallow and deeper groundwaters in the Tertiary
Basalt can be used in the analysis of trends in stream water chemistry. This can provide insights
into the groundwater contributions to the baseflow regime. Historic monitoring of field
parameters (EC, pH) and the availability of about 40 major ion analyses of water samples from
the Eltham gauging station, provided an opportunity for this to be undertaken (Figure 6.44).
Both stream salinity and pH increase with decreasing streamflow (Figure 6.44a), which is also
the case for the major ions of chloride, sodium, calcium, bicarbonate and magnesium (Figures
6.44bcd). This is entirely consistent with increasing groundwater contribution to the low-flow
regime. Overall, comparison with stream and groundwater chemistries suggests that the shallow
unconfmed regolith aquifer is the dominant groundwater source. However, the increasing trend
in calcium and magnesium in particular, suggests that the proportion of baseflow sourced from
the upper levels of the basalt aquifers increases with decreasing streamflow. This is consistent
with the end-member mixing interpretation of the Durov plot (Figure 6.10). Mineral dissolution
in these upper basalt aquifers is the cause for increased concentrations of these cations relative
to the unconfmed regolith aquifer above and the deeper basalt aquifers below (Figures 6.13jk).
No definable trend is evident for the iron, silica, sulphate, nitrate and potassium concentrations
relative to streamflow (Figure 6.44deO. This can be attributed to in-stream biochemical
processes subsequent to groundwater discharge, such as iron precipitation. The stream
chemistry suggests that the contribution of groundwater from the lower levels of the basaU
aquifer is not significant.

151

Conjunctive water management in the Lower Richmond catchment

200

6.44a

6.44b

20

r ~
i ^

4

L

16

%
•

10

100

1000

10000

100000

1

stream Flow (ML/d)
10

6.44c

50

10

10

E
re
z

<

10
10 00

10
10 00 00

10
100 0 0

stream Flow (ML/d)

6.44d

1000 0 0

10

4

\
i
O)
E
m
<J

•

•

•

40

•
r

•

>4

«

30-B,

•

E
"

2O8

k •

J

•
•

6

4
ut
E

B)
I
£

4

4

1
10

•

k
w
10

100

1000

10000

100000

1

10

6.44e

10000

100000

6.44f

10

^ J

24

•
1000

stream Flow (ML/d)

stream Flow (ML/d)
30

i

100

1.6

• ;
O)
B

4

6 d

•

i

=;i.2

I I

rsi

O 12
(fl

4

O

O)
B

•
2

Oo.8

i
4

•

•

•
•

•

• •

0.4

!

10 0

10 0 0

10000

stream Row (ML/d)

100000

10

•

•t
»

4
10

/ S

100

1000

10000

100000

stream Row (ML/d)

Figure 6.44: Trends in stream water chemistry relative to stream flow for Wilsons River @ Eltham (a)
Field EC and pH (b) chloride and sodium (c) calcium and bicarbonate (d) iron and
magnesium (e) sulphate and silica (f) potassium and nitrate. Vertical coloured lines are
streamflow percentiles o f Q50 (green), Q90 (orange) and Q95 (red). Trends of increasing
salinity, pH, CI, Na, Ca, HCO3 and M g with reduced stream flow consistent with increasing
groundwater contribution.

Conjunctive water management in the Lower Richmond catchment

152

6.4.6 Historic Hydrographic Trends
The relatively long streamflow monitoring period for the Wilsons River@Eltham provides an
opportunity to investigate historical trends of catchment processes since the 1950's. One of the
simplest approaches is using the double mass curve (DMC), where the cumulative data for two
parameters are compared (Slarcy and Hardison 1966). Breaks in the slope of the DMC are used
as indicators of when a change in the relationship between the two variables has occurred, such
as due to modifications to data collection or to catchment processes (such as vegetation clearing,
fires, changed land use or water extraction). However, the method is not recommended for
direct comparison of streamflow and rainfall data, as it assumes a linear relationship which may
not be valid. To overcome this, a tanh curve is used to represent the rainfall-runoff relationship
(Grayson et al. 1996).
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Figure 6.45a shows the variability associated with a general linear relationship between annual
rainfall and runoff for the Wilsons River devolved to a tanh curve. The cumulative runoff
calculated from annual rainfall using this tanh curve is then compared with the observed
cumulative runoff (Figure 6.45b). The significant feature of this DMC is a break in slope
coinciding with the year 1990. This is better visualised when the curve is compared against a
linear regression using the 32 years of cumulative data from the commencement of data
collection (1958) to 1990. This regression line is used to represent the continuation of the
rainfall-runoff relationship established prior to 1990.
The departure in catchment conditions from 1990 is also apparent when cumulative residuals
are plotted through time (Figure 6.46). Changes from 1990 are represented by the difference
between the tanh-derived DMC and its linear regression based on the data prior to 1990. As
plotted in Figure 6.46 (dark blue line) this difference is comparatively minor and can be either
positive or negative prior to 1990. Subsequent to this, the difference becomes a deficit growing
to about 2500 mm by the year 2004. This represents a streamflow deficit of an average 32
GL/yr compared with the average streamflow of 185 GL/yr for Wilsons River.
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T h e years after 1990 have been characterised by below-average rainfall, notably the periods
1991-1993 and 2000-2004. This is indicated by downward trends in the cumulative rainfall
residual curve in Figure 6.46 (red line). However, such dry conditions do not fully explain the
streamflow deficit as the catchment behaved quite differently during a similar diy period in
1968-1971 also indicated in Figure 6.46, where no significant streamflow deficit developed.
This difference in catchment response is attributed to significant increases in extraction of both
surface water and groundwater from 1990, partly triggered by the onset of dry years. This is in
part reflected in the rapid expansion of groundwater allocation and borehole construction within
the Tertiary basalts from the 1980's onwards (refer Figure 5.1). Presumably, many of these
bores and wells constructed were subsequently used during the dry periods of 1991-1993 and
2000-2004.
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Figure 6.47: Comparison of Q-Lag analysis for Wilsons River using different time periods (a) relationship
between lag and flow percentiles and (b) relationship between maximum cross correlation rm and flow
percentiles.
T h e s e historic trends were used in a comparison of Q - L a g analyses using subsets of the Wilsons
River f l o w data for different time periods. The streamflow record was conveniently split into a
" p r e - d e v e l o p m e n f period of 1958-1979 and a "post-development" period of 1980-2005.The
lags associated with the m a x i m u m fit of the various flow percentiles with the Alstonville
rainfall 7 R 1 0 for these periods is presented in Figure 6.47. The year 1980 was used to partition
the streamflow record rather than 1990 so as to retain a reasonable length of record (>20 years)
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for both periods. This is needed to obtain a reasonable population to obtain flow percentiles for
each day, particularly for the extremes of the record ( Q l , Q5, Q95, Q99).
The Q-lag distributions for these two time periods are distinctly different (Figure 6.47a). The
lags associated with the "pre-development" period are shorter than the comparative lags for the
"post-development" period. These differences can be explained in the context of expanded
water resource development since 1990. Water extraction has mostly been in-stream pumping
and groundwater extraction from springs associated with the shallow unconfmed aquifer. This
represents a relative loss from in-stream and near-stream storage that is associated with quick
response times and short flow paths. This means that groundwater discharge derived from
storages with longer flowpaths to the river network become more dominant, as represented in
the overall lengthening of lags.
The impact of increased consumptive use is also evident when the pre- and post-development
flow percentiles are directly compared, as in the case for Q90 (Figure 6.48a). Flows are similar
during the winter months, with relatively depleted post-development flows evident in the
remaining months when extraction for irrigation occurs. The similarity in the rainfall RIO
percentiles for these two periods also suggests that these flow differences are not related to
rainfall differences. Figure 6.48b presents this comparison of pre- and post-development flows
in a different way. Here, the flow/rainfall ratio (Q90/7R10) for the non-winter months is lower
for the years after 1980 compared to the years before.
The stream salinity monitoring for the Wilsons River also supports this interpretation that the
proportion of baseflow from groundwater systems that have longer flow paths (and higher
salinity) has increased post-development. Figure 6.49 shows that the general trend for stream
salinity for measurements after 1990 is slightly higher when compared to the measurements
taken prior to 1990.

6.4.7 Frequency Analysis of Other Gauging Stations
Long-term streamflow monitoring is limited within and near the Lower Richmond catchment,
with the Wilsons River gauging station at Eltham being the best example. As a comparison,
Q-Lag analysis was also undertaken on the streamflow monitoring for Marom Creek at
Alstonville (Figure 6.25a). This gauge was established on the Alstonville Plateau downstream
of a small weir structure used to provide storage for town water supply (Figure 6.26).
Figure 6.50 provides a summary of this analysis. Although Marom Creek flows (Q50=26 ML/d)
are significantly smaller than Wilsons River flows (Q50=195 ML/d), a similar pattern of lags
between rainfall and flow percentile peaks is apparent. Overall, the Q-Lag analysis for Marom
Creek is similar to that of the Wilsons River for the pre-1980 period (Figure 6.47a). This is
logical considering the majority of the Marom Creek data is also prior to 1980. This similarity
suggests that the underlying processes related to the observed lags are controlled more by
catchment properties such as geology, soils and climate, rather than catchment size. The
similarity between these two catchments is also indicated by the similarities in the correlation
coefficients across the flow percentiles (Figure 6.47b).
Analysis of the historic stream chemistry monitoring for the Marom Creek site shows similar
trends to the Eltham site, namely increasing salinity and pH with decreasing flow (Figure 6.51).
The range in stream EC values suggests that the shallow regolith aquifer is the principle source
of groundwater discharge. The salinity trend is less pronounced that for the Wilsons River,
suggesting that the influence of the deeper (more saline) groundwater system on baseflow is
even less for the Marom catchment.
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Figure 6.51: Trends in stream water chemistry of Field EC and pH relative to stream flow for
Marom Creek @ Alstonville. Vertical coloured lines are streamflow percentiles of Q50 (green),
Q90 (orange) and Q95 (red). Greater proportion of groundwater baseflow reflected in increased
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Overall, the conclusions drawn from the various hydrographic techniques applied to the stream
monitoring data is consistent with the other aspects of the Alstonville Plateau assessment, such
as hydrochemistry and hydrogeological mapping. The hydrographic analysis highlights the
importance of baseflow from the shallow to mid-level basalt aquifers. There is also evidence
that catchment water use since the 1990's have had an impact on the flow regime.

6.5 Water Budgets
A common approach to investigating seepage flux between a stream and underlying aquifer is to
measure stream flow at specific points. These measurement sites subdivide the stream into
reaches and a water budget is estimated for each reach, accounting for inputs such as tributary
flows and outputs such as evaporative losses and diversions. The difference between the inputs
and outputs can then be attributed to surface water - groundwater interaction.
Stream flow was measured at specific points on the Alstonville Plateau in November, 2004
during water sampling for radon-222 (refer Figure 6.23). Autumn to early summer is typically
the driest part of the year (Figure 4.6) with stream flow reflecting baseflow conditions. The
measurement sites were selected on the basis of ease of access, with most coinciding with road
crossings. Where flow was reasonable, measurements were taken using a propeller-type current
meter, with a data logger to store and process the distance, stage and velocity readings. Where
flow was too low for the meter, measurements were taken using a bucket and stop watch.
The variation of stream flow for the plateau stream is shown in Figure 6.52. Very low flow
conditions prevailed in the three eastern subcatchments (Yellow, Gum and Youngmans), with
the streams not flowing in their upper reaches. Stream flow in the western subcatchments
(Marom and Tucki Tucki) were significantly higher. This is partly due to the rainfall events
during the survey of these two catchments (Figure 6.53). This rainfall appears to have had a
greater impact on the Tucki Tucki catchment, with relatively high stream flow in the upper part
of the catchment. The urbanised nature of this area around Goonellabah with a larger proportion
of pavement and roof area, results in a greater run-off response. The stream flow measurements
in the Tucki Tucki subcatchment taken about a week after the rainfall event, are more indicative
of baseflow conditions.
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In general, the larger baseflow regime in the western catchments (Tucki Tucki and Marom) can
be attributed to the combination of:
(i.)

The larger catchment size increasing access to greater run-off and discharge from the
shallow groundwater system;

(ii.)

These catchments being to the northwest and down gradient of the flow paths for the
deeper groundwater system. With these streams being relatively incised, there is greater
opportunity for the deeper aquifers to discharge;

(iii.)

The greater level of both surface water and groundwater extraction in the eastern
subcatchments of Youngmans and Gum Creek.

On the plateau itself, the streams are gaining reaches. Youngmans and Marom Creeks in
particular show the characteristic increase in stream flow downstream with the aggregation of
groundwater discharge. However, the streams appear to lose water where they initially flow
onto the coastal floodplain below the plateau escarpment. For example, Marom Creek flows
decreased from 28L/s to 19L/s along this lower reach (Figure 6.52). The initial flow
measurements for this particular reach for the Tucki Tucki were more dramatic, with a reduction
from 21 IL/s to 1 IL/s. These readings may reflect more that the runoff peak due to the rainfall
event had not reached the downstream site at the time of measurement. Stream flow at these
sites about a week after the rain were measured to be practically identical (46L/s and 45 L/s).
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Figure 6.53: Daily rainfall record from BOM Alstonville and Lismore climate stations for early
November, 2004. Rainfall data is allocated in terms of rainfall in the 24 hours after 9:00 am on that day.
Days when stream flow was measured in the catchments are shown.
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Chapter 7

Tuckean Swamp Assessment

Hydrological investigations were also undertaken in the Tuckean Swamp. Assessing
groundwater-surface water interactions in the coastal lowlands of the Lower Richmond
involved:
(i.)

Hydrochemistry, highlighting the usefulness of simple field chemistry surveys of the
drainage network (Section 7.1). These surveys can be combined with field observations
(Section 7.2) to rapidly indicate the extent of acidity in the drains. More detailed
chemistry can provide insights into processes;

(ii.)

Application of different geophysical methods including EM31 traverses, in-drain
electrical conductivity (EC) imaging and interpretation of airborne radiometrics data
(Section 7.3) to map the distribution of acid sulfate soils;

(iii.)

Hydrogeological mapping of the Quaternary coastal sediment-fill of the swamp, focussing
on the shallow estuarine Pimlico Clay which is the precursor to the acid sulfate soils. This
involved augering of soil profiles, downhole measurement of soil chemistry (e.g. pH, Eh),
soil sampling and slug tests to estimate hydraulic conductivity (Section 7.4);

(iv.)

Hydrometric methods, where the difference in the shallow groundwater level and the
water level of the stream or drain indicates the potential seepage direction (Section 7.5);

(v.)

Hydrographic Analysis, by comparing and interpreting the existing monitoring of rainfall,
groundwater levels, drain levels and water quality (Section 7.6);

(vi.)

Trialling the use of seepage meters to directly measure the seepage flux at the base of the
drain (Section 7.7);

(vii.)

Using heat as a tracer by temperature monitoring of surface water and shallow
groundwater (Section 7.8).

The investigations in the Tuckean Swamp described in this chapter, along with the
investigations in the Alstonville Plateau (Chapter 6), are used to develop a conceptual
understanding of hydrological processes in the catchment. This conceptualisation is summarised
in Chapter 8.

7.1 Hydrochemistry
7.1.1 Field Chemistry Survey of Drains
Like the surveys of the plateau streams, field chemistiy measurements of the Tuckean Swamp
drainage network simply and effectively provide information about groundwater-surface water
interactions. Figures 7.1 to 7.3 show the results of a drain survey undertaken in September,
2004. Field measurements of pH, electrical conductivity (EC) and redox potential (Eh) were
taken at specific points of the drainage network accessed by foot, vehicle or boat over a 3-day
period.
Figure 7.1 provides an overview of drain pH during the survey period. Although acid sulfate
soils are mapped across the extent of the swamp (Naylor 1997), the drain pH measurements
highlight the northeastern quadrant as a priority area in terms of discharge of shallow acidic
groundwater. The transition down-drain to low pH conditions reflects this groundwater input.
Conditions were dry during the sampling period and no surface runoff was observed.
For Meerschaum Drain in the northeast, the pH gradually decreases from near-neutral
conditions (6.9) in its upper reaches to about 4.1, before quickly dropping to 3.1 with acid
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conditions maintained down-drain. This decline in pH corresponds to where the drain traverses
the part of the swamp where acid products are accumulating, indicated by soil profile data, a
high EMS 1 response and elevated groundwater salinity and acidity (refer Sections 7.2 and 7.3).
Drain acidification is also combined with a 2-fold increase in drain salinity (Figure 7.2) due to
the introduction of acid products such as dissolved sulfate, calcium, silica, iron and aluminium.
The redox potential also increases down-drain as the shallow groundwater is hosted in the
oxidised (and acidified) part of the soil profile (Figure 7.3).
A similar situation occurs in the upper part of Hendersons Drain, where there is an abrupt
decrease in pH (and increase in EC and Eh) marking where inflow of acid groundwaters
commences. This corresponds with visual indicators of acidification such as increased water
clarity and iron precipitates (refer Section 7.2). Further downstream, near the junction of
Hendersons and Meerschaum Drains the water column was stratified, with clear acid water
overlying more turbid, brackish and denser water underneath. This marks the extent of tidal
intrusion at the time of survey.
In contrast, the Tucki and Marom Drains in the western half of the swamp contained good
quality water in terms of near-neutral acidity, even though they traverse mapped acid sulfate
soils (Figure 7.1). The electrical conductivity and redox potential of the drain water also
remained relatively constant, also indicating limited input of shallow oxidised acid groundwater
at the time (Figures 7.2-7.3). In the lower reach of Tucki Tucki Drain, the increase in salinity
defines the ingress of brackish estuarine water (Figure 7.2).
Field chemistry measurements were also taken during the EC imaging geophysical survey in
March 2005 (refer Section 7.2). The survey followed significant rainfall so that drain levels and
flows were higher than during the September 2004 survey. The broad pattern of drain pH
(Figure 7.4) was similar to that of the previous survey, showing the dominance of the
Meerschaum and Hendersons Drains in the export of acid waters. Overall, drain water was
fresher than in September 2004 because of the influence of run-off after rainfall (Figure 7.5).
Tucki Tucki Drain remained fresh for its entire length to the junction with the Main Drain. The
EC imaging does show that this relates to the upper part of the water column and brackish tidal
waters occurred at the base of the drain along the lower reach (refer Section 7.2). Salinity was
still relatively higher in the eastern drains due to the introduction of acid products.
Similar to the previous survey, the Eh measurements for the Main Drain were high due to the
export of acidified and oxidised water (Figure 7.6). However, water in the Marom/Tucki Tucki
Drains in the west were strongly reduced and associated with low levels of dissolved oxygen
(Figure 7.7). This correlated with a transition to "black water" in the middle reach of Marom
Drain at the time of the survey. A fish kill was evident in the lower reaches of Tucki Tucki
Drain at the time of the survey which was attributed to the low dissolved oxygen levels. Similar
DO levels were measured in the lower reach of Main Drain which may relate to tidal movement
of water from the Tucki Tucki Drain rather than insitu processes (Figure 7.7).
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In summary, the drain field chemistry surveys highlighted:
(i.) The Meerschaum Drain area in the northeast as a priority in terms of actual acid sulfate
soil development and shallow acid groundwater discharge;
(ii.) The need to better understand the processes driving fundamental differences in water
quality between Meerschaum Drain and the Marom/Tucki Drains to the west. These latter
drains also traverse mapped acid sulfate soils but appear to retain near-neutral pH
conditions;
(iii.) The occurrence of low-DO 'black water' events particularly in the Marom/Tucki Drains.

7.1.2 Ion Chemistry
Water sampling and analyses undertaken in the Tuckean Swamp were collated from various
sources,
including:of rainfall samples by Drury (1982);
(i.)
Analyses
(ii.)

Groundwater analyses from the DNR water quality database, being samples submitted
by licence holders upon bore construction, as well as departmental sampling of the
borehole monitoring network. Many of these analyses were submitted in the 1970's
following construction of shallow spearpoints into the Woodbum Sand;

(iii.)

Analyses of drain water samples taken during a water quality survey of the drainage
network in September 2004, as part of this study (refer Figures 7.1-7.3);

(iv.)

Results of a more comprehensive sampling of drains, streams and groundwaters
undertaken in October 2005, also as part of this study;

(v.)

The average composition of seawater from Hem (1985) was used as a reference.

These analyses were interpreted in the context of the two dominant processes influencing water
chemistry in the swamp, namely the ingress of brackish estuarine waters and acidification due to
oxidation of pyrite in the estuarine clays.
In terms of the first process, hydrochemistry has been the basis of many investigations of
seawater intrusion into shallow groundwaters of the coastal zone. Ion ratios such as CI/Br
(Drever 1997; Logan et al. 1999), Mg/Ca (Petalas and Diamantis 1999; Hahn 1991; Yechieli
2000) and Na/Cl (Xue et al. 2000) have been used to delineate ingress of marine or estuarine
water into coastal aquifers.
In terms of the second process, the chemistry of acidification is also well documented such as in
White et al. (1997) and Sammut et al. (1996). Pyrite (FeS2) originally formed in the estuarine
clays under anaerobic conditions is converted into soluble iron and sulfate through intermediate
oxidation of iron species. The pyrite oxidation reaction to completion can be summarised as
(Dent 1986):
FeS^ + ^

O2 + ^ / / j O ^

Fe{OH),

+ ISO]-

+ AH*

{Equation 7.1)

However, partial oxidation products are a common occurrence. In particular, jarosite
KFe3(S)4)2(OH)6, is found as pale yellow mottles in the shallow weathered ASS horizons in the
Tuckean Swamp and is diagnostic of acid conditions. Jarosite is a significant secondary store of
acid which can be released through ongoing hydrolysis (White et al. 1997):
KFe^{OH),

{SO,)^

+ 3H^O -> 3Fe{0H),

+ K* +

+ 3//"

{Equation 7.2)

The production of acid in the soil profile by these processes induces hydrolysis reactions with
clay minerals. The consequence is the release into solution of silica and metal ions such as
J ^g
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aluminium, iron, potassium, sodium and magnesium. Hence, the shallow acidified groundwater
can contain levels of dissolved metals (particularly aluminium) that are toxic to aquatic
ecosystems. The acid hydrolysis of the clay minerals illite, smectite (montmorillonite) and
kaolinite are outlined below (Nriagu 1978; Sammut et al. 1996):
Illite

{Equation 7.3)

Q.5K* +0.36iVa"' +0.05Ca^

+ 0.25Fe(0//)3 +1.95^/^

Smectite (montmorillonite)

Q.3K* +Q.\SNa^

+3,A6H^SiO^
{Equation 7.4)

+

+ 0.2Fe(0//)3

+ O.OOSFe^" +\.65 Al^^

Kaolinite

+3.15H,SiO,

{Equation 7.5)

The stoichiometry of the acid hydrolysis reactions for the various clay minerals described above
can be translated into representative molar ratios of major ion species. Table 7.1 summarises
these molar ratios as well as ratios for an average seawater composition (Hem, 1985) which are
the points of comparison for the water analyses in the swamp. To this end. Figures 7.8-7.9 plot
various combinations of major ions and ionic ratios of the Tuckean Swamp analyses with
respect to these idealised ratios.
Table 7.1: Molar ratios based on average sea water composition and acid hydrolysis of clay minerals.
Molar Ratio

Illite

Smectite

Kaolinite

Seawater

K/Na

1.389

2

-

.0218

Ca/Na

0.139

0.667

-

.0223

Mg/Na

0.833

2.333

-

0.122

Al/Na

5.417

11

-

8.1E-8

Si/Na

9.611

25

-

.002

Si/Al

1.774

2.273

1

287.8

Ca/Mg

0.167

0.286

-

0.184

K/Ca

10

3

-

0.875

Figure 7.8 plots various major ions relative to sodium. The comparison of calcium with sodium
(Figure 7.8a) shows that many of the Pimlico Clay shallow groundwater samples plot along the
trend for acid hydrolysis of smectite. This is because the Pimlico Clay is the pyritic estuarine
clay horizon that has been partially oxidised and become acidified. This suggests that smectite
rather than illite is the dominant clay mineral in this profile. This is consistent with clay analysis
undertaken by Drury (1982) that showed that smectite was dominant in the older estuarine clay
deposits of the sediment sequence. Other groundwater and drain samples are consistent with the
trend for the Na/Ca ratio for average sea water, showing that tidal estuarine processes are more
dominant in these cases. Similar patterns are evident when sodium is compared with magnesium
(Figure 7.8b), silica (Figure 7.8d) and aluminium (Figure 7.8e). However a different
relationship can be found between sodium and potassium (Figure 7.8c). The shallow acid
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groundwaters in the Pimlico Clay are significantly depleted in soluble potassium relative to the
molar ratios based on the clay hydrolysis reactions. This can be attributed to the formation of
secondary jarosite in the soil profile under oxidised and acid conditions.
Figure 7.9 compares various ions and ion ratios with respect to chloride, which is assumed to
act conservatively. The objective of these plots is to differentiate the analyses on the basis of
three end-members of freshwater input from the Alstonville Plateau (P), acidified waters
originating from the oxidised clay profile (A) and brackish estuarine waters (M). Figure 7.9a
shows that the chloride-sulfate relationship is useful in categorising analyses, with the three
end-members distinguished in terms of the plateau runoff being low in both (and consistent with
rainfall), the acidified groundwaters and drains having relatively high sulfate (due to pyrite
oxidation), and the marine-influenced samples being high in both. Figure 7.9a also shows that
there is significant mixing between these end-members, particularly between the plateau runoff
and acid groundwater, and the plateau runoff and the marine waters. The other plots show
similar merging between these end-members and highlights that the acid waters have
significantly elevated concentrations of silica (Figure 7.9b), iron and manganese (Figure 7.9c),
lead and zinc (Figure 7.9e), cobalt (Figure 7.9f) and lithium (Figure 7.9g). These can potentially
be used as tracers for the discharge of acid groundwaters into the drainage network. The CI/Br
ratio commonly used in seawater intrusion studies shows many samples with a marine influence
(Figure 7.9d). The linear trend evident for the acid waters is because bromide analyses for all
these samples are below the level of detection and have been assigned the same value.
On the basis of these plots, all of the Tuckean Swamp analyses were assigned to an end-member
or appropriate mix. Figure 7.10 plots the distribution of these sample types across the swamp
and confirms:
(i.)

The widespread distribution of shallow acid groundwater associated with oxidised soil
profiles in the backswamp areas. This covers the Meerschaum Drain area to the east
across to the upper parts of Marom Drain to the west;

(ii.)

The priority of Meerschaum Drain and Hendersons Drain in terms of acid export. A
degradation from good quality water dominated by plateau streamfiow to poor quality due
to acid discharge is evident by the sampling in these drains. In contrast, water in the
Marom/Tucki drains in the west retained a freshwater plateau signature at the time of
sampling although the drains traverse acid sulfate soils;

(iii.)

The dominance of tidal estuarine waters in the lower reaches of the Main Drain and in the
shallow groundwater upstream of the barrage at the time of sampling. A marine influence
in the deeper aquifers reaches up into the backswamp areas, reflecting intrusion of
brackish estuarine waters at lower levels of the Quaternary sediments;

(iv.)

Localised indications of acid generation near the southern boundary of the swamp in the
alluvial plain of the Richmond River.
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7.2 Field Observations
In an acid sulfate soil landscape like the Tuckean Swamp, field observations can be useful in
identifying the input of acid groundwater into the drainage network (Hey 1999). These include:
(i.)

Alteration of the plant ecology towards dominance of acid-tolerant species such as
lilies, reeds and sedges;

(ii.)

Drain water being clear or blue-green in colour due to the flocculation of clay particles
by elevated levels of dissolved aluminium;

(iii.)

Large quantities of iron hydroxide precipitates, occurring as floe, filaments, coatings on
vegetation or surface films. The precipitates are a by-product of secondary hydrolysis of
ferric (Fe'^) ions;

(iv.)

Black oily organic deposits enriched in iron monosulfides deposited at the base of the
drain. These are formed by reaction of soluble iron with hydrogen sulfide generated
from the reduction by sulfate-reducing bacteria of organic material sourced from acidtolerant vegetation (Bush el al. 2004); and

(v.)

Fish kills, although other water quality changes (such as low dissolved oxygen) can also
cause fish mortality.

All of these indicators are evident in the drainage network of the Tuckean Swamp. Their initial
detection in the upper sections of the drains is a useful guide for defining the onset of shallow
acid groundwater conditions. A good example of this is in the upper reaches of Hendersons
Drain where field chemistry surveys indicate a rapid transition from good quality water (pH > 6)
to poor (pH < 4), refer Figure 7.1. The former is slightly turbid with suspended solids, with
healthy aquatic plant growth and biological activity such as small fish (Figure 7.1 la). The latter
acidified water is characterised by increased clarity, reduced aquatic plant growth and abundant
iron precipitation (Figure 7.1 lb).

7.11a

7.11b

Figure 7.11: Changes in field indicators due to acidification in the upper section of Hendersons Drain (a)
upstream good quality water compared with (b) poor quality acid water about 100m down gradient.
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7.3 Geophysics and Remote Sensing
Geophysical surveys were undertaken in the Lower Richmond catchment to better understand
landscape processes. The focus was mapping the distribution of acid sulfate soils in the Tuckean
Swamp. Mapping the distribution, geometry and extent of actual acidification is used to
prioritise hotspots in terms of acid input to the drainage network. Techniques applied included
ground-based electromagnetic (EM31) surveys, run-of-drain electrical conductivity (EC)
imaging, interpretation of airborne radiometric survey data and processing of satellite-based
Landsat TM data.

7,3.1 EM31 Survey
A Geonics EMS 1 portable ground conductivity meter was used in a survey across the northeast
comer of the Tuckean Swamp, near the Meerschaum Drain (Figure 7.14). This area was
selected as existing acid risk mapping, soil sampling and drain water quality monitoring as well
as the field chemistry drain surveys (refer Section 7.1) highlighted the existence of actual acid
sulfate soils and acid discharge into the drain.
EM31 is one of a range of Geonics frequency-domain electromagnetic instruments that are used
to measure the bulk electrical conductivity of the soil/regolith profile. The most obvious feature
of this instrument is a 3.7m long boom (Figure 7.12). A coil at one end of the boom transmits an
electromagnetic field, which induces electrical eddy currents in the underlying subsurface
material. A receiver coil located at the other end of the boom measures the secondary magnetic
field associated with these eddy currents. The signal is calibrated to measure apparent electrical
conductivity (mS/m). Rather than providing a profile of the vertical distribution of electrical
conductivity as provided by geo-electrical arrays, the instrument only outputs a single reading
of the weighted average of subsurface conductivity. The depth of investigation depends on the
distance separating the transmitter and receiver coils, which varies with the instrument used and
the survey method. In this particular survey, the nominal depth of investigation is 5.6m, with
50% of the response accounted for in the first 3.1m of subsurface material (Spies and Woodgate
2004). The typical depth range of actual acid sulfate soils in this area (0-2m) is within this depth
of investigation.
Measurements were taken nominally every 25m along east-west aligned survey lines 200m
apart. These point measurements were kriged to generate the gridded dataset of soil conductivity
as presented in Figure 7.14. The survey highlights a central zone of high electrical conductivity
either side of Meerschaum Drain. Acid drain conditions occur when the drain traverses across
this zone (Figure 7.14, refer Section 7.1). Comparison with the field chemistry of groundwater
samples taken from shallow piezometers constructed in the area, shows a good correlation
between the EM31 ground bulk conductivity and the shallow groundwater electrical
conductivity (Figure 7.13). This suggests that groundwater salinity dominates the EM31 signal,
which is reasonable considering the shallow depth of the watertable (<2m), and the contrast in
the EM31 response.
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Figure 7.13: Relationship between EM31 and
groundwater electrical conductivity in the Tuckean
Swamp.
Hydrochemistry studies (refer Section 7.1) indicates that the salinity of the shallow groundwater
that interacts with the drainage network in this backswamp area is controlled by acid products
rather than any tidal influence. By inference, the EM31 survey is a good indicator of the
accumulation of acid products in the shallow soil/groundwater zone in this freshwaterdominated backswamp. The EM31 response is diminished along a narrow corridor (<100 m)
adjacent to the Meerschaum Drain where it traverses across the high conductivity zone (Area A
in Figure 7.14). This is interpreted to be due to frequent draining of the shallow groundwater
and flushing of acid products. If this is the case, the EMS 1 effectively maps the zone of
influence of the drain. Also of interest is the EM31 high (Area B, Figure 7.14) which
corresponds to a large melaleuca stand. This suggests that there is enhanced accumulation of
acid products in this particular area.

Figure 7.12: EMS 1 instrument used in Tuckean Swamp
survey.

7.3.2 Electrical Conductivity Imaging

In December 2004, geo-electric arrays were towed along the major drains of the Tuckean
Swamp to generate detailed vertical profiles of electrical conductivity of the drain water and
underlying sediment (Allen 2005). The surveys are based on the traditional resistivity method,
using current electrodes to transmit an electrical current into the water/sediment profile and a
series of potential electrodes to detect voltages at various distances (Figure 7.15). The same
basic principle (but at a much smaller scale) is used in most hand-held electrical conductivity
field meters. Distortions of the electric field due to variations in conductivity in the
water/sediment profile are detected as voltage differences. Instead of the conventional method
of digging these electrodes into the ground in land-based surveys, the configuration of
electrodes is towed along the watercourse. The distance between the potential electrodes varies
exponentially and various configurations of electrode spacing can be used, with wider spacings
providing information at greater depths. As the array is continuously moving, the voltages
between adjacent electrodes are read simultaneously at a regulated frequency, and the real-time
geographical location logged using GPS technology. The voltage data is converted into apparent
conductivity and the GPS data is used to spatially locate the vertical conductivity profile. Sonar
is used to measure the depth to the drain bed, to differentiate the electrical conductivity signal
from the water column from that of the underlying sediment. Towed geo-electric arrays have
been used to map seepage losses, sediment layering, saline inflow and shallow aquifer recharge
(Allen and Merrick 2005).
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Figure 7.14: EM31 survey of Meerschaum Drain area, Tuckean Swamp. The high EM31 signal indicates
shallow acid groundwater containing acid products. The drain acidifies where it traverses across this
zone.
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Two different electrode configurations were used in the Tuckean drain survey. A 20-m long
submersible array was used to measure the electrical conductivity profile at shallow sediment
depths (~4m) and a 144-m long floating array used to obtain a deeper sediment profile (~40m),
refer Figure 7.16. The arrays were mostly towed using a motorised canoe, but shallow water
depth and aquatic weed infestation required the canoe and array to be manually towed along
certain reaches. Prior rainfall assisted the survey by raising drain water levels, but prevented
towing the array by using a vehicle-mounted boom as originally planned. The surveys focused
on about 20km of the drainage network incorporating the Marom/Tucki drains in the west, and
Meerschaum/Main drains in the east (Figure 7.17).
Figures 7.18 and 7.19 give examples of processed survey data presented as vertical ribbon
images plotted along the drain length. Data from the shallow 20-m submerged array was
converted to apparent electrical conductivity assuming ground uniformity under the drains. The
subsequent images are presented in terms of:
(i.)

A "birds-eye' perspective of the vertical profiles generated from the 3-D viewer
HydroGeolmager especially developed to display such geophysical datasets (Allen
2005);

(ii.)

Equal area colour distribution based on the overall histogram of electrical conductivity
readings from the shallow array (Figure 7.18c). High conductivity values are presented
as red, low being blue. The histogram is unimodal due to merging of the response from
both the water column and the underlying shallow sediments;

(iii.)

A logarithmic depth scale from 0.1 to 4m, reflecting the nature of data collection with
resolution diminishing exponentially with depth;

(iv.)

The electrical conductivity of the water column is not presented. The top of the vertical
profile represents the base of the drain;

(v.)

Breaks in the imagery relate to where the voltage data was filtered out due to low
signal-to-noise ratios, current limitations or excessive curvature of the array (e.g. at
drain comers). In other areas the data is poor quality due to poor signal strength. This is
a particular problem with data from the profile below very conductive material (such as
seen in area A in Figure 7.18).

Data from the deeper profiling 144-m floating array was processed by inversion so that the
layered geological model which best simulated the measurements was selected. The resulting
imagery (Figure 7.19) is presented in a similar fashion to the shallow array with the following
enhancements:
(i.)

Both the electrical conductivity of the water column and the underlying sediment is
presented. The histogram used in the equal area colour distribution is bimodal because
of these two populations (Figure 7.19c);

(ii.)

The top of the vertical profile represents the top of the water surface. The base of the
drain as measured by sonar is plotted as a light blue trace. This is used to differentiate
the response from the water column from that of the underlying sediment;

(iii.)

Like the shallow array, the depth scale is logarithmic rather than linear, but spans from
0.1m to 40m;

(iv.)

Additional information such as field electrical conductivity measurements for water
samples taken at shallow depth (<0.2m) from the drain at the time of the survey is also
plotted (Figure 7.19a).

Electrical conductivity is controlled by factors such as the texture, cation exchange capacity and
moisture content of the sediment as well as the water salinity. High conductivity values
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typically indicate clayey sediment or saline groundwater, and commonly these coincide. Sandy
sediments and/or fresh groundwater as well as unsaturated sediments have a low electrical
conductivity signature. Investigations of soils in the NSW Riverina suggest that clay content
causes variability in electrical conductivity in the range of half an order of magnitude (Slavich
and Petterson 1993; Allen and Merrick 2004). As the conductivity ranges for the drain surveys
span over more than two orders of magnitude (Figure 7.19c), this variability is attributed mostly
to water salinity.
The high electrical conductivity evident within the sediments towards the drain outlet at the
Bagotville Barrage is largely attributed to ingress of saline estuarine water (Area A in Figure
7.19). The floating deep array effectively maps the extent of lateral saltwater intrusion within
the Quaternary sediments that are interpreted to be 20-50m thick in this area. In the upper parts
of the swamp, the deeper groundwater is fresher as indicated by low electrical conductivity
(Area B in Figure 7.19). Low conductivity zones are also found in the shallow sediments
underlying Marom Drain to the west, as outlined in blue at depths less than 10m, as in Areas C
and D in Figures 7.19. These coincide with where the Pleistocene Woodbum Sand unit, which
is a fine-coarse marine quartz sand, directly underlies the drain. For example. Area C in Figure
7.19 corresponds to the southern margin of Tuckean Island, which is a slightly elevated
topographic feature in the swamp consisting of this sandy material. The groundwater in the sand
is interpreted to be fresh, confirmed by nearby shallow monitoring bores. The shallow higher
conductivity material detected under the remaining sections of the Marom Drain is interpreted
to be where the Holocene estuarine Pimlico Clay which contains acid sulfate soils directly
underlies the drain.
The electrical conductivity of the drain water column correlates with the field measurements
taken at the time of the survey (Figure 7.5). The upper part of Hendersons Drain is fresh (<200
uS/cm) as indicated by the low conductivity signal (Area E in Figure 7.19). The sudden increase
in drain salinity downstream (at Area F on Figures 7.19) is inferred to relate to inflow of acid
products from side drains rather than a tidal influence. This is based on previous drain sampling
and chemical analysis (refer Section 7.1). The survey was undertaken after a signiflcant rainfall
event and conditions in the swamp were dominated by acid discharge. The Marom/Tucki drain
system in the west remains relatively fresh to its junction with the Main Drain. However, the
geophysics does suggest that the drain is stratified at its lower reaches, with brackish water at
the drain base (Area G in Figure 7.19).
Data from the submersible array (Figures 7.18) shov/s shallow features similar to that detected
by the deeper floating array. In addition, the array detected shallow higher conductivity material
inferred to be estuarine clay along the upper reach of Hendersons Drain (Area C in Figure 7.18).
Downstream towards the junction with Meerschaum Drain, the conductivity of the shallow
material is lower (Area B in Figure 7.18). Nearby shallow piezometers indicates that Woodbum
Sand occurs at the near-surface. The upper end of the Marom Drain cuts through a weathered
basah sequence which is indicated by a low conductivity signal (Area D in Figures 7.18).
In summaiy, the EC imaging of the drainage has provided an additional dimension to the
assessment of Tuckean Swamp hydrology. It has proven effective in mapping the extent of
intrusion of brackish estuarine water into the coastal sand aquifers. Low EC zones in the
shallow sediment profile under the drain can be correlated with the Woodbum Sand unit, and
the estuarine Pimlico Clay has a higher EC signature.
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An exponentially spaced electrode array for continuous multidepth acquisition of EC data on watercouses. Electric fields are
distorted as they cross conductivity contrast boundaries
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F i g u r e 7.15: Principles of operation of geo-electric
arrays (Allen 2005). Two current electrodes (red) transmit
a bipole electric field which is distorted by boundaries with
a conductivity contrast. This distortion is reflected by the
voltages detected by the potential electrodes (green).
Assuming horizontal layering, the depth of response of the
potential electrodes increases with distance away from the
current electrodes.

F i g u r e 7.16: T h e 144-m f l o a t i n g geo-electric
array used f o r d e e p electrical c o n d u c t i v i t y
p r o f i l i n g a l o n g drains in the T u c k e a n S w a m p
(Allen 2 0 0 5 ) .

7.17b

F i g u r e 7.17: Extent of electrical conductivity i m a g i n g s u r v e y u n d e r t a k e n in T u c k e a n S w a m p , u s i n g ( a )
2 0 - m s u b m e r s i b l e array and (b) 144-m floating array.
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Figure 7.18: Electrical conductivity vertical ribbon images derived from 20-m submerged array for depth 0.1 to 4m
below drain bed (Allen 2005) (a) looking from the southeast (b) looking from the northeast (c) histogram of shallow
survey data. Locations A-D are referred to in text.
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Figure 7.19: Electrical conductivity vertical ribbon images derived from 144-m floating array for depth 0.1
to 40m below drain bed (Allen 2005) (a) looking from the southeast with drain EC readings (uS/cm) (b)
looking from the north (c) histogram of deep survey data. Locations A-G are referred to in text.
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7.3.3 Airborne Radiometrics
Airborne radiometric surveys measure the natural radiation in the shallow soil/rock profile and
are used as a geological mapping tool, particularly in the mineral exploration industry. The
technique is also used by soil scientists and geomorphologists to map the distribution and
properties of soil or landscape units. The method is also called gamma-ray spectrometry, as it is
based on the measurement of gamma rays emitted with the decay of naturally occurring
radioactive elements, principally from potassium (K), thorium (Th) and uranium (U). A
spectrometer is used to count the number of gamma rays across multiple bands within the
energy spectrum. Peaks in particular bands can be attributed to each of the three radioactive
elements considered. In this way, the gamma ray signature can be used to measure the
abundances of potassium, thorium and uranium in the soil profile. Since gamma-rays are
strongly attenuated, most of the radiation emanates from shallow ground depth. About 90% of
measured gamma-rays are received from the top 30-45 cm for a dry overburden of density 1.5
g/cm' (Grasty 1976).
Airborne radiometric surveys use either helicopters or fixed-wing aircraft, depending on the
terrain. The survey is undertaken along flightlines in a fixed direction (e.g. east-west) that are
separated by a fixed distance (e.g. 200 metres). Along each fiightline, a reading is taken at a
fixed time interval (e.g. 1 second), with the aircraft speed defining the sample distance along the
ground (e.g. 30 - 80m). The data is processed and interpolated between flight lines, resulting in
grids of mean ground-level abundances of potassium, thorium and uranium.
These gridded datasets can provide detailed information about the characteristics of the soil and
its parent geological material, including surface texture, weathering, leaching, soil depth and
clay mineralogy (Bierwirth 1997). The technique is particularly useful as the imagery is not
significantly masked by atmospheric or vegetation effects, which is an issue for other remote
sensing platforms such as Landsat TM when investigating soil properties. It has been estimated
that dense vegetation will reduce the measured element concentrations by only about 15%
(Aspin and Bierwirth 1997). On-ground radiometric surveys using portable spectrometers are
particularly valuable in validating airborne surveys, checking anomalies or to provide more
detailed soil mapping.
In 1996, the then Australian Geological Survey Organisation (AGSO) flew a regional airborne
geophysical survey over the lower reaches of the Clarence and Richmond catchments (as well as
offshore areas) of northern New South Wales. The survey spanned two time periods, from the
5th to 13th March and from 11th August to 28th September. The survey combined the
collection of gamma-ray spectrometric data with magnetic and digital elevation model (DEM)
data, with the three-fold objective of discriminating coastal environments, targeting areas of
coastal land degradation and examining the structure of the continental shelf (Mitchell and
Minty 1998).
The survey encompassed the Tuckean Swamp area and was used in an assessment of its
application to mapping of acid sulfate soils (Bierwirth and Brodie 2005). Although potassium
levels can relate to pH in some landscapes (Bierwirth 1997), this element is highly mobile in a
range of conditions and often indicates the degree of weathering in a landscape. The other
components of the radiometrics, namely the thorium and uranium concentrations, have the
potential to more directly map acid sulfate soils. This is largely based on the effect that
acidification has on the solubility and subsequent mobilisation of these elements.
Thorium (Th) is typically found in heavy minerals such as zircon and monazite that are highly
resistant to weathering, so has long been considered insoluble in natural waters. Thorium is also
sorbed onto clays and soil colloids, so the initial expectation would be that the clay-rich
sediments of estuarine and backswamp environments would have average (or higher) thorium
concentrations. However, in acid conditions (pH < 3), hydrous ThOa is quite soluble and the
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Th"^ cation is stable (Katz et al. 1986). Studies have shown that thorium forms strong
complexes with sulfate, fluoride, phosphate, hydroxide and organic anions, particularly in low
pH conditions (Langmuir and Herman 1980). The formation of these complexes greatly
enhances the solubility of thorium. For example, dissolution increases by three orders of
magnitude at pH of 3 in the presence of 100 mg/L total sulfate. Likewise, small concentrations
of organic ligands have the same effect. Langmuir and Herman (1980) also cite the example that
Img/L of total oxalate increases thorium solubility by lO' times at pH 4. These strong organic
complexes also inhibit the adsorption of thorium onto clays and other colloidal material.
The solubility of uranium (U) minerals such as uraninite (UO2) and schoepite
(U0240(OH)66H20) also greatly increases under acid conditions. As with thorium, this is driven
by the formation of complexes, particularly with fluoride and to a lesser extent, sulfate.
Uranium solubility increases by five orders of magnitude at pH of 2 and with dissolved fluoride
levels at 2 mg/L (Langmuir 1978). Under acid conditions, uranium adsorption notably onto iron
oxyhydroxides is also inhibited (Hsi and Langmuir 1985). This increased mobility of uranium
under acid conditions forms the basis of the in situ leach (ISL) method of uranium mining
where sulfuric acid is used.
This means that the acid sulfate soil environment has many of the preconditions for the
dissolution and mobilisation of thorium and uranium from the soil profile. Groundwaters in
these areas are characterised by high acidity (pH < 3) with high levels of acid products such as
sulfate (>1,000 mg/L). The organic rich nature of these swampy landscapes would infer relative
enrichment of organic complexes such as oxalates and citrates. On this basis, shallow (<45cm)
long-term actual acid sulfate soils should be represented by very low levels of thorium and
uranium concentrations in the radiometric imagery.
The gamma-radiometrics imagery for the Tuckean Swamp is shown in Figure 7.20(c) to (e),
with blue representing high concentrations and red representing low. This data can be compared
against the acid sulfate soil risk mapping that is available for NSW coastal regions including the
Tuckean Swamp (Naylor et al. 1998). The risk mapping presents the probability of the
occurrence of acid sulfate soils at various depths in the soil profile. In Figure 7.20(b) there is
high probability of acid sulfate soils at the surface (red), within 1-metre of the surface (dark
purple) and below 1-metre of the surface (light purple). As a reference. Figure 7.20(f) is an
ASTER satellite image that shows the land surface reflectance in the visible and near infrared
(VNIR).
Overall, the swamp has relatively low concentrations of potassium (Figure 7.20c). However,
there is limited consistency with the risk mapping, as the lowest values (red) occur in both high
risk backswamps, as well as more elevated areas designated low risk due to the presence of sand
cover, such as the Tuckean Island (A in Figure 7.20) and Green Forest (B in Figure 7.20) areas.
The high potassium (green and blue) zone bordering the Richmond River is interpreted to be
modem alluvial floodplain deposits. These deposits are inferred to be thin (<l-3m) as these
areas are also designated as high risk in the acid sulfate soil mapping. Part of this thin alluvial
cover appears to extend up into the Tuckean Swamp, towards Tuckean Island.
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Figure 7.20: Interpretation of airborne radiometrics survey data (Bierwirth and Brodie 2005), from top
left (a) Location map showing swamp area (green) and post-Quaternary geology (orange) (b) Simplified
acid sulfate soil risk map (after Naylor 1997) with high probability of ASS at or near the surface (red),
within 1 metre of the surface (dark purple) and below 1 metre of the surface (light purple). Also low
probability areas (yellow) and areas not assessed such as no known occurrence or disturbed terrain (grey).
Airborne gamma-ray (radiometrics) image data displayed with a rainbow colour scale (blue is high and
red is low) for (c) potassium with range cut-offs of 0 - 0.75% (d) thorium with range of 0.5 - 6.5 ppm
and (e) smoothed uranium with range of 0.1 - 1.8 ppm (0 ASTER satellite VNIR data with bands 3, 2
and 1 displayed as RGB - red indicates high near infrared reflectance of healthy vegetation.

The thorium imagery (Figure 7.20d) shows a striking correlation with the risk mapping, with
very low thorium values matching high risk areas (highlighted as red and dark purple in Figure
7.20b). Thorium depletion to levels less than about 3-4 ppm in these areas is consistent with
thorium being mobilised in an acidic, sulfate- and organic-rich environment, hi this context, the
lower values (red in Figure 7.20d) within the swamp are interpreted to be areas of long-term
shallow actual acid sulfate soils. Scattered anomalies with similar thorium levels are evident in
the Green Forest area (B) and warrant further investigation. The thorium lows coinciding with
the Richmond River and Tuckean Broadwater are due to blocking of the gamma-ray signal by
these water bodies. The consistent thorium low evident in the coastal floodplain east of the
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Blackwall Range (C) is associated with marine sand deposits interpreted to have no heavy
mineral assemblages. These anomalies highlight the fact that gamma-ray signatures often
overlap for different materials and that the thorium imagery should be carefully interpreted with
local knowledge of water cover and regional geology.
The uranium imagery (Figure 7.20e) for the swamp was smoothed using an average filter ( 7 x 7
kernel) to remove spatial noise due to the typically low uranium counts. This results in the
uranium image showing considerably less detail. However, similar to thorium, the uranium lows
(red) in the swamp correspond with the areas mapped as high probability of acid sulfate soils
within 1-metre of the land surface (red and dark purple in Figure 7.20b). This also suggests that
these are areas of dissolution associated with long-term acid conditions. Also, like the thorium
signal, low uranium values can also be associated with water bodies and marine sands. Uranium
appears to have potential for mapping soil acidification using ground-based gamma survey
methods that record better resolution signals rather than from airborne methods.
On-ground measurements were taken in the Tuckean Swamp using a portable spectrometer to
confirm the relationship between the low thorium signal and acidification. Measurement sites
corresponded with the locations of piezometers or monitoring bores to allow simultaneous
measurement of the acidity of the shallow groundwater. Some of the measurements were taken
in November, 20004 following rainfall and were in the vicinity of inundated areas (2-5cm water
depth). However, no ground measurement sites actually had water cover. Follow up
measurements in March, 2005 were during dry conditions and no standing water was present in
the vicinity of these sites.
Recognising the stratigraphic differences across the swamp, these sites were categorised based
on the available lithological logs into having either:
(i.)

Actual acid sulfate soil exposed at the surface;

(ii.)

Actual acid sulfate soil at depth with variable cover (0.2-0.8m) of typically black, peaty
clay floodplain soil;

(iii.)

Basalt derived alluvial or colluvial material with cover (0.4-0.5m) of floodplain clay
soil. No acid sulfate soil evident in the shallow profile;

(iv.)

Quartzose marine sand with variable cover (0-1.5m) of floodplain clay soil;

(v.)

(Meta)sediment? derived alluvial clayey sand material with cover of floodplain soil.

The relationship between the ground-based thorium measurements and shallow groundwater
acidity is presented in Figure 7.21a. The sites with actual acid sulfate soils within the soil profile
and acid shallow groundwater generally had low on-ground thorium measurements. The lack of
standing water at the time of field measurement suggests that attenuation of the gamma-ray
signal by water cover is not the principal cause for the low-thorium response in the airborne
survey over the Tuckean Swamp. Rather, the association with shallow groundwater acidity
suggests that dissolution and mobilisation of thorium has occurred at these sites.
The acid sites have variable cover of fioodplain material overlying the actual acid sulfate soil
horizon. The acid site with the anomalously high thorium levels in Figure 7.21a (Site 81059)
had a relatively thin actual acid sulfate soil layer (0.2m) and had the thickest cover of floodplain
material (0.8m). This site is also located marginal to a zone interpreted to have metasediment
derived alluvial cover with higher thorium activity, highlighted as blue in Figure 7.20d. It is
likely that some of this material is also within the surface cover at site 81059, and the main
source of the thorium signal.
The remainder of these acid sites had cover varying between 0-0.6m, which was typically black,
peaty clay floodplain soil. The low-thorium signal is not impeded by the floodplain cover,
which can exceed the typical depth of penetration associated with gamma-ray spectrometry
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(-0.3-0.Sni). It is inferred that at these sites the shallow and fluctuating watertable has allowed
acid groundwater to migrate upwards into the floodplain cover and remove the thorium from
this material.

7.21b
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F i g u r e 7 . 2 1 : Field m e a s u r e m e n t s o f t h o r i u m and uranium in soil profile and p H in shallow g r o u n d w a t e r in
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ground-based ppm uranium and shallow groundwater pH and (d) location of field measurement sites relative to airborne
thorium image (red = low).

Figure 7.21a also highlights the issue of using the thorium signal to differentiate actual acid
sulfate soils from other landscape units. In particular, sites dominated by marine sands in the
soil profile also have low thorium concentrations but are more moderate in terms of acidity,
with pH values typically between 4 and 6. The more acid of these sites (81048 and TS8) are
located close to the main drain and have relatively high groundwater salinities suggesting tidal
ingress of brackish acid drain water. The general low-thorium response for the marine sands
highlights the need for identifying and masking out this geological unit as part of any mapping
process. The sites in the upper reaches of the swamp dominated by basaU- or metasedimentderived material and with no indications of acid sulfate soils tend to have higher thorium values
and higher pH groundwaters.
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188

As expected, Figure 7.21b shows the strong linear relationship between the airborne and onground thorium measurements. This is not a 1:1 relationship mainly because of the contrast in
the domain being sampled, as the airborne survey has a footprint of about 100m diameter, whilst
the ground measurements have a footprint of about 5m diameter. This means that the airborne
survey aggregates the signal for a much larger area. Also the absolute values from the two
different instruments are likely to be different due to errors in sensitivity calibration in either or
both of the sensors used.
Although constrained by the limited number of site measurements, information from these two
figures can be combined to estimate thresholds for mapping purposes. From Figure 7.21a, the
sites with near-surface actual acid sulfate soils had groundwater pH < 3.4 and on-ground
thorium concentrations < 4.7ppm. This thorium value corresponds to an airborne survey value
of 3.7 ppm (Figure 7.21b). This suggests that a threshold of about 3-4ppm could be used as one
of the criteria for processing the airborne data to highlight intense soil acidification.
The relationship between the on-ground uranium measurements and shallow groundwater
(Figure 7.21c) is similar to that for thorium. The negative values for the ground uranium data
indicate a calibration problem with the field spectrometer. Despite this, all of the actual acid
sulfate soil sites had relatively low levels of uranium, supporting dissolution and mobilisation in
these conditions. However, other landscape units not associated with extreme acid conditions,
such as marine sands also had similarly low uranium values. In particular, there is less
differentiation between the acid sulfate soils and the alluvial clayey sands in the uranium
measurements, compared with the thorium measurements. This, combined with the generally
noisy airborne uranium imagery, makes thorium a better candidate for mapping acid sulfate
soils.
A GlS-based approach was used to mask out low-thorium sources such as quartz sand cover,
water bodies and basement outcrop, to derive low thorium anomalies associated with acid
sulfate soils (Bierwirth and Brodie 2005). The method involved combining a number of datasets
that are independent of the thorium concentration data to identify and mask these non-acid lowthorium anomalies. The datasets used were:
(i.)

The digital elevation model (DEM) acquired simultaneously with the airborne
geophysics by laser altimetry (Mitchell and Minty 1998). Bedrock sources of very low
thorium, although minor in extent, were excluded by applying a mask for elevations
above 15m AHD. Although acid sulfate soils in Holocene estuarine sediments are
unlikely to occur at elevations above 10m AHD, the higher value was used because it
was evident that the altimetry data can be measuring tree-tops rather than the land
surface. Although slightly arbitraiy, the threshold appeared to be effective in delineating
alluvial and estuarine landscapes from the bedrock upland landscapes;

(ii.)

Advanced Spacebome Thermal Emission and Reflection radiometer (ASTER) solar
reflective and thermal satellite data. These data include 3 bands in the visible and nearinfrared (VNIR), 6 bands in the short-wave infrared (SWIR) and 5 bands in the thermal
infrared (TIR) at spatial resolutions of 15m, 30m and 90m respectively. The SWIR data
can be used to identify water bodies since even shallow water efficiently absorbs
radiation in this part of the spectrum. The TIR data can provide information about the
location of quartz sands since quartz has characteristic emissivity features in the spectral
range of the ASTER TIR bands. This will only be successful in areas that are largely
unvegetated since vegetation emission will mask the quartz signature;

(iii.)

Geological mapping sourced from the NSW Geological Survey (Troedson and
Hashimoto 2005) provided a solution to the identification of low thorium anomalies due
to quartz sand cover and hence non-acid soils. Extensive marine sand areas near the
coast have been accurately mapped as a coastal barrier system and the geological units
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making up this landscape provide an effective mask for the acid model. Table 7.1 shows
the geological units dominated by quartzose marine sands that were identified as
suitable for the masking procedure.
To generate a GIS-based map of surface soil acidity based on thorium imagery, the above data
sets were input to a simple stepwise classification scheme:

If ASTER SWIR Band 4 < DN 33 then CLASS 6
Else If DEM > 15 then CLASS 5
Else If GEOLOGY = Coastal Barrier Sand units (see Table 7.2) then CLASS 4
Else If GEOLOGY = "Qx" then
If ASTER TIR DC Band 13 > DN 182
Or If identified as "Beach Ridge" on ASTER VNIR then CLASS 4
After identification and masking of areas that cannot be acid sulfate, the thorium image
was split into three classes:
Else If THORIUM > 3.5 ppm then CLASS 3
Else if THORIUM > 2 ppm then CLASS 2
Else if THORIUM <= 2 ppm then CLASS 1

Table 7.2: Quaternary marine sand geological units used in GIS analysis (fi-om Troedson and Hashimoto
2005).
Depositional
System
Coastal Barrier

Estuarine Plain

Geological
Symbol

Age

Geological Unit

Lithologies

Qhbb

Holocene

sandy beach

marine sand, shell, gravel

Qhbbg

Holocene

gravel beach

gravel, shell, marine sand

Qhbd

Holocene

dune

marine sand

Qhbdm

Holocene

mobile dune

marine sand

Qhbdr

Holocene

bedrock-mantling dune

marine sand

Qhbf

Holocene

back barrier flat

marine sand, silt, clay, gravel, shell

Qhbr

Holocene

beach ridge and associated
strandplain

marine sand, shell, gravel

Qhbw

Holocene

beach ridge swale and dune
deflation hollow

marine sand, organic mud, peat

Qhs/Qpbw

Holocene

freshwater swamp in beach
ridge swale and dune-deflation
hollow

marine sand, indurated sand, organic mud,
peat

Qpb

Pleistocene

undifferentiated coastal barrier

marine sand, indurated sand

Qpbd

Pleistocene

dune

marine sand, indurated sand

Qpbdr

Pleistocene

bedrock-mantling dune

marine sand, indurated sand

Qpbf

Pleistocene

back barrier flat

marine sand, indurated sand, silt, clay, gravel,
organic mud, peat

Qpbr

Pleistocene

beach ridges and associated
sand plain

marine sand, indurated sand, gravel

Qpbrl

Pleistocene

beach ridges and associated
sand plain (set 1)

marine sand, indurated sand, gravel

Qpbr2

Pleistocene

beach ridges and associated
sand plain (set 2)

marine sand, indurated sand, gravel

Qpbw

Pleistocene

beach ridge swale and dunedeflation hollow

marine sand, indurated sand, organic mud,
peat

Qpef

Pleistocene

tidal-delta flat

marine sand, silt, minor clay, indurated sand,
shell
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This thorium-based model shows a good correlation with the risk mapping for the Tuckean
Swamp (Figure 7.22). The risk mapping indicates a high probability of acid sulfate material at
or near the surface (red), within 1 metre of the surface (dark purple) and below 1 metre of the
surface (light purple) while the thorium model identifies large areas of shallow acid soils to a
depth of 30-45 cm. Therefore it is inferred that most of the "high risk < 1 m" zone for the
Tuckean Swamp is associated with acidification within the top 30-45 cm.

7.22 b

7.22a

Figure 7.22: Comparison of (a) thorium model output with (b) DNR acid risk mapping at the Tuckean Swamp
"hotspot" (Bierwirth and Brodie 2005). The thorium model categories have been defined by GIS modelling of
airborne radiometric data and include strongly acidic surface soils (red), medium acidic surface soils (orange), low
acid surface soils (lime green), sandy non-acid soils (blue green), bedrock areas (light blue) and open water (dark
blue). Simplified acid sulfate soil risk map (after Naylor 1997) with high probability of actual acid sulfate soils at or
near the surface (red), within 1 metre of the surface (dark purple) and below 1 metre of the surface (light purple).
Also low probability areas (yellow) and areas not assessed such as no known occurrence or disturbed terrain (grey).

7.3.4 Spectral Unmixing of Landsat TM
In acid sulfate soils, the oxidation of pyrite generates iron mineral species such as goethite,
ferrihydrite and jarosite that can precipitate at the soil surface. These minerals are characteristic
of acid scald areas and are used as field indicators of actual acidification. In previous
investigations, Landsat TM data over the Tuckean Swamp area has been processed to
discriminate the presence of these iron minerals on the land surface (Bierwirth and Graham
1998). A spectral unmixing method was used, based on the characteristic reflectance spectra for
iron minerals, which show low reflectance in the visible to near-infrared (0.4-1.2 jtim) range
(Figure 7.23a) due to the ferric ion.
The spectral unmixing method uses the spectra for a series of materials or end-members. For the
analysis of the Landsat data, the end-members used were iron oxide, green grass, kaolinite,
quartz and water. The spectra for these end-members were aggregated to the seven Landsat TM
wavelength bands, so that they could be spectrally distinguishable using this satellite data
(Figure 7.23b). The relative contribution of these end-members to the overall reflectance is
resolved using a series of simultaneous equations.
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Figure 7.23: Spectral information used in characterising surface iron minerals using Landsat TM imagery
(Bierwirth and Graham 1998) (a) Spectral reflectance of iron minerals showing ferric ion absorption (b)
Spectra of end-members used in the unmixing analysis aggregated to the Landsat TM wavelength bands

Figure 7.24a shows the results of the analysis by Bierwirth and Graham (1998) for the Tuckean
Swamp area. High iron mineral concentrations (red-yellow) correspond well to acid sulfate
areas identified in the backswamp areas. However, one constraint is the effect that tree cover
has on dominating the unmixing process. Most of the areas characterised as having low
presence of minerals (indicated as blue in Figure 7.24a) when compared with the available
orthophotography (Figure 7.24b) correlate with stands of melaleuca forest. This means that
when interpreting the unmixed imagery, most of the areas highlighted in blue have unknown
levels of iron minerals, rather than low.
7.24a

7.24b

Figure 7.24: (a) Iron mineral concentration image for the Tuckean Swamp area generated by the spectral
unmixing of Landsat TM data (Bierwirth and Graham 1998) compared with (b) orthophotography.
Melaleuca tree cover effects the unmixing process resulting in an erroneous low-iron signal in these areas.
Hot colours indicate high-iron signal in cleared areas.

Conjunclive water management in the Lower Richmond catchment

192

7.4 Hydrogeological Mapping
Hydrogeological mapping provides information on the geological structure and properties of the
Quaternary sediment fill making up the Tuckean Swamp, which control the rate and direction of
groundwater flow. Work was undertaken at two scales, from broader mapping of the overall
Quaternary stratigraphy, to more localised and detailed studies of the shallow Pimlico Clay unit
which is the estuarine clay precursor to acid sulfate soils.

7.4.1 Structural Contours and Cross Section
In the Tuckean Swamp, the paleovalleys of Tucki Tucki, Marom and Yellow Creeks are distinct
features in the bedrock contours (Figure 7.25). These coalesce to join an inferred palaeochannel
of the Richmond River. This palaeochannel differs from the modem course of the river by
departing near Coraki, extending northwards into the Tuckean Swamp then eastwards into what
is now the Tuckean Broadwater (Drury 1982). The paleo-Richmond discharged near
Broadwater, rather than its current location at Ballina about 18km to the north. This is indicated
by the incised bedrock channel starting near Bagotville Barrage and directed eastwards to the
ocean. The structural contours also suggest the possibility that the Marom and Tucki Tucki
drainage at some stage directly entered the Richmond River to the west of the catchment (Figure
7.25) rather than into the Tuckean Swamp. The thickness of the Quaternary sediments can be
readily inferred from Figure 7.25, considering the surface topography is essentially flat-lying
and near sea level. Quaternary sediment thickness is in the range of 30-40m for most of the
swamp, exceeding 50m near the barrage and thinning to <20m in the upper backswamp areas.
Figure 7.26 is a northeast trending cross section across the swamp from Paffs Hill to Yellow
Creek. Using the stratigraphic nomenclature and geological evolution of Drury (1982), the
Quaternary sequence from the base upwards consists of:
(i.) South Casino Gravel, with grey silty medium-coarse sands and gravels forming the
fluviatile basal unit best developed in the Richmond paleochannel. Detrital quartz is
dominant but basalt and weathered volcanic clasts are common;
(ii.) Dungarubba Clay, which is an unweathered blue-black silty clay containing in-situ shells
and shell fragments. The clay also contains pyrite, wood fragments and ferruginous nodules.
This is a transgressive estuarine unit deposited during a Pleistocene interglacial highstand
about 250,000 years ago;
(iii.) Buckendoon Sand, a grey fine to medium quartz sand interpreted to be of nearshore marine
origin and associated with the same Pleistocene interglacial;
(iv.) Gundurimba Clay, a relatively thick sequence of estuarine clay containing macroshells and
foraminifera. Deposition occurred during the Last Interglacial about 120,000 years ago
when sea levels were 4-5m above present levels. The upper part of the sequence tends to be
weathered;
(v.) Woodburn Sand, an extensive quartz sand sequence deposited in dune, beach, back barrier
and nearshore marine environments also during the Last Interglacial transgression. The unit
forms Tuckean Island in the middle of the swamp;
(vi.) Pimlico Clay, a Recent dark grey silty estuarine clay deposited as a thin veneer, but also as
infill in paleovalleys eroded into the Woodburn Sand. These paleovalleys were formed
during the Last Glacial lowstand about 15-25,000 years ago when sea levels dropped to
110-130m below the present level. The Pimlico Clay was subsequently deposited as a
postglacial transgressive sequence when sea levels rose to reach the present position;
(vii.) Floodplain Alluvium, a thin veneer of Holocene floodplain sediments and backswamp peats
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Figure 7.25: Interpreted contours of the elevation of the pre-Tertiary land surface in the Tuckean Swamp.
Note prior course of the Richmond through the Tuckean Swamp and the Tuckean Broadwater.
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Figure 7.26: Stratigraphic cross section through the Tuckean Swamp coastal sediments. The acid sulfate
soils are hosted within the upper veneer o f estuarine Pimlico Clay.

7.4.2 Soil Profiling
In the Tuckean Swamp, the watertable is shallow (<2m) and typically within the Woodbum
Sand, Pimlico Clay or the Recent Alluvium material. To better understand shallow groundwater
processes, soil profiling was undertaken at sites where shallow piezometers were subsequently
constructed. A particular focus was the acid sulfate horizon of the Pimlico Clay and its role in
the generation and transport of acid products. Many of the sites are in the Meerschaum Drain
area, identified as a significant acid exporter (refer Figure 7.1). Piezometers were also
constructed adjacent to other drains (such as Marom, Hendersons and Main Drain), by way of
comparison (Figure 7.27).
The soil survey involved:
(i.)
(ii.)
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Collection of soil samples by auger to an average depth of 1.8m;
Lithological description in terms of soil texture, colour, degree of weathering and
moisture content;
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(iii.)

Field pH and redox potential measured at 10-cm intervals by inserting calibrated
electrodes into the moist soil. Any dry samples were moistened with deionised water
prior to measurement;

(iv.)

The field peroxide pH test (ASSMAC 1998) undertaken down the profile at 10-cm
intervals . Small soil samples were placed into 50-ml glass beakers and 10-mL of 30%
hydrogen peroxide added. The acidity of the peroxide used was adjusted to pH 5 by
adding O.IM sodium hydroxide prior to the tests. The oxidation reaction was observed
and rated in terms of timing and intensity (l=very weak, 2=mild 3=moderate, 4=strong,
5=vigorous). Key indicators of reaction were sample colour change, effervescence and
any release of a sulfurous smell. After the reaction had ceased, the pH of the solution
was measured;

(v.)

The main soil horizons were identified and about 5-6 aggregate samples taken for
laboratory analysis to characterise these horizons. This sampling focussed on
confirming the boundary between the actual ASS and potential ASS components of the
Pimlico Clay. Samples were submitted to the Environmental Analysis Laboratory,
Southern Cross University for analysis of bulk density, total actual acidity (TAA) and
chromium-reducible sulfur;

(vi.)

At some sites, soils samples were taken for 1:5 pore water extraction and electrical
conductivity measurement.

Figures A5.1-A5.19 in Appendix 5 summarise the measurements undertaken on the soil profiles
at sites across the Tuckean Swamp. The typical sequence is a variable thickness of floodplain
soil, overlying the Pimlico Clay or in some cases directly overlying Woodbum Sand. From
these profiles, three components of the acid sulfate soil horizon can be defined vertically within
the Pimlico Clay:
(i.)

(ii.)

(iii.)

An upper weathered and acidified section where all the pyrite has been oxidised. The
rating of the peroxide reaction is an excellent field indicator to demarcate the depth to
which the sulfide has been completely removed. Here, the reaction is very weak,
compared to the vigorous reaction indicating sulfide at depth. This is confirmed by the
results of the chromium-reducible sulfur analyses. The field measurements indicate acid
(pH < 4) and oxidised (Eh > 300 mV) conditions in the actual ASS (AASS) horizon.
The physical characteristics of soil ripening in terms of mottling, iron staining and
jarosite are evident. There is also commonly an increase in soil density due to
dewatering of the clay gel. Piezometers TS4 (Figure A5.4), TS5 (Figure A5.5) and TS7
(Figure A5.7) are good examples of profiles with a well developed upper oxidised zone;
An intermediate section where partial oxidation of pyrite has occurred. Both field pH
and Eh show gradational rather than abrupt change with depth. The field pH gradually
increases with depth and Eh gradually decreases. The peroxide reaction and sulfur
analyses confirm that residual pyrite still exists in this partially weathered zone. At
some sites, a peak in the 1:5 EC was evident (e.g. TS15, Figure A5.a5) and inferred to
represent active dissolution of acid products.
A deeper potential ASS (PASS) horizon where active weathering and pyrite oxidation
has been minimal. The Pimlico Clay is typically a saturated dark-grey soft silty clay gel.
The field pH tends to be constant and relatively high (>5) and field Eh constant and
relatively low (<300 mV). Soil 1:5 EC values are low at depth in the backswamp areas
(e.g. TS16, Figure A5.16) but can be high (>2000 uS/cm) in the tidally influenced areas
such as near the barrage (e.g. TS19, Figure A5.19). The PASS horizon gives a strong
peroxide reaction response and positive sulfide analyses.
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7.4.4 Drain Transects
It is also useful to compare the soil profiles spatially and in context with the drainage network.
Figures A6.1-A6.5 in Appendix 6 are cross sections developed for the different sites in the
swamp, as located on Figure 7.27.
Figure A6.3 depicts a transect of shallow piezometers on either side of Meerschaun Drain at the
RRCC4 monitoring station. This is the priority area showing significant acid scalding and acid
export to the drainage network. The individual soil profiles for these piezometers are presented
in Appendix 5 (such as TS4, TS5 and TS6, Figures A5.4, A5.5 and A5.6 respectively). These
show the classic acid sulfate soil profile where the oxidised zone of grey-yellow brown stiff
mottled jarositic clay grades downwards into the dark grey unoxidised soft clay gel. A thin
veneer (0.0-0.4m) of floodplain soil overlies the estuarine clay unit.
The boundaries between complete, partial and minimal oxidation of sulfides as described above
are also depicted on the cross section. The depth of complete sulfide oxidation is relatively
constant (0.5-0.7m) across the section. There is evidence from TS12 (Figure A5.12) located 2 m
from the drain that the depth of complete sulfide oxidation shallows slightly near-drain to 0.4m.
Dredged material has been placed and spread here and this may provide a degree of protection
from evapotranspiration. In contrast, the top of the unoxidised clay deepens in a southeast
direction towards the drain from 1.3m at TS4 to 2m at TS6. This latter depth corresponds to the
base of nearby Meerschaum Drain.
Figure A6.1 presents the transect for the Meerschaum Drain North site upgradient to RRCC4.
Water quality sampling suggests that acid groundwater discharge to the drain is not significant
at this site (refer Figures 7.1 and 7.4). The floodplain soils are relatively thick (0.6-0.8m) and
the Pimlico Clay thins close to the drain. There are more quartz sand and peat layers evident in
the shallow profile near the drain. East of the drain at TS2, the estuarine clay pinches out
entirely and Woodbum Sand directly underlies the floodplain material. Hence, although ASS
exist to the west of the drain, there is minimal impact of acid discharge on stratigraphic grounds.
Depth of total sulfide oxidation is slightly deeper (0.8m) when compared with the piezometers
near RRCC4 further down the drain.
Figure A6.2 presents the cross section for the Meerschaum Drain Central site. This is located
between (and show conditions intermediate to) the two sites described above. Here, the
floodplain soil profile is found to a depth of 0.5-0.6 m, which corresponds to the depth of
complete sulfide oxidation. The depth of partial sulfide oxidation is 1.6m which also
corresponds to the depth of the drain base.
The cross section for the Marom Drain site is presented in Figure A6.4. The soil profiles for this
transect also show that the depth of complete sulfide oxidation shallows towards the drain, and
the depth of partial sulfide oxidation corresponds with the depth of the drain base (1.6m). In
contrast to the Meerschaum Drain site at RRCC4, the incidence of acid drain conditions is
significantly less for Marom Drain (refer Figure 7.1 and 7.4). Also, the floodplain soils are
relatively thin (0.2m) but importantly there is a much greater proportion of peat in the
underlying clay profile.
Figure A6.5 depicts a cross section based on the single piezometer (TS19) constructed near the
RRCC2 monitoring station on Main Drain upstream of the barrage. In contrast with the other
sites, the depths of complete and partial sulfide oxidation are shallow (0.2m and 0.4 m
respectively). Here, the shallow watertable fluctuations are moderated by tidal influences. Over
a reference period, the maximum watertable depth was 0.34m, compared with 0.91m for near
the RRCC4 site on Meerschaum Drain and 0.66m for near the Marom Drain site (refer Figure
7.44).
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In summary, the depth of complete oxidation depicted in these sections is interpreted to
represent the seasonal low of the watertable depth that allows periodic exposure of the clay
profile to the atmosphere. This represents the typical watertable fluctuations on an annual basis.
The deeper partially oxidised zone represents the impact of sporadic drought events where the
watertable depth (as well as drain level) has declined to unseasonally low levels.

7.4.5 Slug Tests
A slug test on a small-diameter piezometer can provide information on aquifer properties such
as horizontal hydraulic conductivity (Kh) or transmissivity. The water level in the piezometer is
rapidly perturbed and the response in terms of recovery back to the pre-existing level is
monitored. This monitoring can be undertaken manually by using water level loggers or
pressure transducers. Various methods such as Bouwerand Rice (1976), Hvorslev (1951) and
Cooper et al. (1967) are available to analyse the recovery data to obtain estimates of hydraulic
parameters. The initial rapid change of water level can be achieved by:
(i.)

Pouring a small volume of water downhole, or by rapidly pumping or bailing out a
small volume of groundwater;

(ii.)

Inserting a closed cylinder (or slug) such as a length of small-diameter casing filled with
sand and sealed at both ends. This will displace the water in the piezometer by the
volume of the slug, raising the water level. After monitoring of the decline back to a
static level, the slug is removed resulting in a rapid water level decline for which the
recovery can also be monitored;

(iii.)

Sealing the piezometer and using compressed air to lower the water level. Quickly
releasing the pressure in the piezometer causes the water level to rapidly rise.

As an alternative to pump tests, the slug test is rapid and only requires the single piezometer, so
does not require long-term pumping or associated observation bores. However, the test only
considers the small volume of aquifer material in close proximity to the piezometer, which may
not be sufficiently representative of general aquifer characteristics.
Slug tests were undertaken on the shallow piezometer network in the Tuckean Swamp to
characterise the hydraulic conductivity of stratigraphic units within the Quaternary sequence.
This involved the following procedure:
(i.)

Logging was initiated for an Odyssey® capacitive water level recorder and installed
downhole;

(ii.)

After a delay of a few minutes to allow recording of the pre-test water level, a fixed
volume (3L) of water was rapidly added to the casing;

(iii.)

After allowing adequate time for the water level to re-equilibrate the recorder was
removed and the data downloaded;

(iv.)

If recovery was slow, manual measurements of water level were taken instead;

(v.)
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The recovery water level data was interpreted using the Hvorslev and Bouwer-Rice
methods for unconfined aquifers and the Cooper-Bredehoeft-Papadopulos method for
confined aquifers.
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T a b l e 7.3: A n a l y s i s o f slug tests on sh a llo w p i e z o m e t e r s in the T u c k e a n S w a m p .
Piezometer

Unit

Interval

Lithology

Thickness (m)

Kh (m/d)

81044

Alluvium - basalt

2.0-5.0

basalt cobbles

3

0.3

81047

Alluvium - basalt

1.8-4.7

basalt cobbles

3

2

TS9

Alluvium

0.8-1.2

sand, peat

0.5

0.06

81049

Buckendoon

20.1-26.3

Sand

7.2

75

81059

Buckendoon

22.6-28.5

Sand

7.5

70

81062

Pimlico-AASS

0.6-1.3

clay

1.3

0.1

TSIO

Pimlico-AASS

0.3-0.8

clay

0.5

0.7

TS12

Pimlico-AASS

0.3-1.8

clay

0.4

0.2

TSIS

Pimlico-AASS

0.5-1.0

clay

0.45

0.8

TS4S

Pimlico-AASS

0.3-1.0

clay

0.8

0.7

TS5S

Pimlico-AASS

0.3-1.4

clay

1.06

0.1

TS6

Pimlico-AASS

0.3-0.8

clay

0.7

6

TS7S

Pimlico-AASS

0.2-1.3

clay

0.8

0.6

TS17

Pimlico-AASS

0.3-1.3

clay, peat

I

0.07

TS18

Pimlico-AASS

0.3-0.9

clay

1.4

0.2

TS3

Pimlico-PASS

1.6-2.1

clay

2.1

0.5

TS4D

Pimlico-PASS

1.6-2.1

clay

1.67

0.0003

TS5D

Pimlico-PASS

1.5-2.1

clay

1.2

0.0002

TS7D

Pimlico-PASS

1.5-2.1

clay

1.3

0.001

81050

South Casino

31.0-40.0

sand, gravel

10.5

60

81046

Woodbum

2.5-5.5

sand

5

2

81048

Woodbum

1.5-3.5

sand

8.5

1

81051

Woodbum

3.3-6.3

sand

5

3

81052

Woodbum

3.7-5.7

sand

6

3

81053

Woodbum

1.1-2.1

sand

5

0.3

81056

Woodbum

5.0-8.0

sand

7

3

81060

Woodbum

1.9-2.9

sand, clay

0.4

8

81061

Woodbum

2.0-4.0

sandy clay

0.9

0.005

81063

Woodbum

4.2-7.2

sand

4.45

0.4

TSID

Woodbum

1.7-2.3

clayey sand

1

0.006

TS2

Woodbum

1.6-3.0

clayey sand

2

0.2

TS8

Woodbum

1.6-2.1

sand

2.1

3

TS16

Woodbum

1.5-2

sand

1

0.4

N o t e : K h is horizontal hydraulic conductivity estimated from the slug test analysis

Conjunctive water management in the Lower Richmond catchment

200

Surface Geology
I

1 Quaternary sediments

•

Tertiary Basalts

I

I Kangaroo Creel< sandstone
3
i

Walloon coal measures
Bundamba Group

I

Silurian Metasediments

Acid Sulfate Soil Risk

Slug Test Kli (m/d)

High probability at or
near surface
^^^
^
^^^^

#
#

<0.001
0.001 - 0.01

of ground surface

O

0 01-0.1

O
^

0.1 -1.0
,0-10

#

>10

M i H i g h probability between 1 and 3
metres below ground surface

Pimlico Clay - Actual ASS
0.001 Pimlico Clay - Potential ASS
O.OS Alluvium
0.3

Alluvium • Basalt derived

3
60

Woodburn Sand
Buckendoon Sand - South Casino Gravel

Figure 7.28: Estimates of horizontal hydraulic conductivity from slug tests on shallow piezometers,
Tuckean Swamp.
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Table 7.3 summarises the slug test results on the basis of the Quaternary stratigraphic units. The
horizontal hydraulic conductivity (Kh) estimates for the deeper aquifer intervals of Buckendoon
Sand and South Casino Gravels are high (>50m/d) and commensurate with the lithological
textures logged downhole. Of more significance for connectivity with the drainage network are
the results for the unconfmed aquifers of Woodbum Sand, Pimlico Sand and Recent Alluvium.
The Woodbum Sand unit which makes up Tuckean Island in the centre of the swamp, consists
of well-sorted fine-medium grained quartz sand, reflected in Kh values typically exceeding 1
m/d in this area (Figure 7.28). To the northeast, in the Meerschaum Drain area, this sand unit is
thinner and contains a clay matrix, resulting in lower Kh values (<0.5m/d) for tests in the
Woodbum Sand.
In the swamp drained by Meerschaum Drain, the Woodbum Sand is overlain by the estuarine
Pimlico Clay unit as well as more recent floodplain deposits, with the shallow watertable
fluctuating within this acid sulfate soil horizon. Figure A6.3 in Appendix 6 shows these features
in the drain transect for this area. The resulting oxidation of this unit due to watertable decline
within the profile has had a significant effect on shallow hydraulic conductivity. At sites where
both the oxidised and unoxidised parts of the unit were screened (TS4, TS5, TS7), oxidation has
increased hydraulic conductivity by 2-3 orders of magnitude (Table 7.3). The deeper potential
acid sulfate soil (PASS) is typically a grey clay gel with very low Kh (<.001 m/d) while the
overlying actual acid sulfate soil (AASS) is a yellow-brown mottled, fermginous and jarositic
clay with Kh values more in the range of 0.1-1.0 m/d (Table 7.3). Taking the TS-5 site as an
example, the Kh estimate for the upper oxidised profile is 0.1 m/d, but is 0.0002 m/d for the
unoxidised estuarine clay gel. This increase in soil permeability is a byproduct of the ripening
process of dewatering, oxidation, clay fiocculation and compaction of the estuarine clay gel
(White et al. 1997). Macropores develop by soil shrinkage, fracturing and by plant roots
(Johnston and Slavich 2003). This is highly significant in terms of connectivity with the
drainage network as it indicates that the upper oxidised AASS horizon is sufficiently permeable
to transfer groundwater (and acid) to the drain in its own right, and the underlying unoxidised
material forms an effective base that limits vertical groundwater movement.
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7.5 Hydrometric Analysis
Hydrometric analysis of seepage flux uses first principles of Darcy's Law relating to the
movement of water through porous media:
Q = A—K
(Equation 7.6)
dl
where Q is the flux of water (volume per unit time), A is the cross-sectional area of the porous
medium through which flow occurs, dh/dl is the hydraulic gradient where dh is the change in
hydraulic head along the distance dl of the groundwater flow line, and K is the hydraulic
conductivity of the material.
Construction of shallow piezometers enabled groundwater and stream/drain water levels to be
compared at several sites in and near the Tuckean Swamp, to better understand temporal
changes in head difference and hydraulic gradient. This is important as acid groundwater
discharge requires a positive head gradient towards the drain.
7.5.1 Measuring In-Stream Hydraulic Gradients Using Minipiezometers
In its simplest form, measuring seepage flux in the stream bed can be done by installing a
stilling well to limit the effects of winds and current on the surface water level measurement
coupled with a minipiezometer to measure the groundwater level in the underlying sediment
bed. This was undertaken at sites on Marom Creek and Yellow Creek on the floodplain at the
base of the Alstonville Plateau escarpment (Figure 7.27). Temperature recorders were also
installed at these sites to help characterise seepage direction (refer Section 7.7).
The minipiezometers were simply constructed using 2-m lengths of 25mm OD electrical
conduit stoppered at the base with a series of 2-mm holes drilled to form a 15cm long perforated
inlet. These were then installed into the stream bed using an outer steel casing and driver
mechanism (Figure 7.29). The minipiezometers were then developed by moving a length of
solid steel rod up and down within the conduit, to dislodge any smeared clay and ensure
hydraulic connection at the inlet. A length of 50mm PVC casing was attached to a star picket
and used as a stilling well to stabilise stream water levels. Once established, readings were taken
of the depth to groundwater relative to the top of the minipiezometer and of the depth to the
stream water level relative to the top of the stilling well. The vertical difference between these
two reference points are taken into account when calculating the head difference between the
stream and the shallow groundwater system. Density effects due to contrasts in water salinity or
temperature are considered negligible at these sites.
At the Yellow Creek site, the minipiezometer was installed to a depth of 1.23m within
competent and highly plastic clay, with the stream water level about 0.7m deep. Stream flow
was very low at the time of installation. Figure 7.30 plots the water level measurements taken
from the stilling well and minipiezometer at this site. The groundwater level in the
minipiezometer took about two days to re-equilibrate following installation, due to the
dominance of clay in the stream bed sediment. The groundwater level stabilised to about 0.16m
below the surface water level. This implies that the direction of seepage flux at this site was
downward during the period of measurement.
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C
•

stream

Sediment

Figure 7.29: Stages in the installation of minipiezometer and stilling well for hydrometric investigations of
seepage flux (modified from Baxter et al. 2003)
{1)
(2)
(3)
(4)

(5)

Driver mechanism consisting of solid steel driver rod (C) and steel outer casing with flange (A) hammered
into sediment to suitable depth using a cap fitting (B)
Driver rod (C) removed with the steel outer casing retained
Minipiezometer inserted into the outer steel casing
Outer steel casing removed with minipiezometer held in position and sediment was manually tamped around
the minipiezometer. Bentonite clay can also be used to seal the annulus between minipiezometer and hole
above the inlet.
Stilling well fitted and secured using a star picket.

At the Marom Creek site, the minipiezometer was installed to a depth of 1 .Im within soft silty
clay. The steel casing could be hand-pushed into the soft sediment, compared to the necessity of
a sledge hammer to install the minipiezometer within the competent clay bed of Yellow Creek.
Marom Creek had both a higher water level (about 0.9m) and higher flow rate than Yellow
Creek at the time of installation. An Odyssey® capacitance water level recorder was installed in
the minipiezometer to monitor the fluctuations in the shallow groundwater level over the weekperiod. Figure 7.31 compares the stream and groundwater levels taken at the site, showing the
potential for downward seepage at the time. An interesting feature of the shallow groundwater
monitoring is a subtle diurnal cycle over about a 1-cm range, with a daily minima in the
morning (07:00-08:00) and an afternoon maxima (16:00-18:00). There are significant riparian
trees bordering Marom Creek at the site, so this most likely is an evapotranspiration effect.
Slug tests were undertaken using the minipiezometers prior to their removal. The
minipiezometers were filled with water to the top of the conduit and the subsequent decline in
water level monitored. The recovery of water levels are plotted in Figure 7.32, indicating the
generally slow response for both these sites. The resulting horizontal hydraulic conductivity
(Kh) estimates using the standard Hvorslev method are within the typical range for clays (Table
7.4). Seepage fluxes can be estimated by deriving a vertical hydraulic conductivity (Kv) by
assuming anisotropy of 0.1 and using Darcy's Law. These flux estimates can be translated into
units of mVd/km by estimating an average stream width and assuming homogenous conditions.
The resulting figures are useful in approximating the magnitude of the seepage and are
indicative only (Table 7.4). The rate of downward seepage at these sites is considered to be very
low.
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Table 7.4: Seepage flux estimates in the Lower Richmond based on hydrometric analysis.
Kh, m/d

K^.m/d

dh

dl

(Hvorslev)

(0.1*Kh)

(m)

(m)

Site

Seepage
Flux

Average
Stream Width

(m/d)

(m)

Seepage Flux
(m^/d/km)

Marom
Creek

3.8E-03

3.8E-04

-0.317

0.945

-1.3E-04

5

-0.63

Yellow
Creek

4.2E-03

4.2E-04

-0.163

1.08

-6.4E-05

2.5

-0.16

Yellow Creek Site

2/03 0:00

3/03 0:00

4/03 0:00

5/03 0:00

6/03 0:00

7/03 0:00

8/03 0:00

9/03 0:00

10/03 0:00

1V03

0:00

Figure 7.30: Groundwater and surface water level measurements for Yellow Creek site during March,
2005. Water level measurements are relative to the top of the stilling well. Once stabilised, the relatively
low groundwater level infers the potential for downward seepage.
M a r o m Creek Site
3.5
3.45
3.4
3.35
3,3

- M a r o m Creek

3.25

- Shallow Gro undwater

3.2
3

15
3,1

3.05
3/03 C

6/03

0:00

7/03

0:00

9/03

0:00

10/03

0:00

Figure 7.31: Groundwater and surface water level measurements for Marom Creek site during March,
2005. Water level measurements have been converted to elevation (m AHD). The relatively low
groundwater level infers the potential for downward seepage.
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- • — Marom Creek Site
- • — Y e l l o w Creek Site

40

Figure 7.32: Slug test data for
minipiezometers installed at the
Marom Creek and Yellow Creek
sites.

60

Minutes

7.5.2 Measuring Near-Stream Hydraulic Gradients using Piezometers
The hydrometric method can be scaled up by comparing stream level monitoring with
groundwater level data from nearby monitoring bores. At this scale, the geology and
groundwater flow paths can be complex and hydraulic conductivity (and therefore seepage flux)
difficult to quantify. However, it is still useful to analyse the relationship between stream/drain
stage data and groundwater hydrographs to indicate the hydraulic gradient and the potential
seepage direction. The construction of shallow piezometers adjacent to streams and drains in the
Tuckean Swamp provided the opportunity for this analysis to be undertaken for several sites
(Figure 7.27).
Changes in potential seepage direction through time at the Marom Creek site can be inferred
when nearby groundwater levels are compared with the stream gauging data (Figure 7.33).
Following rainfall, the shallow aquifer responds quickly and tends to have a watertable that is
higher than the stream stage, indicating the potential for gaining conditions for Marom Creek.
However, watertable recession is steeper than that of the stream, and after prolonged dry periods
the hydraulic gradient can switch direction. Losing conditions for Marom Creek is most evident
during an extended low-rainfall period in mid-late 2005. The main driver for this is the stable
stream levels relative to the surrounding watertable due to high baseflow conditions on the
plateau. As discussed above, in-stream measurements at the Marom Creek site during early
March 2005 confirm the potential for losing conditions at this time as indicated in Figure 7.33.

1V04 12/04 12/04 V05

3 / 0 5 3 / 0 5 4/05 5/05 6 / 0 5 7/05 8/05 9 / 0 5 10/05 1V05 12/05 V06

2 / 0 6 3/06 4/06 5/06 6/06 7/06 8/06 9/06 10/06

Figure 7.33: Comparison of G W 8 1 0 4 7 ( T M B 6 ) groundwater levels and stream gauging at M a r o m Creek site.
Groundwater levels are more dynamic than stream levels so that seepage conditions can switch from potentially
gaining to losing.
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A comparison of the Yellow Creek stream gauging with nearby groundwater levels measured at
monitoring bore GW81044 is plotted in Figure 7.34. This shows that there is a shallow
watertable response to rainfall, but groundwater levels are consistently lower than the Yellow
Creek stage height. This infers losing stream conditions throughout the year, in contrast to the
seasonal changes in hydraulic gradient observed for Marom Creek. Although such a gradient
exists, the existence of a clay stream bed as found in the minipiezometer investigations suggests
that actual stream loss is probably low at this particular site.
Yellow Creek and Gum Creek converge into Meerschaum Drain in the northeast comer of the
swamp. A transect of shallow piezometers was constructed out from a drain gauge in the
northern reach of Meerschaum Drain (Figure 7.27). The cross section for this area is presented
in Figure A6.1 in Appendix 6. Figure 7.35 compares the groundwater and drain hydrograph data
at this site. The watertable as measured in two shallow piezometers (TSl and TS2) tends to be
higher than the drain level, indicating dominantly gaining conditions (Figure 7.35a). Rapid rises
in drain level due to significant plateau runoff can induce transient losing conditions.
Monitoring from deeper bores indicates that there is an upwards regional gradient, with heads in
the underlying Buckendoon Sand higher than the shallow watertable, except during significant
rainfall and shallow recharge events (Figure 7.35b).
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Figure 7.34: Comparison of G W 8 1 0 4 4 ( T M B l ) groundwater levels and stream gauging at Yellow Creek site.
Groundwater levels are consistently below stream levels suggesting potential for losing conditions.
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7.35a.
M e e r s c h a u m D r a i n N o r t h Site
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7.35b
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Figure 7.35: Comparison of groundwater levels and drain level gauging at northern Meerschaum Drain
site (a) TSl and TS2 piezometers (b) GW81059 and GW81060 piezometers. TSl is located about 280m
west of the drain and TS2 about 130m east, refer Figure A6.1
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Further down Meerschaum Drain, a similar transect of shallow piezometers was constructed
around the Richmond River County Council water quality monitoring site (RRCC4), as depicted
in section by Figure A6.3. Here the hydrographic data shows a complex relationship between
the shallow watertable in the acid sulfate soil profile and the water level in Meerschaum Drain
(Figure 7.36).
Following significant rainfall events overtopping of the drain and localised flooding means that
the drain level and shallow groundwater level are the same (and above the land surface). The
rate of subsequent watertable decline may be less than the decline in drain levels, as evident in
2006. This resulted in a hydraulic gradient towards the drain, with the input of acid products
from groundwater discharge reflected in declining drain pH and increasing drain EC (Figure
7.36c). At other times, such as summer 2005, the watertable decline is relatively fast so that it
drops below the drain water level (Figures 7.36ab). This is reflected in drain pH improving and
a relatively low and constant drain EC due to limited input of acid products (Figure 7.36c).
Figure 7.37 presents the hydrometric comparison between drain and shallow watertable levels in
more detail. A feature of the groundwater monitoring is a distinct diurnal pattern. As the cycle is
consistently diurnal with the daily maximum in the early morning and the daily minimum in the
early afternoon, it is interpreted to be driven by evapotranspiration rather than tidal processes.
During the winter period, groundwater levels are relatively stable as evapotranspiration rates are
low (Figure 7.37a). This means that a positive hydraulic gradient (hence acid groundwater
discharge) can persist. With high rates of evapotranspiration during the summer, the rate of
watertable recession is significantly higher than that of the drain, the latter being maintained by
plateau basefiow (Figure 7.37b). This can result in the reversal of the hydraulic gradient,
constraining discharge of acid groundwater. Although this may be favourable conditions in
terms of acid export, a relatively low watertable allows dewatering of sulfidic sediments and
increased acid production.
In summary, analysis of the Meerschaum hydrographic data as presented in Figures 7.36-37
shows that:
(i.)

Low pH conditions in the drain occur when the shallow watertable is higher that the drain
level, so that a positive hydraulic gradient drives acid groundwater discharge;

(ii.)

Evapotranspiration is a significant process and seasonal differences influences watertable
declines. During the winter, low evapotranspiration rates are reflected in relatively stable
shallow watertables and persistent acid groundwater discharge as the drain level is lower.
During the summer, high evapotranspiration rates can effectively reverse hydraulic
gradients;

(iii.)

As a consequence, the seasonal timing of significant flooding is a factor. Spring floods
allow high evapotranspiration rates during the summer to reduce or reverse hydraulic
gradients. In contrast, positive hydraulic gradients (and acid discharge) can persist for
many months following autumn or early-winter flooding;

(iv.)

The magnitude and repetition of flood events is also a factor. Large flood events resuh in
significant inundation and fioodplain storage of water which is subject to drainage and
evaporation. Hence, high watertables are retained for longer periods regardless of the
season. Repeated rainfall events of smaller magnitude can have the same effect. For
example, during September-December 2004, five separate rainfall events restored
groundwater levels that were being depleted due to evapotranspiration. Similarly, summer
groundwater recessions following the January 2006 flood were replenished by another
flood event two months later.

The relationship between hydraulic gradient and drain water quality is explored further in
Section 7.6.
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M e e r s c h a u m Drain S o u t h Site
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Figure 7.36a: Comparison of groundwater levels and drain levels at RRCC4 site (a) TSIO and TS12 piezometers.
TSIO is about 70m from the drain and TS12 is <5m, refer Figure A6.3.
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Figure 7.36b: Comparison of groundwater levels and drain levels at RRCC4 site (b) TS4 and TS5 piezometers. TS4
is about 1100 m from the drain and TS5 about 480m, refer Figure A6.3.
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Figure 7.36c: Comparison of groundwater levels and drain levels at RRCC4 site (c) Drain pH and EC (uS/cm).
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Figure 7.37: Meerschaum Drain levels and nearby shallow watertables (a) Winter 2006 (b) Summer
2005. Shallow groundwater recessions tend to be steeper during the summer due to greater influence of
evapotranspiration.

A drain gauge and piezometer transect was also established on and near Marom Drain, south of
Cedar Island (Figure 7.27), as a comparison with Meerschaum Drain. This transect is depicted
in cross section by Figure A6.4 in Appendix 6. Figure 7.38a plots the hydrographic record for
this site, showing that the shallow watertable is most frequently higher than the drain level,
resulting in a positive head gradient towards the drain over the time of record. This negates the
hypothesis that Marom Drain tends to have better pH conditions than Meerschaum Drain due to
the persistence of a negative hydraulic gradient and losing conditions. Drain water quality
monitoring was established about 4.3 km downstream of this site and Figure7.38b plotting the
available pH and EC record. This shows that the drain generally maintains near-neutral pH
conditions as indicated in the field chemistry surveys (Figure 7.1). However there are short-term
events where acidity declines to pH 4. These occurred when the watertable was high and nearsurface, and the drain level relatively low, so the hydraulic gradient towards the drain was
relatively high.
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M a r o m Drain @ C e d a r Island
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Figure 7.38a: Comparison of Marom Drain monitoring data (a) TS17 and TS18 groundwater levels and
Marom Drain gauging. TS17 is about 65m from the drain and TS18 about 260m, refer Figure A6.4.
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Figure 7.38b: Comparison of Marom Drain monitoring data (b) Drain pH and EC (uS/cm) at Tucki Drain
@ Haynes Bridge monitoring station.

A single piezometer was installed near the Richmond River County Council water quality
station (RRCC2) on the Main Drain upstream of the Bagotville Barrage. Here, tidal effects
dominate both drain and shallow groundwater levels (Figure 7.39). The watertable tended to be
higher than drain levels over the monitoring period, indicating the dominance of a positive head
gradient towards the drain.
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M a i n Drain @ R R C C 2

Figure 7.39: Comparison of TS19 groundwater levels and RRCC2 Main Drain water levels. TS19 is
about 43m from the drain, refer Figure A6.5.
7.6 Hydrographic Analysis
Monitoring of the Tuckean Swamp drains and shallow groundwater conditions is being
undertaken by various agencies such as the Richmond River County Council (RRCC) and the
NSW Department of Natural Resources (DNR). This monitoring of water levels and quality has
been supplemented by data collected in this study. This provides the opportunity to combine and
interpret an extensive hydrographic record for the swamp.

7.6.1 Analysis of Water Level and Quality Monitoring
Figure 7.40 plots relationships between water quality parameters measured in Meerschaum
Drain at the RRCC4 station and shallow groundwater levels in the TS12 piezometer, located
about 2m from the drain. The head difference between the drain water level and the
groundwater level in TS12 is calculated so that positive values represent a higher watertable and
a positive gradient towards the drain. In Figure 7.40a, there is a general trend of drain pH
decreasing with increasing positive hydraulic gradient, as expected with an increase in the
discharge of acid groundwater. There is a transitional rather than a dramatic change in pH
conditions from a positive gradient to a negative. This is due to processes within the drain itself
that also drive acidity of the water column, such as interaction with insitu monosulfide deposits.
Figure 7.40b plots the relationship between the watertable elevation and drain pH. This shows
that acid drain conditions (pH < 4) occur when the watertable is between the ground surface
(~0.6m AHD) and a depth of about 0.5m (or 0.1m AHD). This represents an 'acid export
window' as described by Johnston et al. (2004) where the watertable is within the upper
oxidised and acidified part of the clay profile, and above the drain level. When the watertable is
below this zone the drain pH exceeds 4.5 and can reach near-neutral conditions. This is because
at these times the watertable also tends to be below the drain level, so the hydraulic gradient is
away from the drain and acid groundwater discharge is constrained. When water levels are
above the ground surface during flood events, the drain tends to be buffered or diluted by runoff
from the plateau so pH exceeds 4.
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Figure 7 40: Relationships between Meerschaum Drain monitoring (RRCC4) and shallow groundwater
levels in nearby piezometer TS12 (a) RRCC4 pH and TS12-RRCC4 head difference (b) RRCC4 pH and
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Figures 7.40cd are similar plots relating drain electrical conductivity to watertable conditions.
The drain EC can be relatively high when the head difference is positive, as this drives
discharge of low-pH groundwater containing acid products into the drain (Figure 7.40c). In
contrast, drain EC is consistently low when the head difference is negative. This is because the
hydraulic gradient is away from the drain, so limiting any groundwater discharge. This means
that drain EC is an effective tracer for the input of shallow acid groundwater into the drain in
these freshwater backswamp areas. Like the situation for low pH conditions, the higher
salinities found in the drain occur when the watertable is within the upper oxidised part of the
clay profile (Figure 7.40d).
The redox data is also consistent with these processes, albeit not as definitive. There is a
tendency for high redox potentials under a positive hydraulic gradient, reflecting ingress of
shallow groundwater from the oxidised clay profile (Figure 7.40e). When the watertable is
within 0.5m of the ground surface, the drain redox tends be within a range of 400-600 mV.
Drain redox potential is considerably more variable during flood events when surface runoff
dominates (Figure 7.40f).
Figure 7.41 plots relationships between water quality parameters measured at the various
Richmond River County Council monitoring stations, RRCC4 as analysed above, RRCC3
located about 1.6 km downstream along Meerschaum Drain and near its junction with
Hendersons Drain, and RRCC2 on the Main Drain about 0.6 km upstream of the barrage. A
crescent shaped distribution is characteristic of the plots between drain EC and pH measured at
the two Meerschaum Drain stations (Figures 7.4 lab). The separate population of relatively high
EC for the RRCC4 data (Figure 7.41a) relate to a single time period (Aug-Sept 2006) and may
be a measurement error as it is not replicated in the RRCC3 data (Figure 7.41b) further
downstream. Taking the RRCC3 data, the general distribution is an aggregate of three different
drain conditions:
(i.)

Low EC (<300uS/cm) and moderate to neutral pH (4-7) during flood events when drain
and groundwater levels are equalised or alternatively, after extended dry periods when
the shallow watertable is below the drain level.;

(ii.)

Moderate EC (200-800 uS/cm) and low pH (<4) when the shallow watertable is in the
oxidised profile and above the drain level so that shallow acid groundwater discharge
occurs;

(iii.)

Occasional high EC (>1000 uS/cm) and low pH (<3.5) due to local runoff from acid
scald areas. An example occurred during rainfall events in October-November 2004
(Figure 7.42).

At the RRCC3 station, low dissolved oxygen (DO < Img/L) occurs over a wide range of pH
conditions between pH 3-6.5 (Figure 7.41c). This suggests that deoxygenation due to vegetative
decay and secondary reactions with monosulfide deposits are both occurring in this landscape.
Comparison of the pH monitoring of the RRCC3 and RRCC2 stations shows that there is
generally an improvement in acidity conditions at the barrage from conditions in Meerschaum
Drain (Figure 7.4 le). This can be attributed to dilution flows from the Marom/Tucki Drains
which tend to be near-neutral, as well as buffering from ingress of brackish estuarine water. The
later is indicated by the general improvement in pH with increasing salinity of the water behind
the barrage (Figure 7.4If).
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Aggregating the monitoring data to weekly values can be useful to help define seasonal trends.
This was undertaken to obtain the average weekly pH and EC upstream of the barrage (RRCC2)
as well as the weekly evaporation rate as measured at Alstonville (Figure 7.43). There is a
consistency in the seasonal trends of drain pH and EC, confirming the ability of the estuarine
inflows to buffer against acid conditions (Figure 7.43a). There is also a tendency for the Main
Drain pH to be lower during the winter when evaporation rates are also low (Figure 7.43b).
Whether or not there is a causal relationship, this is consistent with the hypothesis that
evapotranspiration drives groundwater recessions which reduce or reverse hydraulic gradients
towards the drain, thereby decreasing acid groundwater discharge. This situation is more
prevalent in the summer months as reflected in generally higher drain pH values.

7.6.2 Frequency Analysis of Monitoring Data
A frequency distribution approach can also be taken to compare the monitoring for the diiferent
sites across the Tuckean Swamp. Figure 7.44 presents frequency distribution curves for the
various parameters being routinely monitored. A reference period of between November 2005
and September 2006 was used to allow direct comparison, considering variations in when the
monitoring sites were established. Figure 7.44a shows the contrast in pH conditions across the
drainage network. The RRCC3 station on Meerschaum Drain near the junction with Hendersons
Drain shows the most persistent acidity with pH <4 for about 63% of the reference time period.
The RRCC4 station further upstream measured pH<4 about 13% of the time, highlighting the
significance of the section of Meerschaum Drain between these two stations in terms of acid
discharge. In contrast, Marom Drain water quality was consistently (>99%) above pH 4. The
RRCC2 station located 0.6 km upstream of the barrage is a useful indicator of aggregate
conditions in terms of acid export from the swamp. Here, pH < 4 conditions occurred for 21%
of the time.
Figure 7.44b plots the salinity (EC) conditions of the drains during the reference time period.
The monitoring in the back swamp areas (Marom, RRCC3, RRCC4) show a predominance of
fresh water conditions with limited tidal ingress of estuarine water. As discussed above,
relatively high salinities (EC > 300) particularly in Meerschaum Drain are associated with
groundwater discharge of acid products. The anomalous percentile tails for RRCC4 (>15%) and
Marom (<90%) relate to data collection problems. The effects of tidal ingress is evident in the
Main Drain upstream of the barrage (RRCC2), with EC exceeding 1,000 uS/cm for nearly half
the time and exceeding 10,000 uS/cm for 18% of the time. This is because sluice gates at the
barrage are routinely opened to allow tidal flow.
Drain water level monitoring can be presented in terms of depth relative to the surrounding land
surface. Figure 7.44c relates the drain water level with the natural ground surface at the
monitoring sites. Similar conditions in terms of the duration of inundation occur for Marom
Drain (23% of time period) and Meerschaum Drain (RRCC4 - 22%). Marom Drain can have
lower water levels relative to the surrounding swamp, with an 80* percentile depth of 0.46m
compared with 0.39m for RRCC4. In contrast to the backswamp areas, inundation near the
barrage (RRCC2) persisted for only 11% of the time. Here, the drain water level is also
relatively close to the land surface - the 80* percentile depth is 0.33m. Of all the monitoring
sites, drain levels in the northern upper part of Meerschaum Drain (MVD North) were the
lowest relative to the surrounding landscape. The data indicates that no flooding occurred
(however there were data problems during the January 2006 flood) and the 80* percentile depth
was about 1.3m.
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Figure 7.44: Frequency distribution plots for parameters measured at water monitoring sites in the
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The groundwater level monitoring in the shallow piezometers provides a better perspective of
swamp conditions near the drain monitoring sites. Figure 7.44d plots the frequency distribution
of shallow watertable depths near the drains. This is an important parameter if an acidic
oxidised soil profile has been developed as is the case in the backswamp areas. Monitoring in
the acidified areas near Meerschaum Drain (TSIO) indicates that the area was inundated for
61% of the time period. However, of concern is that the watertable reached a depth of about
0.9m allowing desaturation and oxidation of sulfidic clays. As the nearby Meerschaum Drain
only reached a depth of 0.6m below the land surface during the same time period (Figure 7.44c),
this watertable decline relates to groundwater loss by evapotranspiration. Near Marom Drain,
the inundation period was significantly shorter (11%) and the watertable did not reach as deep
(0.7m) but still this would have dewatered sulfidic sediments.
Comparison of the nearby shallow watertable and the drain level can be expressed as a
hydraulic gradient (Figure 7.44e). This shows that the hydraulic gradient is positive for 67% of
the time for RRCC4 - meaning that discharge of acid groundwater into Meerschaum Drain can
occur for two-thirds of the time. For the Marom Drain site, a positive head gradient persists
even longer, for 84% of the time. Near the barrage (RRCC2), hydraulic gradients can be
relatively large presumably due to rapid tidal fluctuations.
Figure 7.44f plots the streamflow frequency distribution for plateau streams entering the
Tuckean Swamp. Due to monitoring gaps, a different reference time period of October 2004 to
November 2005 was used. However, the graph does show that the plateau streamflow into the
acid Meerschaum Drain from the combination of Gum Creek and Yellow Creek, is significantly
less than the input of Marom Creek into Marom Drain. Hence, a greater opportunity for acid
dilution is one factor why near-neutral pH conditions persist in Marom Drain. The lowest
plateau discharge from Youngmans Creek flows into Hendersons Drain which tends to be acidic
towards its junction with Meerschaum Drain.
In summary, analysing the water level and quality data as frequency distributions allowed direct
comparison of conditions at the monitoring stations. For example, significantly greater plateau
flows into Marom Drain provide greater capacity to dilute acid. There is the opportunity to use
frequency distributions based on the drain monitoring to establish management targets.
7.7 Seepage Measurement

Seepage meters were constructed and trialled at the Meerschaum Drain North site in the
Tuckean Swamp (Figure 7.27). This site coincides with a drain level gauge and transect of
shallow piezometers, the monitoring data for which is depicted in Figure 7.35 and the cross
section in Figure A6.1 in Appendix 6. The objective of the trial was to test the practical
operation of seepage meters in obtaining direct measurements of seepage flux (Brodie et al.
2005). The focus was the discharge of shallow acidic groundwater into the drainage network.
Seepage meters are the most commonly used devices for the direct measurement of seepage
flux. These were initially developed in the 1940s to measure loss of water from irrigation
channels (Israelson and Reeve 1944) and resurrected in the 1970s for use in small lakes and
estuaries (McBride and Ffannkuch 1975; Lee 1977; John and Lock 1977; Lee and Cherry 1978).
Seepage meters have since been used in numerous studies of seepage fluxes in rivers (Lee and
Hynes 1978; Libelo and Maclntyre 1994; Cey et al. 1998; Landon et al. 2001), the near-shore
marine zone (Bokuniewicz and Pavlik 1990; Valiela et al. 1990; Cable et al. 1997; Taniguchi et
al. 2003), tidal zones (Belanger and Walker 1990; Robinson et al. 1998), coral reefs (Simmons
and Love 1986; Lewis 1987), large lakes (Cherkauer and McBride 1998) and water-supply
reservoirs (Woessner and Sullivan 1984). A constant-head variant of the seepage meter (the
Idaho meter) has been used to measure leakage from irrigation channels into aquifers under
Australian conditions (Byrnes and Webster 1981; ANCID 2000).
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The basic concept of the seepage meter is to cover and isolate part of the sediment-water
interface with a chamber open at the base and measure the change in the volume of water
contained in a bag attached to the chamber over a measured time interval. The classic design of
Lee (1977) consists of a 15-cm end section of a 55-gallon (~200L) drum, which is inserted into
the sediment. A stopper with a tube is inserted into a hole in the top of the drum and a plastic
bag partially filled with water is attached to the tube with rubber bands. The time when the bag
is connected and when it is subsequently disconnected is recorded, as well as the change in the
volume of water in the bag.
The seepage flux (Q) is calculated as:
(V -V )
Q =^
—
tA

{Equation 7.7)

where
is the initial volume of water in the bag, Vf is the final volume of water in the bag, t is
the time elapsed between when the bag was connected and disconnected, and A is the surface
area of the chamber. In this way, seepage meters are equally capable of measuring gains to or
losses from the stream.
7.7.1 Seepage Meter Design
Construction of the seepage meter was based on the simple design of a flexible collection bag
connected to an inverted open chamber (Figure 7.45-7.46). A wide range of options have been
used by investigators for the chamber including capped PVC casing (Schincariol and McNeil
2002), plastic buckets (Cey et al. 1998; Alexander and Caissie 2003), a purpose built
rectangular stainless-steel funnel (Paulsen et al. 2001), fibreglass domes (Shinn et al. 2002) or a
cut-down galvanised water tank (Rosenberry and Morin 2004). A chamber with a relatively
large radius is recommended as laboratory tests indicate that variability in seepage
measurements decreased with increasing chamber diameter (Isiorho and Meyer 1999). In initial
trials at the Meerschaum Drain North site, 200-L plastic storage drums with a radius of 0.285
metres were cut in half and used as they were lighter to transport and handle than steel drums,
but sufficiently robust. However, these chambers proved difficult to embed to sufficient depth
into the sediments. Instead, a chamber was purpose-built using relatively thin gauge (1.5mm)
galvanised steel sheeting for the cylinder to facilitate deeper installation (Figures 7.46). The top
of the chamber was manufactured from thicker gauge (3-mm) galvanised steel plate to provide
rigidity and robustness.
A flexible bag is required rather than a rigid container for the water storage device as the water
in the bag needs to be in hydraulic equilibrium with the chamber and surface water body. The
principle is that any upward seepage of groundwater should displace water within the chamber
into the bag. Likewise, any recharge of surface water into the sediment would be reflected in
loss of water from the bag. The selection of an appropriate bag is based on the objective of
minimising the energy required to exchange water between the bag and the chamber. Hence, the
bag should be robust but flexible, smooth, compliant and thin-walled to reduce head losses. Two
seepage meters were constructed and used to test different configurations of seepage bags. Two
types of collection bags were trialled; the bladders from 4-litre wine casks and the bladders from
hydration systems (Table 7.5).
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Figure 7.45: Basic design of a seepage meter with inverted open chamber (1) with flanges
to assist in installation and recovery (2). The chamber has a sloping top with a gas venting
tube (3) attached at the most elevated side. A 4-L wine bladder acts as a seepage collection
bag (4) which is housed in an open protective housing (5). The connecting hose (6) has
fittings (7) to enable quick release and a valve (8) near the bag.

Figure 7.46: Basic components of the seepage meter including seepage chamber and collection bag.
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Table 7.5: Types of collection bags used in seepage meter trial in the Lower Richmond.
Bag Type

Manufacturer

Capacity

Opening ID

(L)

(mm)

Material

Wine Bladder

Generic

25

Double layered plastic

Hydration
Bladder

Flexiflask

52&22

Plastic laminate

Hydration
Bladder

Caribee Thirst
Pak

40 & 7

Medical Grade
polyurethane

In the seepage meter design, tubing is connected to the collection bag by a garden irrigation
threaded elbow fitted into the bladder mechanism (Figure 7.46). Standard garden irrigation
fittings were used to fit the connection tube to the chamber. A valve was incorporated along the
tubing between the chamber and the collection bag, located as close as practical to the bag. The
valve could be opened to commence the test and closed to finish the test.
The connecting hose was placed to the side of the chamber and another tube at the chamber top
was incorporated as a gas venting tube (Figure 7.45). This configuration is useful in shallow
water to keep the bag submerged, while allowing venting of any gas. Black polythene tubing
was used for gas venting with two sizes (4mm and 13mm ID) trialled. Clear polythene tubing
(12.5 mm ID) was used to connect the bag to the chamber, deemed to be sufficiently rigid to
avoid kinking or flexing. Head losses should be minimised by using relatively large diameter
tubing and avoiding the use of small-diameter fittings that constrict water flow. This is because
frictional head loss is inversely proportional to the diameter of the flow conduit. Laboratory
tests recommend that tubing diameter should exceed 7.9mm to reduce the hydraulic resistance
that can cause measurement error (Fellows and Brezonik 1980; Rosenberry and Morin 2004).
7.7.2 Seepage Meter Operation
In terms of the actual operation of the seepage meter, the following procedures were
undertaken:
(i.)

(ii.)
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The chamber was placed into the drain and allowed to fill with water, then inverted with
the open-end down and bedded into the drain sediment. This was done by pressing
down and slowly rotating the chamber. As the base of the drain was stiff clay, the depth
of installation was only about 10-15cm. The chamber was tilted slightly so that the vent
hole was relatively elevated, as this helped any entrapped gas to escape freely. The end
of the venting tube was left open to the atmosphere by fixing into position on the drain
bank with a small star picket. The chambers were left to stabilise over a few days to
allow equilibration of hydraulic pressures between inside the chamber and the drain;
Upon return, the collection bag was attached to the chamber to commence seepage
measurement. The collection bag was pre-filled with 1 OOmL of water before
attachment. Plastic bags have an inherent tendency to expand slightly during operation
of the meter, inducing a head loss. This causes an anomalous short-term influx of water
into the bag after being attached to the chamber (Shaw and Prepas 1989; Blanchfield
and Ridgeway 1996). This error was effectively eliminated in field trials when the bags
were pre-filled. Before attaching the tubing (and bag) to the chamber, air was displaced
from the bag so that the bag contents was in hydraulic equilibrium with the drain water.
This was done by slowly lowering the bag into the drain with the valve open and the
chamber-end of the tubing above the water surface. This expelled any air within the bag
through the tubing, being careful not to lose any water from the bag. When this was
completed, the valve was closed. Air was then removed from within the connecting
tubing by submerging the bag and tubing, with the chamber-end of the tubing directed
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(iii.)

upwards in the water to allow air bubbles in the tubing to escape. The tubing (and bag)
was then connected to the chamber. Seepage measurement commenced when the valve
was opened and the time recorded;
After a period of time, seepage measurement was ended by returning to the meter,
turning the valve closed and recording the time that this was done. The tubing (and bag)
was removed from the chamber and the volume of water in the bag measured using a
measuring cylinder. Equation 7.7 using the parameters of pre- and post-test bag volume,
the chamber surface area and the time elapsed was used to derive the seepage flux.

7.7.3 Seepage Meter Trial Results
Two seepage meters were installed at the northern Meershaum Drain site over a week period in
September 2004. The meters were identical except for the gauge of the gas venting tube Chamber 1 had 4-mm ID black polythene tubing whilst Chamber 2 had 13-mm ID. The
different collection bags were trialled using these two meters and the results are summarised in
Table 7.6.
The initial trial with the Caribee hydration bladder proved unsuccessful due to problems with
connecting and disconnecting the bag to the chamber. This particular bag has 7-mm tubing
incorporated with it. During its removal, the bag was lifted and without any valve, water from
the collection bag would have returned back into the chamber. This is reflected in the collected
water being less than the pre-filled 100 mL and the anomalous negative (downwards) seepage
flux.
Seepage fluxes derived when using the Flexiflask hydration bladder were consistently lower
(0.06-0.43 L/d/m') than those relating to the 4-L wine bladder (1.4-3.0 L/d/m^). This was
attributed to the relative rigidity of the Flexiflask which would have provided resistance to any
filling of the bag in a gaining situation. In comparison, the wine bladder is a lot more flexible.
The chamber with the small-gauge gas venting tube (Chamber 1) measured consistently lower
fluxes regardless of the collection bag used. This was attributed to the excessive accumulation
of sediment gas in this chamber effecting the readings. This was highlighted after the final test
(Test 6) where a large volume of gas was released from the chamber when it was removed from
the drain bed. This did not occur when the other chamber was removed.
Overall the seepage meter trial suggests that the Meerschaum Drain was receiving a low
positive (gaining) flux with the shallow groundwater system. Due to the problems encountered
with the use of seepage meters with either the Flexiflask bag or the Chamber 1 with the smallgauge venting tube. Test 5 (with the combination of Chamber 2 and the wine bladder) is
considered the most realistic. Assuming a drain width of 6m and homogenous conditions,
groundwater inflow of about 18 mVday for every kilometre of drain is estimated (Table 7.6).
This is considered a relatively low seepage flux. However it is realistic considering the
competent nature of the clay evident at the base of the drain at this site. Soil profile
measurements and shallow piezometers suggest that inflow of groundwater into the drain is
more from the shallow oxidised zone (<lm) which intercepts the side of the drain rather than
the base (refer Section 7.4). A more robust estimate of seepage flux requires measurement at
both the sides and the base of the drain.
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Table 7.6: Results of seepage meter trials in Meershaum Drain, Tuckean Swamp.
Test

Bag

Chamber

Test
Duration
(hrs)

Difference
(mL)

Seepage
Flux

Seepage Flux
(m'/d/km)

(L/d/m^)

1

caribee

1

26.0

-58

-0.19

-1.1^

2

flexiflask

2

26.0

131

0.43

2.6

3

flexiflask

2

24.08

59

0.21

1.2

4

wine

1

23.92

394

1.4

8.4

5

wine

2

53.5

1878

3.0

17.9

flexiflask

1

53.5

39

0.06

0.4®

6

lifted bag before removing - likely to have lost water
® lots of gas discharged fi'om chamber when removed

The trial highlighted some of the logistical issues associated with the operation of seepage
meters. Aspects of design and procedure can be improved to reduce the variability of seepage
flux measurements such as:
(i.)

Embedding the chamber so that the top is not protruding too much out of the sediment.
Ideally the chamber top should be about 2 cm above the sediment surface but this was
not achieved in the trial due to the competence of the clay bed. Upward advection of
interstitial water (the Bernoulli effect) can be caused by the chamber having such
positive relief in environments with waves, tides or currents. This process was
interpreted to account for anomalous inflows into meters installed in a shallow marine
and reef setting (Shinn et al. 2002). Semi-analytical analysis suggests that a seepage
chamber set at a depth that is the same as the chamber radius, will collect more than
90% of the ambient flow, assuming efficient design of the bag and tubing (Murdoch and
Kelly 2003). The chamber should be installed as deep as possible to limit the ingress of
shallow throughflow or recirculated surface water. However, avoid placing the chamber
too deep into the sediment so that the lid is directly on the sediment bed. Also avoid
pushing the chamber too rapidly into the sediment as this can cause blowouts that
become preferred pathways for water flow (Lee 1977). As indicated in the trial, the
reality is that the depth of installation is largely predicated on the competence of the
sediment, and the need to not excessively disturb the sediment profile;

(ii.)

Minimising the activity around the meter during installation and operation. By
monitoring the pressure within a chamber using a transducer, field studies have shown
that walking past or stepping near the meter can effect hydraulic pressure and cause
artificial inflows into the chamber (Rosenberry and Morin 2004). Subsequent
measurements of seepage in areas of the sediment bed disturbed by previous
installations or by repeated foot traffic can return larger seepage rates. This has been
attributed to the disturbance of a thin, lower-permeability sediment veneer (Rosenberry
and Morin 2004). This may not be such an issue in clay-dominant settings like the
Tuckean Swamp;

(iii.)

Allowing sufficient time between initial installation of the chamber and the
commencement of measurements. This ensures that the hydraulic pressures inside the
chamber equilibrates with those of the surface water body. Laboratory tests suggest that
80% of this equilibration occurs in the first 10 minutes (Cherkauer and McBride 1998;
Cable et al. 1997) and investigators have used stabilisation times ranging from 10-15
minutes (Landon et al. 2001) to 2-5 days (Shaw and Prepas 1989; Shaw and Prepas
1990);

(iv.)

Housing the collection bag in a protective

cover such as an open length of PVC pipe or

a perforated bucket (Figure 7.45). Field and laboratory studies have shown that surface
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water movement like waves, currents or streamflow can cause a venturi effect that
reduces the hydrauHc head in the collection bag and hence the chamber by a centimetre
or more. This head loss is significant compared to the natural hydraulic gradient and can
induce anomalous upwards groundwater seepage (Libelo and Mchityre 1994). Hence,
measurements from seepage meters are more reliable in slow-moving water with
velocities less than 0.6m/s (ANCID 2000);
(v.)

Incorporating adequate venting of gas generatedfrom -within the sediment bed. This
was a serious issue for the trial due to the rapid accumulation of biogenetic methane.
The smaller diameter tubing tended to clog allowing gas to accumulate within the
chamber and effect seepage measurements. The chamber should be tilted slightly so that
the vent hole is relatively elevated, as this allows any entrapped gas to escape freely;

(vi.)

Incorporating fittings and valves to the tubing connecting the chamber to the collection
bag. Having a valve close to the bag helps during connection by preventing any water
loss and allowing the removal of air bubbles. Proper hose fittings make connecting and
disconnecting the tubing (and bag) from the chamber more efficient;

(vii.)

Using control bag(s) to quantify the effects of factors such as waves, wind or currents
or the properties of the bag /75e^(Sebestyen and Schneider 2001). This is a pre-filled
bag and tubing identical to that used in the meter that is submerged and tethered (with
valve closed) about 0.15m above the sediment bed at the same time as the meter is
installed and operated. The bag is positioned near the meter but not attached to the
meter. Any changes in the water volume within the control bag reflects the magnitude
of these effects. Field studies in the nearshore coastal environment have also used
complete control meters set up in sand-filled plastic swimming pools on the bed,
specifically to measure such measurement artefacts (Cable et al. 1997);

(viii.)

Incorporating a meter correction factor to the calculation of seepage rates, taking
account of the measurement artefacts due to frictional resistance and head losses within
the meter. Laboratory testing indicated a ratio of measured to actual seepage of 0.77
(Belanger and Montgomery 1992). For negative fluxes involving movement of surface
water into the aquifer, correction factors have ranged between 1.11 and 1.74
(Rosenberry and Morin 2004). Such correction factors would be unique to a particular
seepage meter and would require calibration in a laboratory flume;

(ix.)

Routinely inspecting and cleaning the meter. Potential problems include leaky fittings,
perforations or split seams in the bag, plugging of tubing by algal growth and kinks in
the tubing.

In summary, seepage meters can provide a direct measurement of seepage flux at specific sites.
However, trials in the Tuckean Swamp drains showed that the meters were prone to technical
problems such as gas accumulation and pressure effects of stream flow. The discharge of
groundwater into the drain was inferred to be relatively low (~18 m^/d/km) at the time of the
trials.
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7.8 Temperature Monitoring
The hydraulic transport of heat enables its use as a tracer with temperature monitoring
especially suited for delineating fine-scale flow paths. The heat tracer method has been used to
estimate groundwater velocity and aquifer hydraulic properties, and to identify areas of recharge
and discharge (eg. Bouyoucos 1915; Suzuki 1960; Lee 1985; Lapham 1989; Silliman and Booth
1993; Conant 2004). One way of using heat tracing in stream-aquifer studies is to compare the
temporal patterns evident in stream and shallow sediment temperature. Stream temperatures
have a characteristic diurnal pattern overprinting seasonal trends, being influenced by changes
in solar radiation, air and ground temperature, rainfall and stream inflows that include
groundwater discharge (Sinokrat and Stefan 1993). These diurnal variations in temperature in
the near-stream environment are often large and rapid, providing a clear thermal signal that is
easy to measure. In contrast, the temperature of regional groundwater tends to be relatively
constant at the daily scale. The movement of heat between surface water and groundwater
systems is both advective (associated with fluid movement) and conductive (through the static
solid/liquid phase). Ignoring the effect of insitu sources of thermal energy (such as from
biological activity), the temperature pattern in the shallow stream sediment profile can be used
to evaluate seepage flux.
The temperature signatures for three potential forms of stream-aquifer connectivity (gaining,
losing and neutral) have been hypothesised (Silliman and Booth 1993). In gaining stream
reaches, the hydraulic gradient is upward as indicated by a groundwater level in piezometers
that is higher than the stream stage (Figure 7.47a). Although the stream has a large diurnal
temperature variation, the shallow sediment has only a slight or no diurnal variation. The
downward propagation of any surface temperature effects is moderated by water that is flowing
up from depths where temperatures are constant at the daily time scale. At any given depth
beneath the streambed, higher flows of groundwater to the stream lead to smaller variations in
sediment temperature while smaller flow leads to larger variations. Consequently, shallow
installation of temperature equipment is necessary to characterise gaining stream reaches, in
order to detect significant temperature variations.

Figure 7.47: Temperature variation of groundwater and stream under different conditions (Stonestrom and
Constanz 2003). (a) gaining and (b) losing stream conditions.
In losing stream reaches, the stream stage is higher than the groundwater level so that the
potential hydraulic gradient is downward. This downward flow of water transports heat by
advection from the stream, resulting in deeper propagation of diurnal temperature fluctuations
into the sediment profile (Figure 7.47b). As a consequence, deeper installation of temperature
equipment (inside the piezometer or beneath the stream bed) is necessary for losing streams to
be characterised. Losing streams also tend to have larger daily temperature fluctuations than
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gaining reaches, due to the absence of any moderating effect from groundwater inflow
(Constanz 1998).
The use of temperature monitoring to characterise groundwater-surface water interactions was
trialled in the Lower Richmond catchment, in conjunction with the installation of
minipiezometers (refer Section 7.6). The two sites on Marom Creek and Yellow Creek on the
floodplain at the base of the Alstonville Plateau escarpment (Figure 7.27) corresponded with the
location of steam flow gauges and nearby shallow monitoring bores (Baskaran et al. 2005).
Odyssey® submersible temperature recorders were installed at various depths within the bed of
the stream as well as the stream itself at these sites (Table 7.7). Figure 7.48 outlines the
procedure for installation of the loggers into the sediment. A 1.5-m length of galvanised pipe of
50-mm outside diameter with a loosely fitted end cap was driven into the stream bed to the
desired depth using a sledge hammer. A metal rod was then inserted down the pipe and lightly
tapped to detach the end cap from the pipe. A temperature recorder was connected to a length of
wire cable and activated to commence logging at a 10-minute interval. The logger was then
lowered down into the galvanised pipe with the wire cable fed through a length of 25-mm OD
electrical conduit. The conduit was used to keep the recorder at the required depth during
installation. The galvanised pipe was removed with the conduit held down to keep the recorder
in position, before the conduit was also removed. The hole was then backfilled with sediment
and manually tamped down. The cable from the recorder was attached to a star picket on the
stream bank, to allow the recorder to be located and recovered. Temperature data was collected
for a 9-10 day period before the recorders were removed.
Figures 7.49-7.50 summarise the temperature data for these two sites. The characteristic diurnal
variation in surface water temperature is clearly evident, with the Yellow Creek site depicting
greater daily temperature differences (Figure 7.48). This is attributed to the larger stream flow
rate at the Marom Creek site, which would tend to moderate temperature variation. In contrast,
no diurnal variation was evident in any of the recorders set at depth into the stream bed.
This relatively static trend in all of the temperature monitoring of the stream bed would suggest
gaining conditions at both of these sites. Limited diurnal temperature variations, particularly at
shallow depths within the stream bed, infers upwelling of groundwater with a relative constant
temperature (refer Figure 7.47a). Under losing conditions, water (and heat) moves from the
stream into the sediment. This should be recorded as a diurnal temperature pattern in the stream
bed monitoring that reflects the stream temperature variation (refer Figure 7.47b).
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Figure 7.48: P r o c e d u r e for installing t e m p e r a t u r e loggers into stream sediment, using (A) length of 50-mm
OD galvanised pipe with (B) galvanised end-cap fitting, (C) length of metal rod (D) Odyssey® temperature recorder,
attached to (E) wire or cable and (F) 25-mm OD electrical conduit.
T a b l e 7.7: S u m m a r y of t e m p e r a t u r e m o n i t o r i n g trial in the L o w e r R i c h m o n d , M a r c h 2 0 0 5 .
Site

Logger Identifier

Logging Depth (m)

Yellow Creek

6153

0 (surface water)

6155

0.5

6149

1.2

6151

0 (surface water)

6154

0.4

6150

0.9

6152

1.1

Marom Creek

However, this interpretation of gaining conditions is not consistent with the other field tests
undertaken at these sites. The groundwater levels measured from minipiezometers at these sites
were lower than the stream level at the time, indicating the potential for losing rather than
gaining conditions (refer Section 7.6). Stream flow surveys of these creeks suggest that these
particular reaches also seem to lose water to the shallow aquifer (refer Section 6.5).
On this basis, the temperature data is interpreted to represent losing conditions but at a very low
rate of flux reflected in the equilibration of subsurface temperatures. Such a low seepage rate is
confirmed by estimates of hydraulic conductivity of the streambed sediments derived from slug
tests on the minipiezometers installed at these sites (refer Section 7.6). At the Yellow Creek site,
the stream bed consists of a competent highly plastic clay with very low hydraulic conductivity
(0.004 m/d). The sediments underlying the Marom Creek site were soft, clayey and had similar
estimates of hydraulic conductivity.
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Figure 7.49: Temperature monitoring during March 2005 at Yellow Creek site. No diurnal signal is
evident in the shallow groundwater monitoring.
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Figure 7.50: Temperature monitoring during March 2005 at Marom Creek site. No diurnal signal is
evident in the shallow groundwater monitoring.
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Chapter 8

Conceptualisation

In this chapter, the outcomes of assessing the hydrology of the Alstonville Plateau (Chapter 6)
and the Tuckean Swamp (Chapter 7) are synthesised into a conceptual model for the overall
Lower Richmond catchment. As indicated in Figure 4.1, conceptualisation and prediction
follows on from the investigation and assessment phase in the conjunctive water management
framework (Section 3.4). Conceptual models form the foundation for any subsequent
construction of predictive models, such as analytical solutions or numerical simulations.
Management advice can be directly made on the basis of this conceptual understanding, without
necessarily developing numerical models.

8.1 Hydrogeological Framework
Figure 8.1 depicts a cross-section through the Lower Richmond catchment from the Tuckean
Swamp on the coastal plain, northwards through the Alstonville Plateau to the alluvial valley of
the Wilsons River. This summarises the hydrogeological structure of the catchment.
The Lismore BasaU of the Alstonville Plateau is a sequence of basaltic flows, pyroclastics and
interbedded sediments draped over the pre-Tertiary basement topography. The west-northwest
trending Marom Ridge depicted in profde in Figure 8.1 is a significant basement feature which
controls the geometry of the Lismore Basalt sequence. A similar basement ridge runs parallel to
the coast and marks the eastern boundary of the plateau. Horizons of highly fractured,
weathered or vesicular basalt and sediments form intermediate-scale semi-confined to confined
aquifers in the Lismore Basalt. These horizons represent the tops of lava flows and periods of
weathering and sedimentation between volcanic activity. Jointing and fracturing can provide a
degree of vertical connectivity between these aquifers. These horizons mostly dip to the
northwest and groundwater flow is assumed to be down-dip. As indicated in Figure 8.1, the
Marom Ridge acts as a groundwater divide for these deeper aquifers. The position of the ridge
means that most of the deeper groundwater flow is directed towards the Wilsons River, rather
than southwards towards the Tuckean Swamp. The length of the groundwater flow path is a
function of the aquifer depth and the degree of topographic incision. The basal aquifers have
long flowpaths (>10km) compared to the mid-level horizons which can be intercepted by the
plateau scarp or the valleys of the plateau streams.
Of significance is the development of a shallow local-scale unconflned aquifer within the basalt
soil/regolith profile. The krasnozem soils have relatively high permeability due to aggregation
of clay particles by sesquioxides. Shallow groundwater flow occurs over small pathways
(<5km) and is topographically driven.
As suggested in Figure 8.1, there is little evidence of Lismore Basalt directly underlying or
laterally adjacent to the Tuckean Swamp Quaternary sequence. The only extent to which this
occurs is in the valley floor of Marom Creek. This means that there is limited direct hydraulic
connection between these two groundwater systems.

Conjunctive water management in the Lower Richmond catchment

231

to
KJ

(TO
C

S
00

South

North

t3

Alstonviile Plateau

at
O
(g

P

3
Q

1
3"
ft

fC
o'
sr
3

o

CL

3

a
Z5

s3

a.

2

Vertical Exaggeration « 50

Quatef nary AHwial
SoiVf^golfth

m i

PimlJco Clay/FloodpJatn Aluvium

^ ^ Tertiary basaK • vestcutar

Wbodburn Sand

ii' i'i Tertiary basalt • fractured

: Tertiary basaR - massive

1

Gundurimba Clay

Tertiary basaR - columnar
Tertiaryfluvialsediments

Buck«ndoon Sand

> Tertiary pyroclastics or agglomerates

Dungarubba Clay
South Casino Gravel

Tertiary basaR - weathered

m

Tertiary lacustrirve sediments

d pre-Tertiary

O- Spring
» GroundM«ter flew

In the Tuckean Swamp, the watertable is shallow (<lm) and typically within a profile of pyritic
estuarine Pimlico Clay and variable cover of peaty floodplain material, hi slightly elevated areas
such as Tuckean Island, this estuarine clay is absent and the watertable is within the Woodbum
Sand. Acid products have been generated within the clay soil profile by fluctuating watertables
allowing oxidation of pyrite and generation of sulfuric acid. Areas of intense acidification could
be mapped in the swamp by using geophysical techniques such as EMS 1 and airborne gammaradiometric surveys. Development of macropores due to dewatering, oxidation, soil shrinkage
and root development means that the upper oxidised part of the profile has hydraulic
conductivities several orders of magnitude greater than the unoxidised clay gel. This means that
shallow lateral groundwater flow can occur in the actual acid sulfate soil zone and the
underlying potential acid sulfate soil zone is an effective aquitard limiting vertical groundwater
movement.
In addition to shallow groundwater processes there are aquifers such as the Buckendoon Sand
and the South Casino Gravel deeper in the coastal sediment sequence of the Tuckean Swamp.
8.2

Key Hydrological Processes

8.2.1 Rainfall
The Lower Richmond has an average annual rainfall of 1570mm, with a distinctly wetter
summer-autumn compared to a drier spring period. Of significance to catchment processes are
the high-rainfall events. In the historic record there have been rainfall exceeding 500mm over a
5-15 day period (Section 6.4) and such events can trigger:
(i.)

Flooding, with plateau runoff and mainstream flooding from the Richmond River
regularly inundating the Tuckean Swamp;

(ii.)

Acid discharge, with low-pH waters containing acid products (such as aluminium)
generated in the oxidised acid sulfate soil profile mobilised into the drainage network and
the Richmond estuaiy. Of particular concern is flooding after an extended dry period
when shallow watertables have declined and sulfide oxidation and acid production is
prolonged;

(iii.)

'Black water", namely the depletion of dissolved oxygen levels in the Tuckean drains and
estuary. This can be a by-product of the acidification process with the mobilisation and
reaction of monosulfides in the drainage network, as well as due to decay of vegetation in
the floodplain not tolerant to prolonged inundation (such as pasture species);

(iv.)

Erosion, particularly from sloping bare-soil areas in mature macadamia orchards on the
plateau. As well as increasing stream turbidity, such erosion can also mobilise
contaminants such as nutrients and pesticides into waterways;

(v.)

Land Slumping, particularly on the plateau escarpment.

8.2.2 Recharge
The permeable nature of the krasnozem soils on the Alstonville Plateau results in significant
infiltration of rainfall. Such recharge is indicated by the rapid watertable response measured in
monitoring bores constructed into the shallow unconfined regolith aquifer.
The axis of Marom Ridge and particularly the southeast comer of the plateau is inferred to be
the regional recharge area for the deeper aquifers of the Lismore Basalt. Here, horizons in the
basalt pile shallow and aquifers become semi-confined to unconfined. These horizons of
fractured, weathered or vesicular basalt can directly underlay the plateau streams in places, so
can also receive stream leakage. Columnar jointing or subvertical fracturing can allow rapid
vertical leakage through the basalt sequence.
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The aquifers of the coastal plain (such as Woodbum Sand, Buckendoon Sand and South Casino
Gravel) are recharged around the margins of the Tuckean Swamp, particularly where estuarine
clay sequences thin out. Streams are also seasonally losing at the base of the plateau escarpment
and can contribute to aquifer recharge. However, low-permeability clays within the streambed
profile can limit seepage flux. Periodic flooding across the floodplain below the plateau scarp
are inferred to be significant recharge events for the coastal sand aquifers. Areas in the swamp
such as Tuckean Island where Woodbum Sand crops out also allow direct infiltration to the
sand aquifer. The very low hydraulic conductivity of the veneer of unoxidised Pimlico Clay gel
results in limited recharge to the sand aquifers in most of the backswamp areas. Here, shallow
groundwater processes in the oxidised and more permeable upper actual acid sulfate soil profile
dominates.
8.2.3 Evapotranspiration
Shallow watertables and seepage areas on the plateau means that evapotranspiration can remove
groundwater from storage in the shallow regolith aquifer. Evapotranspiration is one of the
processes (with extraction and basefiow discharge) that controls the watertable recession
following rainfall (and recharge) events.
In the Tuckean Swamp, evapotranspiration is a key process driving the hydraulic gradient
between the shallow groundwater system and the drainage network. This in turn dictates the
dynamics of acid discharge to the drains. Shallow groundwater hydrographs show that for most
of the floodplain away from the drains, evapotranspiration is the main driver for watertable
recession. This is consistent with previous investigations in coastal wetlands and sugarcane
areas (e.g. White et al. 1993; White et al. 1997). The main impact of the drainage network is the
rapid removal of surface water from the floodplain following rainfall and inundation. It has been
estimated that artificial drainage has dramatically reduced periods of inundation from 100 days
to 5 days (White et al. 1997). This gives greater opportunity for evaporation to remove water
from soil and shallow groundwater storages, rather than surface water storage. This results in a
greater watertable decline before the next significant rainfall event when compared with
undrained conditions For example, based on the Alstonville pan evaporation data, surface water
to a depth of 30cm in undrained areas would typically take 55 days to evaporate during the
summer and 109 days in the winter. With drainage of surface water occurring in 5 days, this
means that the soil and groundwater storages replenished by a rainfall event are exposed to an
additional 50 days of direct evaporation during the summer.
Hence, the rapid drainage of standing water on the Tuckean floodplain results in the early onset
of evaporative losses from the soil profile and shallow watertable. This is reflected in an acid
sulfate soil weathering profile that is relatively consistent across the floodplain, made up of:
(i.)

An upper weathered and acidified zone 0.4-0.8m deep where all the pyrite has been
oxidised, but secondary acid sources such as jarosite are retained. This zone represents the
typical depth range of watertable recessions on an annual basis;

(ii.)

An intermediate zone where partial oxidation of pyrite has occurred, characterised by
gradual (rather than abrupt) changes in field chemistry such as soil pH and Eh with depth.
The base of this zone typically corresponds to the depth of the base of the nearby drain
and can be over 2m deep. This zone is interpreted to represent the impact of sporadic
drought events where the watertable depth (as well as drain level) has declined to
unseasonally low levels. For example, long-term residents have seen Marom Drain
completely dried up in the backswamp areas near Cedar Island during extended droughts;

(iii.)

The deeper potential acid sulfate soil where active weathering and pyrite oxidation has
been minimal. This is the primary estuarine Pimlico Clay.

The seasonal interplay between rainfall and evapotranspiration is a key factor. During the
winter, low evapotranspiration rates means that the shallow watertable is relatively stable and a
positive hydraulic gradient (and acid groundwater discharge) to the drain is maintained. This
means that acid drain conditions can persist for many months following autumn or early-winter
flooding. This is reflected in the monitoring upstream of the barrage (RRCC2) where persistent
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acid conditions in the Main Drain tend to occur during the winter. During the summer, high
evapotranspiration rates can lower the watertable below the drain level, effectively constraining
acid groundwater discharge. This may be positive from a drain water quality perspective, but
low watertables provide greater opportunity for acid production across the floodplain. This acid
store becomes mobilised with subsequent rains.
The EM31 survey of the Meerschaum Drain area highlighted a high conductivity zone
associated with melaleuca encroachment on the floodplain. This suggests enhanced
accumulation of acid products due to greater evapotranspiration rates from the melaleuca
compared with pasture, sedges or rush communities. This process was investigated in detail by
Johnston et al. (2003b) who concluded that enhanced water use by the melaleuca, combined
with ion exclusion during water uptake resulted in the increased soil and shallow groundwater
salinity. Using historical records, aerial photographs and remote sensing, Stevenson (2003)
mapped the encroachment of melaleuca as a consequence of draining of the Tuckean Swamp.
The extent of melaleuca prior to drainage starting in the 1870s was estimated at 519 ha,
compared with 1257 ha in 2001.
8.2.4 Tidal Processes
Tidal processes dominate the lower reaches of the Tuckean Swamp. During dry periods, the
drain water column can be stratified, consisting of a brackish turbid basal layer and a clear,
acidified and relatively fresh upper layer. This ingress of brackish estuarine water can persist up
to and beyond the junction of Main Drain and Meerschaum Drain, and the Tuckean Island Road
crossing of Tucki Drain.
Run-of-drain electrical conductivity imaging could map the lateral intrusion of saline water in
the Quaternary coastal sediment sequence. A marine influence could be found in groundwaters
from the deeper aquifers (Buckendoon Sand and South Casino Gravel) up into the backswamp
areas.
The buffering effect of estuarine waters introduced into the drainage network by opening sluice
gates at the Bagotville Barrage is evident in the water quality monitoring. The pH conditions in
Main Drain upstream of the barrage (RRCC2) are almost consistently better than that measured
in Meerschaum Drain in the backswamp (RRCC3). There is a clear positive relationship
between pH and salinity for the Main Drain monitoring.

8.3

Groundwater-Surface Water Interactions

8.3.1 Plateau Streams
Various methods were applied to assess the connectivity of the Alstonville Plateau streams with
the underlying basaltic aquifers. These methods highlighted the importance of groundwater
contribution to stream flow from the different groundwater systems operating in the basalt pile.
Springs and seepage areas are common on the plateau and are readily identifiable both in the
field and on aerial photography. This allowed detailed mapping of groundwater discharge
(Section 6.2) showing the geological control on spring locations, notably the role of massive
unfractured basalt horizons in impeding groundwater flow. Streamflow measurement showed
that stream reaches on the plateau are dominantly gaining. Water sampling and analysis was
able to show hydrochemical differences between the shallow, mid-level and deep groundwaters
which then could be used to define relative contributions to basefiow (Section 6.3). Overall, the
shallow regolith aquifer is the major contributor to basefiow. The mid-level groundwaters have
higher salinity due to rock weathering, so electrical conductivity can be used as a simple field
tracer. For example, higher stream salinity in the upper reaches of Marom and Tucki Tucki
Creeks as well as in small drainages in the Wilsons River floodplain is inferred to be due to a
larger contribution from mid-level aquifers. This is consistent with the general groundwater
flow direction for these aquifers being to the northwest. The lowest stream salinities were found
Conjunctive watermanagement in the Lower Richmond catchment

235

in the southeast comer of the plateau in the Gum Creek catchment, dominated by discharge
from the shallow regolith aquifer.
Change in the relative contribution from aquifers under different flow regimes is inferred from
the comparison of streamflow hydrographs, rainfall data and water quality analyses (Sections
6.3 & 6.4). The mid-level aquifers contribute proportionally more to groundwater discharge at
low flows. This is consistent with the fact that springs high up in the catchment and in the
shallow regolith stop flowing first during extended dry periods. With the plateau streams
managed on the basis of minimum flows, impacts on the mid-level aquifers (such as excessive
pumping) are a critical factor.
Flow measurements and water level monitoring suggest that the stream reaches below the
plateau escarpment can seasonally lose water, before they reach the Tuckean Swamp proper.
Site investigations using minipiezometers in the stream bed confirmed that the hydraulic
gradient can be downwards. Measurement of low hydraulic conductivity values for the clayey
stream bed sediments by slug tests suggests that the seepage flux is low at these particular sites
on Marom Creek and Yellow Creek. Static temperature profiles in the sediment bed were
inferred to be due to this low seepage flux at the time of measurement.
8.3.2 Tuckean Drains
The discharge of shallow acid groundwaters into drains could be identified by increased clarity
of the drain water, presence of acid-tolerant aquatic plants (such as water lilies), abundance of
iron precipitates or organic iron monosulfide-rich deposits (Section 7.2). Seepage meter trials
confirm that the drains do receive groundwater input, although fluxes from the base of the
drains were low (Section 7.7). Soil profiles and slug tests indicate that the ripening process
significantly increases the hydraulic conductivity of the actual acid sulfate soil zone, so the
hydraulic connection between this horizon and the drains is the most critical.
Geophysics suggest that in terms of shallow groundwater processes, the zone of influence of the
drains is relatively small compared to the entire floodplain area. The EM31 survey of the
Meerschaum Drain area suggests that lateral water movement between the upper oxidised soil
profile and the drain is limited to a corridor less than 100m wide. However, this corridor still
has enough capacity to produce, store and release acidity to have the impact on drain water
quality as measured.
Surveys of field chemistry (EC, pH, Eh, DO) along the drainage network identified
Meerschaum and Hendersons Drains to the northeast as consistent exporters of acid. In contrast,
Tucki and Marom Drains to the west respond differently to rainfall events, tending to be nearneutral in pH. Analysis of soil profile data, hydrochemistry and water level monitoring shows
that:
(i.)

Marom Drain traverses across identified acid sulfate soils including profiles that are
actively oxidising and generating acid products. This means that the low incidence of acid
drain conditions is not due to the absence of an acid store in the nearby floodplain;

(ii.)

Positive hydraulic gradients persist for Marom Drain, similar to those observed for the
acid Meerschaum Drain. The shallow watertable is mostly higher that the drain level, and
this negates the hypothesis that Marom Drain has better pH conditions due to the
persistence of a negative hydraulic gradient and losing conditions;

(iii.)

Marom Drain (and Tucki Drain) receives significantly more flow from plateau
subcatchments that are larger than those draining into Meerschaum Drain. This means that
there is more drain volume that can dilute the effects of any acid contributions from the
floodplain;
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(iv.)

There is a greater proportion of peat in the floodplain soil profile surrounding Marom
Drain. The Meerschaum Drain area has a deficit of peaty floodplain material overlying
the acid sulfate soil profile. Although drainage and soil dewatering would have resulted in
peat oxidation, most of the loss is attributed to peat fires. Major fires in the swamp have
been recorded as early as 1886 and 1915, with a particular devastating event in 1977-78
(Stevenson, 2003). These fires coincide with drought periods, the most recent fire being in
2003. Long-term Tuckean residents also comment that in comparison to Marom Drain,
the lower Meershaum Drain area was regularly burnt in the 1950s and 1960s to promote
pasture growth.

This last point is important from a number of perspectives. Firstly, peat layers would have a
mulching effect, reducing evapotranspiration from the shallow watertable. Reduction of the peat
by fire, oxidation or erosion would promote aeration of the soil profile, fostering the sulfide
oxidation process. Also, complete removal of the peaty floodplain soils means that the estuarine
Pimlico Clay is exposed at the surface, and with fluctuating watertables this is reflected in acid
scalds. Secondly, with the soil ripening process facilitated by peat removal, there is greater
development of macropores and increased soil hydraulic conductivity. This is clearly evident in
the Meerschaum Drain area where hydraulic conductivity of the upper oxidised acid sulfate soil
layer is several orders of magnitude greater than its unoxidised equivalent. The hypothesis is
that hydraulic conductivities in the soil profile near Marom Drain are comparatively low due to
the presence of peaty layers. This would mean that although there tends to be a positive gradient
towards Marom Drain, the actual seepage flux would tend to be low. Slug tests on the shallow
piezometers near Marom Drain that are screened in the oxidised acid sulfate soil layer (TS-17
and TS-18) give hydraulic conductivity values of 0.07 and 0.2 m/d, respectively. These are
indeed at the lower end of the range of hydraulic conductivity estimates obtained for the upper
oxidised clay layer in the Meerschaum Drain area (Table 7.3).
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Chapter 9

Catchment Targets

Investigations into hydrological processes as illustrated by Chapters 6 and 7, and supported by a
conceptual model (Chapter 8), lay the foundations for establishing management targets within a
catchment. As indicated in Figure 4.1, identifying the goals and objectives for water
management in the catchment is the next part of the sequence making up the conjunctive water
management framework (Section 3.5). This chapter reviews some of the existing targets defined
by the various management strategies established for the Lower Richmond. As the framework is
inherently adaptive, the issue of communicating the uncertainty associated with quantifying
targets is also explored.

9.1

Existing and Potential Management Targets

The water management issues in the Lower Richmond catchment reflect the key priorities of the
Northern Rivers Catchment Action Plan or CAP (NRCMA 2005). The CAP covers seven key
asset areas of community, land use planning, biodiversity, water, coastal management, marine
and soil/land resource. Out of the 33 regional targets documented in the 10-year CAP, the most
relevant to the Lower Richmond are:
(i.)

By 2016, 40,000 hectares of native terrestrial and aquatic ecosystem under secure
conservation management. Rainforest remnants, riparian vegetation and freshwater and
estuarine wetlands which are all found in the Lower Richmond are included as High
Conservation Value (HCV) ecosystems;

(ii.)

By 2016, rehabilitate and protect the stream health (in terms of structure, riparian
vegetation and fish passage) of 60% of stream length in all identified streams in priority
subcatchments. The Alstonville area has been identified as a targeted area for erosion
control, channel structure rehabilitation or enhancement of riparian vegetation;

(iii.)

By 2016, 100% of local water authorities to have undertaken planning for managing
their water systems using an integrated approach, with 33% of priorities implemented.
This includes actions to prevent contamination such as better managing on-site waste;

(iv.)

By 2016, extractions from 95% of aquifers are within identified sustainable yields and
extractions from unregulated surface waters in 95% of subcatchments will provide for
environmental water. The water sharing arrangements undertaken for the unregulated
streams and the basah aquifers in the Lower Richmond are part of this process;

(v.)

By 2016,12000 hectares of high risk acid sulfate soils (ASS) land is under ASS active
management. The Tuckean Swamp has been defined as a priority area based on ASS
risk mapping (Naylor 1997) and under the Statewide ASS Hotspots program (Tulau
1999a);

(vi.)

By 2016, 7000 hectares of degraded land rehabilitated. This includes addressing issues
such as erosion and mass movement of steep lands, rill and gully erosion and
contaminated sites which have water quality consequences (such as turbidity, nutrients,
pesticides).

In comparison to the CAP, many of the plans and strategies at the local subcatchment level do
not document targets per se. For example the Land and Water Management Plan for the
Tuckean Swamp (Baldwin 1997) has management objectives and strategies that can be
translated to aspirational and management action targets respectively. These largely focus on the
management of acid sulfate soils. Likewise, the Plan of Management for the Tuckean Nature
Reserve (NPWS 2002) has general objectives, specific management objectives and management
strategies that can be translated to aspirational, resource condition and management action
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targets. These two plans have prioritised the management actions but do not quantify them or
define timeframes for implementation. Another common feature is that they do not define any
specific resource condition targets.
The Water Sharing Plan for the Alstonville Plateau Groundwater Sources (DIPNR 2004a) also
has an aspirational target defined as a vision, and other targets defined as objectives and
strategies. Importantly, the plan has explicit links back to the targets set out in the State Water
Management Outcomes Plan SWMOP 2000. Also the plan provides parameters that could be
used as performance indicators but does not define criteria such as thresholds or exceedances or
establish benchmarks.
Overall, there is an opportunity to provide more rigour and structure to the defined targets
established for the catchment, using the categories of targets defined in Section 3.5. Ideally, the
established targets should:
(i.)

Have a logical order in terms of management action targets (MAT) addressing resource
condition targets (RCT) that make progress towards the long-term aspirational targets
(AT);

(ii.)

Be related to, incorporate or acknowledge the targets established both up the hierarchy of
scale (e.g. catchment, state, national) as well as downwards (e.g. local government) for
the issue being considered. The targets should collectively represent management plans
addressing the same issue for different parts of the subcatchment;

(iii.)

Be cognisant of the relationships between targets established to address other issues in the
subcatchment both in terms of potential synergies and conflicts;

(iv.)

Be SMART targets, particularly in terms of being quantitative rather than qualitative and
time-bound rather than open-ended.

To demonstrate some of these features, a hypothetical set of targets for the Lower Richmond
across the two issues of water sharing and acid sulfate soils are presented in Table 9.1 -9.2. It
should be reinforced that these targets are hypothetical, and the nature, structure and linkages
between the targets is the main focus. Setting of actual catchment targets is the remit of NRM
agencies and catchment management authorities in consultation with stakeholders.
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Table 9.1 Hypothetical example of structured targets for managing water sharing in the Lower Richmond
catchment.
Theme 1: Water Sharing Aspirational Targets

Linkages

ATl.l By 2040, water is appropriately shared in the catchment to ensure economic, social and cultural well being
of its communities, healthy ecosystems and appropriate contributions of flow to downstream catchments.
Resource Condition Targets
RCTl.I By 2014, climate-adjusted groundwater levels at monitoring sites
within defined range of depths as prescribed in Schedule 1A
RCT1.2 By 2014, the quality of freshwater resources maintained within
N W Q M S guidelines for defined beneficial uses of raw water for drinking
and ecosystem protection for 95% of the time, as routinely measured at key
sites defined in Schedule 1B

Also links with Management
Action Targets defined for Land
Use Impacts theme

RCT1.3 By 2014, the annual extraction regime is within the defined longterm average annual extraction limits for groundwater and surface water
resources as outlined in Schedule IC

Contributes to SWMOP 2000
Target 6a

RCT1.4 By 2015, the relationship between monthly Q95 plateau
streamfiow and rainfall for the benchmark period of 2005-2015 is
maintained for stream gauging sites designated in Schedule ID
RCT1.5 By 2015, health indicators maintained or exceeded for the high
priority ecosystems as defined in Schedule IE
Management Action Targets
MATLl By 2007, cease to pump (CTP) rules will be defined and applied to
all plateau streams

Contributes to RCT1.4 by
preventing extraction during low
flows

MATLl By 2010, extraction limits for groundwater and surface water
resources defined taking into account ecosystem dependencies and water
quality protection

Contributes to RCT1.2 and
RCT1.3\ SWMOP 2000 Target
1 e. Need to take into account
water requirements to manage
impacts of ASS - refer Theme 2

MAT 1.3 By 2005, groundwater extraction by new access licences will be
subject to proximity rules as outlined in SchedulelF to minimise
interference of existing monitoring, water supply works or to streams

Contributes t o b y
reducing streamfiow depletion;
Contributes to SWMOP 2000
Target 10

MAT 1.4 By 2005, local impact areas can be defined to restrict extraction to
mitigate impacts of declining groundwater levels such as interference or
water quality degradation

Contributes to RCTl. 1 and
RCT1.2

MAT1.5 By 2014, water extraction by new or replacement access licenses
will be subject to proximity rules to high priority ecosystems as outlined in
Schedule IG

Contributes to RCTl.5

MAT 1.6 By 2014, thresholds for water levels and flows quantified and
managed for high priority ecosystems as defined in Schedule IE

Contributes to RCTl.5;
2000 Target 11
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Table 9.2 Hypothetical example of structured targets for managing acid sulfate soils in the Lower
Richmond catchment.
Theme 2: Acid Sulfate Soils Aspirational Targets

Linkages

AT2.1 By 2040, significant discharge events of low-pH waters and acid products to
the Tuckean Broadwater reduced to average frequency of one event every five
years. Significant events are defined as pH < 3 for 10 days as measured
downstream of Bagotville Barrage.
AT2.2 By 2040, all designated ASS areas in the Tuckean Swamp rehabilitated to
defined levels of land capability or ecosystem status
Resource Condition Targets
RCT2.1 By 2014, significant acid discharge events reduced to average frequency
of one event every year
RCT2.2 By 2014, high priority designated ASS areas rehabilitated to category of
land capability or ecosystem status as defined in Schedule 2.A
RCT2.3 By 2014, the shallow watertable in high priority designated ASS areas is
retained above 20cm depth for 90% of the time
RCT2.4 By 2014, the pH in the drains associated with the high priority designated
ASS areas exceeds pH 4 for 80% of the time
RCT2.5 By 2014, peat cover in the high priority ASS areas has an average
thickness of 10cm and occurs over 90% of the area.

Management Action Targets
MAT2.1 By 2008, spoil piles of all main arterial drains in the Tuckean Swamp
identified in Schedule 2.B reconfigured, limed and revegetated

Contributes to RCT2.1 and
RCT2.2

MAT2.2 By 2008, high priority degraded ASS areas designated and detailed land
and water management acfion plan defined including assignment of water
allocafion.
MAT2.3 By 2014, high priority ASS areas in Schedule 2.A rehabilitated using best
management practices

Contributes to RCT2.2; CAP
Target L2 Acid Sulfate Soils

MAT2.4 By 2006, an operation policy for Bagotville Barrage to manage acid
neutralisation and fish passage developed and implemented

Contributes t o / J C r 2 . /

MAT2.5 By 2010, plan and construct appropriate drain infrastructure to reduce
hydraulic gradient with shallow acid groundwater system in designated ASS areas

Contributes t o / ? C r 2 . /

9.2 Uncertainty in Targets
An adaptive management cycle recognises uncertainty by fostering a review and respond
approach. Like all of the components of the conjunctive water management framework, there is
a need to recognise uncertainty relating to the establishment of any management targets.
Uncertainty represents the bandwidth, or level of dispersion, surrounding quantification of a
target and can be introduced with the:
(i.)

(ii.)

embedding of community values and priorities. Targets are typically set based on the
level of acceptance by stakeholders on the biophysical, economic or social impacts
associated with reaching that target. This means that targets can change if community
values and priorities change over the management timeframe;
development of the conceptual understanding of underlying processes. If the conceptual
model does not encompass all of the dominant catchment processes, makes inappropriate
assumptions or is misguided, this can call into question the robustness of the target;
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(iii.)

quantification of natural systems. Uncertainty surrounds the need to simplify complex
natural systems by making key assumptions, to interpolate data that can be sparse in space
and time, to integrate process that operate at different scales, to deal with parameters that
can vary greatly or cannot be directly measured and to use models that do not necessarily
have a unique solution.

It is important to communicate this uncertainty in a transparent and consistent way. This can
mean defining standard terminology used to portray different levels of uncertainty. As an
example, Figure 9.2 proposes a classification scheme that categorises uncertainty for sustainable
yield estimates of groundwater resources (Brodie 2004). A sustainable yield estimate is a
management target as it defines an exceedance based on the acceptance of impacts associated
with groundwater extraction, and they also define when an aquifer is deemed over-allocated or
over-used. It is therefore important to communicate uncertainty associated with the sustainable
yield target to allow stakeholders (such as groundwater users) to evaluate the risk that the
sustainable yield will be revised downwards and future water availability is reduced.
Figure 9.1 puts this in context in terms of an idealised history of groundwater resource
development towards the sustainable yield exceedance. Initially, the sustainable yield has a
large uncertainty as it tends to be based on simple calculations with many assumptions and
using limited data. The objective is that error margins progressively decrease with investment in
more information gathering, including longer time-series monitoring and increased density and
diversity of sampling. Over time there should be greater understanding of factors such as
groundwater-dependent ecosystems and community acceptance of impacts of groundwater
development. Also, the aquifer response to stress due to increasing groundwater extraction can
provide important insights. Any major revisions to sustainable yield (particularly downwards)
should preferably be undertaken during these early stages of development, as resolving the
impacts will become more intractable as allocation levels increase. Inevitably, allocation will
reach levels that are within the error bounds of the sustainable yield estimate. At this point,
there is the potential for the sustainable yield to be sufficiently revised downwards so that the
aquifer is suddenly deemed to be over-allocated. This can invoke management decisions that
have economic and social impacts. The intent at this point in the management cycle is that
because of the relatively small error margins in the sustainable yield estimates, these impacts are
minimised.

E
=
>o

Time

Figure 9.1: Idealised allocation history towards sustainable yield in a groundwater management unit (Brodie 2004).
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The categorisation of uncertainty presented in Figure 9.2 is based on the modified McKelvey
system used for national assessments of mineral resources (McKay et al. 2001). This is because
the mining industry shares similar issues surrounding the evaluation and presentation of
uncertainty. Mineral exploration companies have to understand the level of uncertainty in
estimates of potential mineral resources for prospects. This is needed to make the decision
whether or not to continue the investment required to assess if mining is feasible. Investors in
mining companies also need an understanding of the level of uncertainty in resource estimates
to make their own investment decisions. As a consequence, the mining industry has developed
mandatory standards on reporting of estimates of resource availability, namely the Australasian
Code for Reporting of Mineral Resources and Ore Reserves (JORC 1999). All minerals
companies listed on the Australian Stock Exchange must report their mineral resource
evaluations using the JORC Code.
Some of the terminology used in the JORC code has been translated into the classification
scheme of Figure 9.2. Sustainable yield estimates with high error margins are termed Possible
(or Inferred), with moderate levels of uncertainty are termed Probable (or Indicated), and with
high levels of confidence are termed Approved (or Endorsed). The economic feasibility
component of the mineral resource classification has been translated into groundwater beneficial
use feasibility. In Australia, salinity is the major factor governing the usability of a groundwater
resource. Fresh groundwater (<1500 mg/L) is used by the broadest spectrum of users (e.g.
potable supply, irrigation, stock, industry, ecosystems) and is therefore the most valued. The
potential uses of the resource decreases as groundwater salinity increases (Figure 9.2). Hence, it
is important to report the feasibility (i.e. groundwater salinity) category when reporting
sustainable yield estimates. This clarifies which consumptive users can actually access the
resources that are deemed to be available. Table 9.3 provides definitions for these terms which
are used as prefixes. In this way, the phrase "the probable sustainable yield oifresh
groundwater in the Alstonville Plateau" has a specific and consistent meaning. Brodie (2004)
suggests a check list of typical investigation and assessment activities undertaken to transfer
from one confidence level to the next.
The proposed terminology has the potential to be adapted to other areas of natural resource
management as portrayal of uncertainty is a generic issue. Lessons can be learnt from the
mining industry in how uncertainty is presented. Public reporting of the level of confidence in a
mineral resource assessment is mandatory, so that the context is provided to allow stakeholders
(such as investors) make their own reasoned and balanced judgement of the significance of this
assessment. This has created a culture where stakeholders are familiar with, and indeed expect,
a standard indication of the level of uncertainty placed on resource evaluations. Such a culture
needs to be established in the natural resource management arena.
In summary, this chapter provides guidance on setting catchment management targets,
recognising the need to link targets that have been set through different management processes.
Communicating the uncertainty surrounding targets is also important. These targets provide the
goals and thresholds towards which management is aimed. In the next chapter, we progress to
the next stage of the adaptive cycle (refer Figure 4.1) and explore potential options for
implementing a conjunctive water management approach.
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Figure 9.2: Proposed uncertainty categories for groundwater sustainable yield estimates (Brodie 2004).
Table 9.3: Description of proposed uncertainty categories for groundwater sustainable yield estimates
(Brodie 2004).
Description

Term
Possible
(Inferred)
Probable
(Indicated)
Approved
(Endorsed)

Fresh

A groundwater sustainable yield estimate with a low level of confidence. Typically based
on preliminary desktop interpretations of existing data using simple methods. Level of
uncertainty can exceed +50%.
A groundwater sustainable yield estimate with a reasonable level of confidence. Level of
uncertainty typically between ±10-50%
A groundwater sustainable yield estimate with a high level of confidence. The potential
social economic impacts of changes to the sustainable yield have been reduced as much as
possible. Assessment based on detailed information gathering, analysis and prediction to
substantiate the estimate.
A groundwater resource with salinities less than 1,500 mg/L. A wide range of potential
beneficial uses including potable water supply, livestock watering and irrigation.

Marginal

A groundwater resource with salinities between 1,500 and 3,500 mg/L. Not typically used
for potable water supply, but potentially used for selective irrigation depending on factors
such as crop and soil type. Potentially suitable for most livestock.

Bracliish

A groundwater resource with salinities between 3,500 and 14,000 mg/L. Potentially used
for watering of certain livestock (e.g. beef cattle, sheep).

Saline
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A groundwater resource with salinities exceeding 14,000-mg/L. Main potential
consumptive uses are for industry and aquaculture.
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Chapter 10

Management Options

The conjunctive water management framework outlines a suite of management options designed
to consider surface water and groundwater as a single resource. These were used as the starting
point for developing a matrix of potential water management options aimed at addressing the
five key issues in the Lower Richmond catchment of water sharing, environmental assets, land
use impacts, acid sulfate soils and climate (Table 10.1). Hence, the matrix considers aspects
such as licensing and regulation, trading regimes, risk management, management zones,
planning and development, land/water use management and on-ground works. General aspects
about these options are described in Section 3.6 and their application in the Lower Richmond is
detailed below.
These options should not be considered in isolation but form the basis of a combined
management strategy. For example, the maintenance of near-surface watertables in degraded
acid sulfate soil areas is recommended to limit acid production due to sulfide oxidation.
However, shallow watertables can encourage upward movement of acid soluble salts to the root
zone. This can be reduced by the application of a surface cover of mulch (Rosicky et al. 2002),
which also has the effect of reducing evaporative losses and helping re-establish vegetation. A
shallow watertable also means that relatively high drain levels need to be maintained to reduce
or reverse a positive hydraulic gradient inducing acid groundwater discharge. Structures such as
penstocks, weirs or dropboard culverts would be a cost-effective way of retaining high drain
water levels in backswamp areas (Johnston et al. 2003a). A shallow watertable also means that
there is limited storage capacity in the unsaturated soil profile, increasing the frequency of runoff from rainfall events. Redesign of arterial drains within the degraded ASS areas is required to
reduce acid run-off discharging into the main drainage network. This would help retain surface
water cover over the degraded ASS areas.
The majority of these options have been developed to help manage one of the priority water
management issues in the catchment. These options also need to be analysed in the context of
potential impacts on the other water management issues. By way of example, the construction
of water retention structures in the Tuckean Swamp drains for acid control could also:
(i.)

Improve the access and quality of water available from the Tuckean drains for
consumptive use. Improvement in drain acidity and the retention of water during extended
dry periods would benefit existing livestock water supply;

(ii.)

Maintain high water levels and improve water quality to help support and revitalise drain
ecology. Fish passage may need to be incorporated into the design and construction of the
retention structures;

(iii.)

Retain water in the drains for longer and reduce the dependency on inflows from plateau
streams to maintain drain levels in the backswamp areas. This would be a positive
outcome from a water allocation perspective in dealing with water requirements for
managing water quality outcomes;

(iv.)

Be incorporated into the flood management strategy by being designed to not excessively
impede drainage during high flow events.
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T a b l e 10.1: Water management options for the Lower Richmond catchment.
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Water Sharing
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Environmental water provisions

Pollution licences

consumptive users

in water sharing plans

Access conditions

Minimum flow requirements

Acid Sulfate Soil

Climate

Coordinated embargoes
Seasonal limits

Trading Regimes

Water trading rules and markets

Risk Management

Strategic groundwater reserve

Environment as water market

Pollution trading and offsets

ASS manager as market

participant

participant

Water level thresholds

Water quality thresholds

Water level thresholds

Management Zones

Stream buffer zones

Buffer zones around

Water quality protection zones

Designated ASS management

Separation distances between

environmental assets

Exclusion zones

areas

Environment Plans

Environmental impact assessment

Environmental Plans

Development Control Plans

Urban and industrial zoning

Water use efficiency measures
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Maintenance of water-

Improved industry and horticultural

saturated soils

bores to minimise interception

Planning Instruments

Urban and industrial zoning

LandAVater Use Management

Water use efficiency measures

practices
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Regeneration of vegetation
and soil organic material

On-Ground Works
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Water banking options (ASR,

Conjunctive

Water supplementing

Retention structures

Water retention structures

Drainage and flood mitigation

infiltration ponds, underground

Floodgate modification

works

dams).

Drainage

water management

in the Lower Richmond

catchment

10.1 Licencing and Regulation
10.1.1 Water Allocation
Currently, the surface water and groundwater resources of the Lower Richmond catchment are
managed under separate licencing and planning frameworks (refer Section 5.3). The plateau
streams are part of the unregulated surface water management area of the Richmond River
(DNR, 2006a), whilst the plateau groundwater resources are managed under a specific water
sharing plan (DIPNR 2004a). The coastal sand aquifers of the Tuckean are managed separately
under regional planning (DNR 2006gh). Ideally there should be a single water management plan
that treats both the surface water and groundwater systems as a single resource across the
catchment, and recognises the relationships between water quantity and water quality issues.
Acknowledging that existing water plans are in place, there are opportunities to provide greater
linkages between these plans.
The priority for coordinating water allocation in the catchment is the plateau streams and the
shallow to mid-level groundwater systems in the Lismore Basalt, recognising the role of these
aquifers in providing baseflow. The critical outcome of this coordinated management is the
protection of minimum plateau streamflows. There is evidence that the deep groundwater
system of the plateau basalts is not a major contributor to streamflow. These deep aquifers are
currently used for town water supply and irrigation requirements and could be separately
managed as a strategic groundwater resource. Maintaining groundwater levels within defined
thresholds would be the main management criteria for this deep groundwater system.
Management of the plateau hydrology and the coastal plain hydrology of the Tuckean Swamp
also needs to be linked. Cease to Pump (CTP) rules for the plateau streams may need to
consider the water requirements of the swamp. In particular, minimum plateau inflows may be
required to maintain high drain levels to reduce acid groundwater discharge from the floodplain.
Access to flows may also be needed to maintain shallow watertables in designated areas of the
swamp where acid production is occurring. These flow requirements would be based on
offsetting evapotranspiration losses in these areas. These issues are explored further in Section
10.6.3.

10.2 Trading Regimes
10.2.1 Trading of Water Access Entitlements
Water trading is seen as an important mechanism to transfer water to higher beneficial uses, to
increase productivity and efficiency and to better distribute water extraction. Potentially, a water
trading regime could be established for the connected water resource of the Lower Richmond.
This would require resolving a number of underlying issues.
The hydrological domain for the water market needs to be defined. As discussed above, the
connected water resource should include the stream network and the shallow to mid-level basalt
aquifers. Hence, the focus of any trading should be within the Alstonville Plateau part of the
catchment. This requires demarcation of the deep basalt groundwater system which would be
excluded from trading due to a history of groundwater level decline (Green, 2006). This
demarcation could be based on hydrochemistry as outlined in the Durov plot of Figure 6.10.
Simple field chemistry criteria (such as pH>8 and TDS > 300) could be used to define the deep
basalt groundwater system that would be isolated from the market. A simpler approach would
be to define a depth threshold. This is explored in Figure 10.1, which plots the distribution of
the screen depths relating to all available groundwater analyses, categorised in terms of the
different groundwater systems in the Lismore Basalt. Practically all of the shallow regolith
aquifer is limited to within a 20-m depth threshold. A 40-m threshold captures all of the shallow
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regolith groundwaters, all of the shallow basalt groundwaters and about 60% of the mid-level
basah groundwaters - these collectively represent the systems hydraulically connected to the
plateau streams. About 90% of the deep (High-Na) groundwaters that show limited connection
with the streams are deeper than the 40-m threshold. Hence, making a 40-m depth the standard
boundary for the connected resource across the plateau may be a simple and pragmatic
approach. In this case, trading would be limited to the plateau streams and the basalt aquifers to
a depth of 40 metres.
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Figure 10.1: Percentile plot of inlet
depths for bores accessing different
groundwater systems in the
Alstonville Plateau.
Most bores accessing the regolith
aquifer are within 20m depth. A 40m
threshold captures all of the shallow
groundwater system and about 60%
of the mid-level aquifers.
50
Percentile

The objectives and constraints of the water market need to be clarified. One objective could be
to better distribute water extraction across the catchment and beyond. In this case, transfer of
entitlements would be allowed from a highly allocated management zone to a currently
undeveloped management zone (but not vice-versa). Hence, trading could transfer shallow
groundwater licences from the over-allocated Alstonville Plateau management zone within the
catchment (i.e. the Tuckean zone, refer Figure 5.3) to less developed groundwater management
zones on the plateau to the north (such as the Bangalow Zone). Another objective is to minimise
direct impacts on streamflows. Hence, surface water entitlements on the plateau could
potentially be transferred to shallow basalt groundwater entitlements (but not vice-versa). The
logic is that such transfers would delay streamflow depletion. Conversion of surface water
entitlements to groundwater entitlements to reduce the impacts of high demand during the lowflow summer period is being explored for the Upper Ovens catchment in Victoria (Holland et
al. 2005).
The current usage of extraction licences on the plateau needs to be assessed. Initiating water
trading is likely to result in the transfer and activation of sleeper licences. If the number of these
sleeper licences is significant then this could have the effect of dramatically increasing water
extraction. Activation of currently unused groundwater licences with water trading can lead to
streamflow depletion (Goesch and Hafi, 2006). Also, a resource limit is a prerequisite for
creating a market. This means that there needs to be a limit placed on the issuing of new
groundwater and surface water licences in the market domain. This is one of the key
requirements of water trading under the N S W Water Management Act 2000 (DIPNR, 2004b).
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The surface water resources and the basah aquifers are embargoed, so such a resource limit is in
place for the Alstonville Plateau. The coastal sand aquifers in the Tuckean Swamp would not be
part of the trading regime as these are not currently embargoed.
Appropriate conversion rules between surface water and groundwater licences need to be
defined and applied. The starting point is the assumption of a direct 1:1 relationship between
groundwater extraction and streamflow depletion, with the main point of difference being the
time lag of impact. This equates to a 20ML/yr surface water licence being traded to a 20ML/yr
groundwater licence. However, other losses from the shallow groundwater system such as
evapotranspiration and vertical leakage to the deeper basalt aquifers may need to be considered
as a discount. Incentives may be needed to encourage the transfer of water entitlements away
from the streams, such as different conversion rates based on distance from stream. Physical
constraints are an issue, considering that most groundwater bores on the plateau have only low
to moderate yields so may not deliver the equivalent of existing surface water entitlements.
Shallow groundwater quality is typically not a significant issue for irrigation use on the plateau.
One aspect of the water trading regime is for the environment to be an active participant in the
market. As an example, an entity responsible for acid sulfate soil (ASS) management in the
Tuckean could purchase temporary or permanent entitlements to surface water or shallow
groundwater on the plateau. This entitlement would then be used to divert water from the drains
to maintain water cover or shallow watertables in designated ASS areas. This may be an option
if groundwater pumping from the coastal sand aquifers in the swamp is not viable due to yield
or salinity constraints. Such a trade would transfer water extraction high in the plateau to a user
at the end of the catchment in the Tuckean Swamp. This has the added environmental benefit of
allowing flows through the plateau stream network.
10.2.2 Trading for Water Quality Outcomes
Various trading regimes have been established as market-based instruments to reduce emissions
to the environment. Some examples include the Hunter River Salinity Trading Scheme to better
manage saline discharges from mines and electricity generators in the NSW Hunter Valley and
the NSW Bubble Licensing Scheme where three Sydney sewage treatment plants trade to adjust
their discharges but not exceed an aggregate nutrient load (NAPSWQ 2002). It would be
difficult to establish analogous trading of pollution credits to manage acid discharges from the
Tuckean. This is because acid discharge is diffuse pollution, rather than the industry-based point
sources that many existing schemes are focussed on. Most schemes rely on the ability of
participants to control and regulate emissions to the environment. There is also an issue of
legacy of history in terms of assuming that current Tuckean landholders have sole responsibility
for the impacts caused by previous generations of land management, including drainage that
was undertaken under the auspices of government.
An alternative approach is to incorporate remedial actions into a marketing regime to partially
offset their cost. For example, the regeneration of vegetation and accumulation of peaty material
is one management option for degraded ASS areas (refer Section 10.6.3). This activity can also
be viewed as carbon sequestration in the soil profile as part of a carbon emissions trading
scheme. Storage of carbonised organic material and enhanced bacterial biomass in a 1-metre
deep soil profile can equate to 250tC/ha of sequestration (Marris 2006). Soils under healthy
perennial pasture in Australia can have up to 350 tC/ha of carbon storage (Jones, 2007). Soil
carbon sequestration combined with biofuel production has the potential to store up to 9.5
billion tC/yr which is more than is currently emitted by fossil fuel use (Lehman et al. 2006).
Trading schemes involving soil carbon are emerging. Since April 2005, the Chicago Climate
Exchange has facilitated the offsetting of greenhouse gas emissions by increasing soil carbon
storages. Continuous conservation tillage or grass cover plantings are implemented under
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contractual arrangements in designated agricultural areas (CCX, 2006). Trials of the Australian
Soil Carbon Accreditation Scheme (ASCAS) commenced in 2007 (Jones 2007).
There is potential for using degraded ASS wetlands like the Tuckean Swamp as landscapes for
soil carbon sequestration. Carbon accumulation in tropical freshwater wetlands is estimated at
0.3-0.5 kgC/mVyear (Chimner and Ewel, 2005). Assuming a reasonable target for the Tuckean
is 0.2 kg/m^/year, this equates to 2 tC/ha/yr of carbon sequestration. Read Sturgess (1996)
estimated that about 700 ha of swamp land with poor quality pasture in the Tuckean could
potentially be withdrawn from agricultural production for the purposes of ASS management.
Using this as a nominal area of management means that carbon sequestration by managed peat
accumulation in the swamp is in the order of 1400 tC/yr. This is relatively small, accounting for
the annual greenhouse emissions of about 100 average Australian households (AGO, 2006).
Carbon prices on the Chicago Climate Exchange have varied between $USl-5 tC02 (CCX,
2006). Based on these prices, a C-COj conversion factor of 3.67 (Jones, 2007) and currency
conversion of 0.75, a carbon sequestration target of 2 tC/ha/yr would have a nominal value of
$AUD 10-49/ha/yr. Carbon prices on the European Union Emissions Trading Scheme (EU-ETS)
ranged between €8-30/tC02 (SAUDI3-50) for 2005-06 (Euractiv, 2006). Based on these prices,
the target of carbon sequestration of 2t/ha/yr would have a nominal value of $AUD95367/ha/yr. Under the ASCAS trial, annual accreditation is one-hundredth of a 100-year rate of
S25/tC02 (Jones 2007). Table 10.2 calculates the carbon credit for an annual increase of
2tC/ha/yr showing that annual retrospective ASCAS payments increase with progressive
increases in soil carbon from baseline levels. Over a 10-year management period, a 2tC/ha/yr
sequestration would return about SAUDI 0/ha/yr in ASCAS payments. In comparison to these
carbon trading alternatives. Read Sturgess (1996) estimated an average gross margin for cattle
production on the degraded ASS areas of the Tuckean at $48/ha/yr ($62/ha/yr in 2006 dollars).
Table 10.2: Worked example of soil carbon sequestration and accreditation based on the Australian Soil Carbon
Accreditation Scheme (ASCAS).
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Year

tC/ha

tC02-e/ha

$/ha

1

2

7.34

1.84

2

4

14.68

3.67

3

6

22.02

5.51

4

8

29.36

7.34

5

10

36.70

9.18

6

12

44.04

11.01

7

14

51.38

12.85

8

16

58.72

14.68

9

18

66.06

16.52

10

20

73.4

18.35

Total

20

73.4

$100.93
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Participation in an emissions trading market could take a step flirther by importing carbon for
long-term storage into the wetland as well as encouraging in situ soil carbon replenishment. One
option is the application of biochar (charcoal) produced by the pyrolysis of locally sourced
organic material such as by-product from macadamia processing, the nearby Broadwater sugar
mill and sawmills. There is also the opportunity to harvest local infestations of woody weeds
such as camphor laurel and privet, as well as the processing of sewage sludge. Integrated
processes are being developed where biochar media is used to strip CO2, NOx and SO^ from flue
gas generated by coal-fired generators (Li et al. 2003). This not only sequesters additional
greenhouse gases but produces an ammonium bicarbonate-based fertiliser (Day et al. 2005).
One aspect that needs further investigation is the role of degraded ASS wetlands in greenhouse
gas emissions. The greenhouse gas status of wetlands is a balance between carbon fixation as a
sink and methane emission as a source (Whiting and Chanton 2001). Field measurements from
ASS under sugar cane cultivation showed relatively high emissions of carbon dioxide and
nitrous oxide (Denmead et al. 2006) compared with other soil and crop types. Work needs to be
undertaken to define strategies that not just sequester carbon but also reduce direct greenhouse
gas emissions from the degraded wetland. For example, field trials of biochar applications not
only increased soil carbon but reduced annual soil emissions of methane and nitrous oxides
(Rondon et al. 2006).
A different market-based approach is to engage business support through the provision of
environmental labelling (NAPSWQ 2002). The business enterprise provides funds for ASS
rehabilitation and for the marketing rights to promote its environmental credentials. As an
example, the Banrock Station Winery contributes funds to wetland rehabilitation based on a
proportion of its wine sales. The company promotes this activity to differentiate itself in the
market place.

10.3 Risk Management
Risk management approaches involve investigating potential scenarios to prepare for the more
likely deleterious events. From a water quantity perspective, this means acknowledging climate
variability and being prepared for periods of drought (and flood). From a water quality
perspective, this means anticipating a significant event such as discharge of acid or low-DO
waters into the estuary, and to have a prepared response.
10.3.1 Strategic Water Reserves
In the case of the Lower Richmond, specific aquifers could be managed and used as strategic
drought reserves. The deep basalt aquifers of the plateau and the deep coastal sand aquifers of
the Tuckean could be used in this way. Temporary depletion of groundwater beyond the
recharge rate could be allowed in these specific aquifers during drought periods, to provide
water security for prescribed priority uses (e.g. town water supply, key environmental assets,
acid sulfate soil management etc). This extraction would need to be carefully managed so that
there are no long-term impacts like degraded dependent ecosystems, aquifer compaction and
subsidence or water quality degradation. Allocation of groundwater licences would need to be
targeted and limited in these aquifers, so that temporary overextraction does not impact on a
large population of diverse groundwater users.
10.3.2 Prediction of Trends
Risk management involves the capacity to establish the status of current hydrological conditions
and to predict trends. Figure 10.2 gives an example of a simple approach to evaluating the status
of waterlevels in the shallow regolith aquifer of the Alstonville Plateau. Groundwater depth data
for a monitoring bore (GW3670I-I) was processed using the same daily percentile approach
undertaken on the streamflow and rainfall data in Section 6.4. Figure 10.2 presents the typical
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window of groundwater depths during the calendar year, with an upper bound defined by the
daily 10* percentile curve and the lower bound defined by the daily 90* percentile curve. These
can be used as thresholds to place the monitoring record in a historical context. They could
potentially be used as triggers for management actions (such as pumping restrictions).
This approach would give managers a certain degree of predictive capacity. Using the year 2004
as an example, groundwater levels started the year at above-average levels before gradually
declining to below the 90* percentile boundaiy. Based on a simple linear projection of the
recession, a manager could make the prediction in June 2004 that without significant rainfall,
groundwater levels is likely to reach the 90* percentile lower bound within four months. This
could be communicated to relevant licence holders (e.g. by public media, e-mail or website) to
give them the opportunity to make their own risk management decisions (e.g. reduce water use,
switch to alternate supply, maintain status quo).

Figure 10.2: Groundwater level thresholds based on monitoring of shallow regolith aquifer, Alstonville Plateau.
Bandwidth of seasonal watertable change defined by smoothed lO"' (DIO) and 90"' (D90) percentile curves with
median percentile (D50) also plotted. Waterlevel record for the calendar years 2002, 2004 and 2006 plotted as
comparison.

10.4 Management Zones
Management zones are a useful tool to allow specific rules to be applied to specific parts of the
catchment. Zones can be defined to minimise the impacts of water extraction or to define
designated areas that may require more intensive and targeted management. Zones can
demarcate a catchment spatially both horizontally (e.g. specific subcatchments or buffers) and
vertically (e.g. specific depth thresholds or aquifers) as well as temporally (e.g. rules for specific
seasons).

10.4,1 Ecosystem Management Zones
A common application of management zones is the definition of buffers around priority
ecosystems. To this end, a groundwater dependent ecosystem (GDE) map has been produced for
the Alstonville Plateau groundwater management area (Brodie et al. 2002). The map
incorporates the locations of the numerous springs and groundwater seepages on the plateau
interpreted from aerial photography (refer Section 6.2). Areas of mass movement or land
subsidence as mapped by Short (1998) were also included as an indicator of possible spring
activity. These springs and seepages represent the wetlands category of groundwater dependent
ecosystems.
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Detailed vegetation mapping was sourced from the NSW National Parks and Wildlife Service
(NPWS; Graham 2001). This mapping highlights the isolated remnants of subtropical rainforest,
as well as the freshwater wetland and riparian communities. The names of the more significant
rainforest remnants were derived from Johnson (1992). hi particular, the rainforest remnant
mapping directly identifies the areas of native vegetation that can contain deeper-rooted tree
species that access the shallow watertable.
A range of fauna and flora datasets were incorporated, to give a preliminary guide to the
ecological significance of the springs, seepage areas, perennial streams, rainforest remnants and
riparian corridors. This includes NPWS threatened species data (flora, mammals, reptiles,
amphibians and birds, refer Section 5.3), NPWS sightings of native amphibians, as well as
sightings of platypus as recorded in Rohweder (1992).
Sections of the GDE map as presented in Figures 10.3 and 10.4, indicate the content and format
of the mapping. Figure 10.3 shows the area near the Davis Scrub Nature Reserve, about 4 km
south west of Alstonville, in the Lower Richmond catchment. The ecological significance of the
rainforest community of Davis Scrub, as well as of the Mollys Grass remnant to the west is
highlighted, containing threatened flora, bird and mammal species. Both of these remnants
contain or are in close proximity to springs and groundwater seepage zones. Also shown are
sightings of platypus upstream of Marom Creek Falls (site 1).
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Figure 10.3: Groundwater dependent ecosystem mapping near Davis Scrub area (Brodie et al. 2002).
Buffer zones around streams and vegetation remnants also plotted.
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Figure 10.4: Groundwater dependent ecosystem mapping near Alstonville (Brodie et ai 2002).
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The major seepage areas and springs in the vicinity of Alstonville are shown in Figure 10.4.
Lumley Park is a small but significant rainforest remnant in the town itself, which also contains
at least one spring that feeds Maguires Creek. Town water supply bores are also sited in the
park, however these are deep (>60 m) and not directly accessing the shallow groundwater
system feeding the spring activity. In the headwaters of Maguires Creek is a small melaleuca
swamp community that is more typical of the coastal plain, but is maintained on the plateau by
groundwater discharge (site 2, refer Figure 5.4). The Duck Creek rainforest remnant is a good
example of a riparian corridor that acts as a retreat for native fauna during drought periods. A
combination of platypus sightings and a small rainforest remnant can be found in the
headwaters of a Maguire Creek tributary (site 3), west of Lumley Park.
The GDE map provides the basis for identifying areas on the plateau where groundwater
discharges at the land surface, where groundwater significantly contributes to the local streams,
or where rainforest remnants with deeper-rooted tree species are found. Further, the map is the
initial step in prioritising which of these areas are more significant from an ecological
perspective. This is largely based on historical flora and fauna data that tend to be focussed on
the rainforest remnants. Further work is required to assess the ecological character, health and
significance of specifically the springs and seepage wetland areas. Another information gap is
the ecological significance of the perennial nature of the plateau streams due to high
groundwater base flow. The specific groundwater regime needed to sustain the key ecological
values of the freshwater wetland, riparian and rainforest remnants remains to be quantified. This
information is critical in quantifying environmental water requirements to better define
sustainable yield of the water resource.
The GDE mapping has been incorporated into the gazetted water sharing plan for the plateau
groundwaters (DIPNR 2004a). The mapping forms the basis for buffer zones around the plateau
streams and native vegetation remnants. Groundwater extraction exceeding 20ML/yr from new
or replacement bores is excluded within 100m of the high priority ecosystems, or generally 40m
from streams. New or replacement bores to extract less than 20ML/yr are excluded within a
40m buffer. Construction of new or replacement bores to extract more than 20ML/yr is also
excluded within the 100 to 200m buffer around high priority ecosystems, unless it can be
demonstrated that no drawdown will occur at the GDE boundary.

10.4.2 Extraction Management Zones
Buffer zones to manage the effects of groundwater extraction on other users are also
incorporated into the existing water sharing plan for the plateau aquifers (DIPNR 2004a). To
minimise localised interference, bores linked with new access licences exceeding 20ML/yr
cannot be located within 400m of a monitoring bore or another supply bore authorised to extract
more than 20 ML/yr, 500m from a supply bore nominated by a local water utility, or 200m from
a supply bore associated with a basic landholder water right or an authorisation to extract less
than 20 ML/yr.
The plan also has scope to define specific management zones called local impact areas, using
criteria based on declines in groundwater levels and any associated degradation of groundwater
quality. Extraction can be restricted in these specific areas, to allow groundwater levels to be
reinstated to normal bounds of climate variability.

10.4.3 Water Quality Management Zones
On the Alstonville Plateau, a separation distance of 250m is also applied to new bores in
relation to an identified contamination source (including onsite sewage disposal systems, dip
sites, land based waste disposal facilities and any land declared as significant risk or an
investigation area under the Contaminated Land Management Act 1997. This buffer is designed
to minimise ingress of contaminated water into water supply bores.
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The concept of management zones can potentially be applied to the acid sulfate soil issue. High
priority areas in the Tuckean Swamp where acid is being generated and mobilised into the
drains (such as the lower section of Meerschaum Drain) can be formally designated for the
purposes of targeted management. This would allow clear specification of any water
requirements in terms of the maintenance of water cover or shallow watertables to reduce
sulfide oxidation (Section 10.6.3). These requirements could then be incorporated into future
water sharing arrangements.
A particular issue for the management of ASS in designated zones is that of land ownership and
responsibility. Most of the degraded ASS areas are in low-lying backswamp areas with marginal
agricultural productivity, melaleuca encroachment and acid scalding. In contrast, the productive
pasture and cropping is on more elevated land around the margins of the swamp and on
Tuckean Island. The degraded ASS areas are a combination of freehold and crown land. Various
options can be canvassed for the ownership and responsibility of designated ASS areas:
(i.)

The existing ownership arrangements are retained with individual private landholders
encouraged to undertake ASS management on their land. Covenants could be
established over specific areas for restoration and conservation purposes and
landholders paid to destock and rehabilitate the degraded areas. Under the NSW
Environmental Services Scheme an on-farm management plan is developed,
rehabilitation work undertaken, and landholders paid by government after milestones
completed;

(ii.)

Freehold components could be purchased by government and incorporated into the
existing nature reserve holdings. The NSW National Parks and Wildlife Service
(NPWS) becomes the main management entity;

(iii.)

Freehold components could be purchased with the specific objective of restoration of
wetland ecological values. A new generation of environmental organisations such as
Australian Bush Heritage Fund, Australian Wildlife Conservancy and the Australian
Landscape Trust have emerged which purchase land for conservation purposes (Parker
and Fitzhardinge 2006). The environmental organisation has the main responsibility for
ASS management in these freehold areas with funding sourced from the organisation,
other potential beneficiaries (such as the local fishing and tourist industries) as well as
from government.

10.5 Planning Instruments
As outlined in Chapter 5, there is a range of planning instruments currently used in the
catchment to manage land development and its impact, including on water quantity and quality.
State Environmental Planning Policies (SEPP) incorporated into Development and Control
Plans or Local Environmental Plans coordinated by local government are a significant planning
tool. Environmental impacts of development in coastal wetlands and littoral rainforest remnants
are a particular focus. Activities such as drainage work in identified SEPP 14 wetlands which
can effect acid generation and mobilisation require planning consent.
In addition, urban and industrial zoning is a particular issue on the Alstonville Plateau, as there
is a tension between a growing demand for residential housing development and the
preservation of valuable agricultural lands and the rural aesthetic. Planning control on urban
development on the plateau is one way of limiting the growth of water demand. To this end,
mapping based on soil landscape information has been used to define areas of important
agricultural lands. Farmland on the Alstonville Plateau has been prescribed as being either
significant at a State or a regional level (DIPNR, 2005). Rules relating to urban and rural
residential development have been established for these designated areas.
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10.6 Land/Water Use Management

There are various options available to promote best use and management of land and water
resources in the catchment, in particular to protect water quality, increase water use efficiency
and to remediate degraded ASS areas. These are based on existing guidelines, standards and
technologies and are designed to facilitate positive change at the scale of the individual water
user or landholder.

10.6.1 Strategies for Water Quality Outcomes

Some specific examples of promoting land and water management practices directed at
protecting water quality are:
(i.)
Application of national minimum borehole construction standards (ARMCANZ 1997b)
to reduce the risk of aquifer contamination. Many existing water supply bores on the
plateau have inadequate seals, uncased holes or multiple screens which allow pathways
for groundwater contamination. Of particular concern is rapid migration of pollutants
into the deeper aquifers that are used for potable water supply. The water sharing plan
for the Alstonville Plateau groundwater sources places mandatoiy conditions based on
proper bore construction to prevent interaquifer leakage (DIPNR 2004a);
(ii.)
Provide incentives for replacing septic tanks with technology that enables domestic
water treatment and reuse. One way of doing this could be to place a cost impost on the
approval of septic tanks and provide a rebate on domestic water recycling units. As well
as reducing the risk of faecal contamination of streams and aquifers, this has the
potential of reducing domestic water demand for residences with water reticulation;
(iii.)
Promotion of emerging strategies for managing soil erosion in plateau orchards such as
runoff control, tree row mulching or soil stabilisation using shade-tolerant
groundcovers, as described in Section 5.4.

10.6.2 Strategies for Increasing Water Use Efficiency

A similar approach of promoting (and in some cases enforcing) change at the individual user
level can be applied to reduce consumptive water use. These are a commonly applied by water
management and supply authorities to constrain water demand, particularly during extended dry
periods. In the context of urban water use, this includes:
(i.)
Instigation of tiered water restrictions based on defined thresholds for water availability;
(ii.)
Encouraging installation of rainwater tanks through rebates. Being a high rainfall area,
tanks can offset reticulated water supply in the plateau towns such as Alstonville and
Wollongbar. Due to the potential for contamination, rainwater supply should be directed
to non-potable uses such as gardens, laundry and toilet flushing. This can be done by
tying rebates to the installation of plumbed connections to toilets and/or washing
machines. Also, tank installation should meet national standards or local council
planning requirements. Rous Water has a rainwater tank rebate program available for
residents with reticulated supply in the catchment;
(iii.)
Similar rebates for the installation of domestic water efficiency measures (such as dual
flush toilets, AAA-rated showerheads or front-loading washing machines etc) as well as
subsidised inspections by accredited plumbers (i.e. domestic water audits);
(iv.)
Education programs to raise awareness for the need to save water.
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In the context of irrigated agriculture, specifically the horticultural enterprises and nurseries on
the plateau, this includes promoting:
(i.)

Monitoring of soil moisture to improve irrigation scheduling. For example, use of
monitoring technology in a low-chill stonefruit orchard on basalt soils at nearby
Dunoon resulted in a water saving of 29% (0.94ML), gross returns per hectare
increasing by 38% and per megalitre by 76% (Broomhall et al. 1998);

(ii.)

Water efficient irrigation technologies such as subsurface drippers;

(iii.)

On-farm re-use of water. This is a particular issue for nurseries, as water recycling is
used to limit release of pesticides and fertilisers as well as conserving water;

(iv.)

The reduction of evaporative losses by the use of surface mulches.

10.6.3 Strategies in Designated Acid Sulfate Soil Areas
As suggested in Section 10.4.3, one option in the Tuckean is to designate critical degraded lowlying ASS areas for the purposes of managing acid production and export. These areas are
characterised by acid scalding and melaleuca encroachment, and currently used for lowintensity grazing. The two key objectives for land and water management in these areas are to
maintain water-saturated soil conditions and to re-establish vegetation that can accumulate
organic material in the soil profile.
Field and laboratory trials show that pyrite oxidation is inhibited in water-saturated soil (Preda
and Cox 2004). Rates of sulfide oxidation, acidification and generation of soluble acid products
tend to decrease under anoxic conditions (Ward et al. 2004). This means that maintaining nearsurface watertables should be effective in constraining primary acid production due to sulfide
oxidation. The target for management would be to maintain the watertable within a depth
threshold for a defined time period, say <20cm for 95% of the year. This is in contrast with the
existing situation where watertables recede to a depth of Im or more, seasonally aerating the
pyritic estuarine clays. However, secondary oxidation products like jarosite can still be an acid
source in saturated soils so release of acid products still needs to be carefully managed (White et
al. 1997; Preda and Cox 2004). Ferric iron (Fe^"^) generated by prior dewatering of the soil
profile can also continue to oxidise pyrite under anoxic conditions (van Breemen 1973).
Maintenance of near-surface watertables does not necessarily require permanent inundation of
degraded areas. However, strategic irrigation may be required to ensure watertables are retained
near-surface to balance evapotranspiration losses during prolonged dry periods. Numerical
modelling suggests that irrigation by applying 25mm on a 7-day cycle during dry periods was
the most effective option for limiting pyrite oxidation at a site on the NSW south coast (Blunden
and Indraratna 2000). The irrigation schedule needs to be sufficient to maintain near-surface soil
saturation to act as a barrier for oxygen transport to the underlying sulfidic layer. Hence, the
water requirements of the designated areas would need to be incorporated into the water
allocation process.

258

Conjunctive water management in the Lower Richmond catchment

E
E

'I

Figure 10.5: Weekly rainfall and evaporation percentiles based on Alstonville climate monitoring. Weekly lO""
(RIO), so"" (R50) and 90"" (R90) percentiles plotted with evaporation equivalents (ElO, E50, E90). The difference
between median rainfall and evaporation percentiles (R50-E50) is an indicator of moisture surplus/deficit.

Figure 10.5 provides a guide on the scale of the required irrigation. This figure plots the weekly
rainfall and pan evaporation percentiles for the Alstonville climate station. This shows the high
degree of variability in rainfall compared with evaporation. It also shows that under median
conditions, a high rainfall deficit where irrigation is likely to be required occurs from mid
September (Week 37) to early January (Week 1). Applying 25mm of irrigation over a 7-day
cycle for these 16 weeks equates to application of 4ML/ha/yr. This is about the average
application rate for irrigation in Australia, being 4.2 ML/ha/yr in 2004-05 (ABS 2006). This
irrigation schedule also equates to an average daily application rate of 35.7 kL/ha/d, so that
IML/d would supply the requirements for 28 ha. Irrigation of 100 ha of degraded ASS areas at
this rate would require 3.57 ML/d. About 700 ha of the Tuckean could potentially be designated
for the purpose of ASS management (Read Sturgess, 1996).
This highlights the critical issue of surface water availability during prolonged dry periods. The
cumulative minimum inflow into the swamp from the plateau streams defined by the proposed
cease to pump (CTP) rules is 2.5 ML/d (DNR, 2006a). The need for plateau inflows to maintain
high drain levels in the backswamps under these conditions would limit any drain diversions for
irrigation of the degraded ASS areas. Rather than initiating irrigation during dry periods when
both watertables and drain flow are low, a more appropriate strategy would be to regularly
divert drain water to the designated ASS areas during median to high flow conditions. This
would regularly replenish surface water or soil moisture storages and reduce the rate of
watertable recession due to evapotranspiration in these areas.
Fresh water has limited neutralisation capacity so using plateau inflows to sustain soil moisture
may limit pyrite oxidation but will not address the existing acid store in the floodplain. By
adding hydrated lime, quicklime or other suitable soluble alkaline material to the water,
irrigation can provide a delivery mechanism to help neutralise acidity. Liquid fertilisers and
other additives could also be applied via irrigation to encourage plant growth. Nutrient
availability is one factor controlling the microbial reformation of sulfides in the soil profile
(Bemer 1984).
Brackish estuarine water is a better option for acid neutralisation than freshwater due to the
availability of bicarbonate. This is illustrated by the effectiveness of tidal estuarine water in
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neutralising acidity upstream of the barrage. However, using tidal water for watertable control is
logistically difficult as most of the degraded areas are in the backswamps. A key issue is the
encroachment of tidal brackish water into nearby productive lands. One option is to pump and
irrigate from bores sited within the degraded areas and accessing the deeper sand aquifers,
which are currently underallocated and not under embargo. Depending on the location, the
groundwater can be brackish due to lateral seawater intrusion. Such pumping would allow a
degree of control to the timing, extent and magnitude of water application. However, the
degraded ASS areas in the Tuckean backswamp are mostly freshwater systems so application of
saline or brackish water would need to be carefully considered due to effects on vegetation,
ecology and soil structure. Also, any offsite issues such as salt mobilisation would need to be
addressed. Salinity in the deep sand aquifers can improve in the upper parts of the Tuckean
floodplain to be less than 2000 mg/L. To reduce salinity impacts, one option is to pump from
this groundwater resource in these upper floodplain areas, divert into the drain and then extract
further down-drain to apply in the low-lying degraded areas.
The negative aspect of maintaining saturated soil conditions in degraded ASS areas is a greater
potential for acid release. With the unsaturated zone limited or non-existent, there is no storage
capacity for infiltration following rainfall and a greater prevalence of surface runoff. Drainage
needs to be redesigned and limited so that acid water is retained in these designated areas of the
floodplain. Also, near-surface watertables can result in a persistent positive head gradient
towards drains, resulting in acid groundwater discharge. Hence, drain levels also need to be
maintained at relatively high levels (i.e. near bank-full) to minimise hydraulic gradients (refer
Section 10.7.2).
As well as water saturation, there is a need to establish inundation-tolerant vegetation and to
replenish organic material in the soil profile, depleted due to fire, oxidation and erosion. The
aim is to restore the original peaty floodplain cover which would have the effect of reducing
evaporative losses (and watertable recession), reduce the upward movement of acid products,
and build up and restore the soil-surface level (Rosicky et al. 2002). The establishment of
inundation-tolerant vegetation would also reduce the incidence of 'black water' events bought
about by large-scale decay of intolerant pasture species. Maintaining a surface mulch layer has
been found to be effective in limiting the accumulation of acid salts in the root zone (Minh et al.
1998). A labile organic carbon supply is also needed for the microbiological catalysis of
reduction reactions that consume acidity (White et al. 1997).
The objective of peat development is to increase the production of plant material and to reduce
subsequent decomposition. This can be summarised by the balance equation, as modified from
Moore (1989):
^P = GPP + IMP + /^-ER-

EXP

{Equation 10.1)

Where AP is change in peat/humus deposition, GPP is the gross primary plant productivity,
IMP is imported organic material, AB is change in the biomass of the entire ecosystem
(including plants, algae, animals and microbes), ER is the respiration of the entire ecosystem
and EXP is exported organic material.
This budget means that increasing primary plant productivity in the degraded ASS areas is a
necessary step. Activities such as fencing to exclude stock, surface disturbance such as rotary
hoeing to encourage near-surface acid flushing, ridging and furrowing to create
microenvironments and targeted lime application can encourage germination and plant growth
(Rosicky et al. 2002). Direct application of mulch was identified as the most effective treatment
for revegetation of degraded ASS areas (Rosicky et al. 2002). As indicated in Equation 10.1,
mulching is an invaluable method of importing organic material. Targeted mulching using
readily available local material would be effective in promoting vegetative growth, increase
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retention of humic material, reduce near-surface accumulation of acid salts and decrease water
loss due to evapotranspiration.
The imported organic material can also take the form of biochar (charcoal). The advantages of
soil application of biochar are derived from investigations of the terra preta dark earths of the
Amazon. These were formed up to 7000 years ago when early inhabitants used low-intensity
smouldering fires rather than the conventional slash-and-bum approach to agriculture (Lehman
et al. 2003). In terms of ASS management, these advantages include greater carbon stability,
enhanced soil fertility, increased water retention, high cation exchange capacity and promotion
of microbiological activity (Glaser et al. 2002; Liang et al. 2006). Biochar is alkaline and has
been used with success to remediate acid soils in tropical savannas, being a cheaper option than
manufactured lime products (Rondon et al. 2006). Such importing and retention of mulches or
biochar could be incorporated into carbon trading schemes as discussed in Section 10.2.2.
Peat formation is attributed mostly to the retardation of microbial activity in decomposing
organic material rather than excessive plant production. Low oxygen availability is cited as the
main factor for limiting aerobic microbiological activity, accompanied by factors such as
limiting mineral elements, low pH and low temperature (Moore 1989). Therefore, maintaining
near-surface water tables and regular inundation should help the retention of organic material in
the soil profile. Peat formation in a tropical freshwater wetland was attributed to high
watertables slowing plant decomposition (Chimner and Ewel 2005). In contrast, the existing
hydrologic conditions of a fluctuating watertable in the Tuckean would tend to encourage
aerobic decomposition of plant material.
As indicated in Equation 10.1, the export of organic material should be limited. In certain areas,
strategies to slow the velocity of floodwaters would be needed to reduce erosion of surface
mulches. A key issue is fires, which are disastrous in terms of destroying long-term peat
accumulations in the soil profile. Significant wildfires have occurred in the swamp postdrainage, the most recent being in 2003. Maintaining near-surface watertables would help
reduce the risk of widespread loss of residual organic material through fire.
Given the right conditions, peat accumulation can be undertaken within management
timeframes. Accumulation rates in tropical peatlands have been estimated to average 4-5
mm/year, compared with less than 1 mm/year for temperate and boreal environments (Chimner
and Ewel 2005). Given the Lower Richmond is more subtropical, a 10-year target of 2.5cm peat
accumulation (an inch a decade) in designated ASS management areas would be reasonable,
especially if supplemented by biochar or mulch imports.
10.7 On-Ground Works

Conjunctive water management can involve investment in on-ground works as well as
implementation of policies and management rules. Infrastructure works can take advantage of
the inherent characteristics of the surface water and groundwater resources.
10.7.1 Water Banking and Supplementing
Water storage is a key issue for the catchment, considering the need for high security water by
users such as town water supply and high-value horticultural industries. Construction of
traditional storages such as dams on the plateau are limited by factors such as the high land
values, high leakage rates through the permeable krasnozem soil and small property sizes.
However, by taking a conjunctive approach less conventional water storage and delivery options
can be explored. These approaches have been briefly described in Section 3.6.
Aquifer Storage and Recovery (ASR) schemes, using bores to inject water into aquifers is one
possibility. The two candidate aquifers for water banking in the catchment are the deep aquifers
of the Lismore Basalt and the Quaternary sand aquifers of the coastal plain (Buckendoon Sand
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and South Casino Gravel). Water could be sourced directly from the plateau streams or drainage
network during high-flows or recycled water could be used as a water source. Detailed site
investigations are required to determine the feasibility of these options.
Use of the deep basah aquifers for water storage has the advantages that there is limited
hydraulic connection with the plateau streams so losses from storage by baseflow discharge are
not significant, infrastructure can be sited on the plateau and close to key water users, and there
are existing deep bores that could potentially be used for injection, recovery or monitoring.
Reinjection would be one strategy to offset decreasing waterlevels measured in the deep basalt
aquifer over the past two decades (Green, 2006). The disadvantage is that the fractured basalt
hydrogeology is complex so defining the storage capacity and groundwater flowpaths is
relatively difficuh. Protection of water quality is a priority considering the deep basalt aquifers
are currently being used as raw water for drinking supply.
The use of the coastal sand aquifers as water banks have the advantages that the hydrogeology is
relatively simple, the overlying clay sequences limit vertical leakage and bore depths are
shallow (<40m). The disadvantages are that infrastructure would be located at low elevations
away from areas of key water demand on the plateau (i.e. additional water delivery
infrastructure and pumping costs) and potentially in flood-prone areas. Intrusion of brackish
estuarine water into these aquifers would need to be carefully managed in the pumping regime.
Infiltration ponds or similar water retention structures could be constructed on the plateau.
These are designed as 'leaky dams' which control and capture runoff and promote downward
infiltration. Enhancing recharge would allow water to be retained longer on the plateau as
shallow groundwater rather than directly draining to the Tuckean during storm events.
Structures such as grassed swales, contour banks or small depressions could be constructed at
the farm-scale. Such structures would not only facilitate recharge to the shallow regolith aquifer
but have the additional benefits of reducing erosion and transport of contaminants such as
pesticides and nutrients during storm events.
Underground dams are where a low-permeability barrier is constructed into the shallow regolith
aquifer at suitable sites. The barrier constrains lateral groundwater flow allowing the watertable
behind the barrier to be maintained at a higher level for longer periods. This would reduce
stream baseflow but would make more water available over dry periods.
Water supplementing involves the extraction of water from a particular source and using it to
augment another water source during critical periods. For the Lower Richmond, the focus is the
maintenance of minimum stream flows during extended dry periods. This is already occurring
by default by the releases from the Alstonville sewage treatment plant (STP) 'supplementing'
the flows in Maguires Creek. The STP contributes 1.4-2 ML/d to the stream, but also the
majority of nitrogen and phosphorus loads during the summer (Eyre et al. 2003).
Other water sources such as the deep basalt aquifer can potentially be used to supplement flows
for the plateau streams or to maintain high priority ecosystems. However, considering the
pumping costs and the inherent value of this groundwater source for high-value consumptive
uses, this would have to be a practice of last resort. The deeper sand aquifers of the Tuckean
Swamp could also be used as a water source to maintain water cover or shallow watertables in
designated acid sulfate soil areas (Section 10.6.3) or to retain high drain levels to minimise acid
discharge during dry periods. Pumping could be initiated based on agreed thresholds in
watertable depth, rainfall deficit, evapotranspiration rates and minimum streamflows. Such
pumping would need to be carefully managed considering the potential for estuarine waters to
move laterally into the aquifers and increase groundwater salinity. Another supplementing
option is to divert treated STP releases like Alstonville into the Tuckean Swamp to offset
evapotranspirative losses in the acid sulfate soil areas. Sewage effluent is typically alkaline (pH
6-5-8.5) and has high levels of available organic material (BOD 100-500mg/L) and nutrients
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(TKN 20-80 mg/L, P 5-30 mg/L; NWQMS 2006) which offer benefits for acid neutralisation.
Other potential water supplementing sources for ASS management include treated effluent
outside the catchment (such as from Ballina or Lismore) but delivery infrastructure and
operating costs become factors.
10.7.2 Drainage Structures
Drainage guidelines for coastal floodplains recommend three main strategies of (1) modifying
floodgates to enable controlled tidal exchange, (2) using water retention structures to reduce
acid groundwater seepage and (3) to redesign drains (Johnston et al. 2003a).
The first strategy has been implemented in the Tuckean with the Bagotville Barrage being
modified and sluice gates incorporated. These gates consist of a sliding plate cover over an
aperture within the existing floodgates, so that the aperture opening can be adjusted to control
water flow. Without the sluice gates, the barrage allowed ebb-tide drainage of swamp water but
prevented tidal inflow at high tide. The controlled opening of these sluice gates allows tidal
inflow of brackish estuarine water into the Tuckean drainage network. The monitoring of Main
Drain upstream of the barrage (Section 7.6) shows that drain acidity does improve with salinity,
indicating buffering by brackish estuarine waters. Floodgate modification has been effective in
reducing the impoundment of acid drainage behind the barrage during dry times, which tended
to be released as one pulse into the estuary in subsequent flood events (Sammut et al. 1996).
Water retention structures are commonly recommended as part of the ASS management
strategy. Numerical modelling suggests that installation of a weir in an existing drain can
effectively reduce acid groundwater discharge (Blunden and Indraratna 2004). This has been
borne out in field investigations where water quality monitoring before and after weir
construction showed a 65-70% reduction in acid flux (Johnston et al. 2004). Such water
retention structures are required at strategic locations in the Tuckean drainage network.
Persistent acid conditions can occur in drains when the nearby shallow watertable is higher than
the drain level, resulting in a positive hydraulic gradient and acid groundwater discharge
(Section 7.5). Drain chemistry surveys (Section 7.1) and monitoring highlight the priority drains
to be Meerschaum Drain (in particular the section between the RRCC3 and RRCC4 monitoring
stations). Jumbo Drain and Hendersons Drain. Structures are required in these drains to retain
high water levels to reduce or reverse the hydraulic gradient with the shallow acid groundwater
system. Installing such structures would significantly reduce the requirements on plateau
inflows to maintain high drain levels in the backswamp areas. Hence, defining any minimum
plateau inflows or water allocations for acid sulfate soil management (Section 10.6.3) needs to
be made in the context of an altered drain regime brought about by retention structures.
Monitoring shows that evapotranspiration in the floodplain can cause the watertable to decline
below the drain level resulting in a negative hydraulic gradient and an improvement in drain
acidity (Section 7.6). However, this is not a viable management option for controlling acid
export as relatively low watertables also promote aeration of the sulfidic clay and primary acid
production. As discussed in Section 10.6.3, watertable recession by evapotranspiration should
be minimised in the floodplain. This strategy needs to be combined with water retention
structures in the nearby drains resulting in a high watertable - high drain level configuration.
Options include penstocks, dropboard culverts or weirs (Johnston et al. 2003a). As shown in the
drain transects (Appendix 6) the land surface bordering the drains is higher than the surrounding
floodplain due to the deposition of dredged material. These drain banks allow the opportunity
for the elevation of in-drain water retention structures to be set near (or even above) that of the
surrounding floodplain. This could be undertaken at strategic locations to allow greater retention
of surface water and shallow groundwater in the degraded backswamp areas.
Drainage redesign and rehabilitation is also an important management strategy for the Tuckean.
Ideally, drains should be wide, shallow and of low slope to control surface waters but minimise
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hydraulic interaction with acid sulfate soil horizons. However, infilling, shallowing or reshaping
the major drains is not likely to be a cost-effective option compared to the strategic installation
of water retention structures. Equally, laser levelling which is used in high-value agricultural
areas such as sugar cane is not applicable for the lower value pastoral areas that host the
degraded ASS in the Tuckean. Site conditions such as melaleuca encroachment and poor soil
strength makes laser levelling impractical.
However, there is significant scope to redesign the smaller arterial drains. Jumbo Drain and
other side drains of Meerschaum Drain are good candidates for making broader and shallower
or being infilled. At sites along the major drains, the bank material has been excavated as
discharge points for arterial drains from the floodplain. Drainage redesign can simply mean
infilling at some of these sites along the bank of Meerschaum Drain (and others) to help retain
water in priority degraded ASS areas. Alternatively, the installation of pipes with control
structures (such as dropboards) would allow a degree of control on these arterial drains. Such
pipes have recently been installed along Meerschaum Drain near the RRCC4 monitoring station.
Reducing drainage and prolonging the period of inundation specifically in these degraded areas
is needed to provide a store of water for evapotranspiration until the next significant rainfall
event. This is important as maintaining a shallow watertable is needed to limit acid production,
but this reduces water storage capacity in the unsaturated soil profile. This will mean more
frequent acid run-off during rainfall which needs to be retained within the floodplain rather than
be diverted directly into the main drains. Reducing drainage is also important from the
perspective of retaining within the floodplain any water depleted in oxygen from vegetative
decay or secondary ASS processes. It is envisaged that drainage of the more elevated and
productive margins of the swamp would not require modification.
Other management strategies for acid sulfate soils involving on-ground works include
neutralisation, hydraulic separation and strategic reburial (Dear et al. 2002). Neutralisation
involves physically incorporating alkaline material (such as agricultural lime) into the soil
profile. Liming rates are based on the existing acidity as well as the potential acidity that could
be generated by further oxidation of any residual sulfides. Hydraulic separation uses differences
in grain size and density to physically separate a sulfide-rich fraction of the soil profile for
treatment. Sulfide material can also be strategically reburied below the watertable to reduce
oxidation and acid production. These strategies are usually implemented over small high-value
areas such as urban and industrial sites. Complete neutralisation or separation of existing and
potential acidity at the broadacre scale of the Tuckean would not be practical or cost-effective. It
has been estimated that the Tuckean floodplain hosts over a million tonnes of sulfuric acid,
requiring an investment of over $250m to neutralise using lime (White et al. 1997).
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Chapter 11

Monitoring and Review

A critical step in the conjunctive water management framework is ongoing monitoring and
regular review (Section 3.7). Monitoring forms the basis for reviewing performance and
modifying strategies. It allows the essential feedback loop inherent to the adaptive approach, so
is fundamental to the whole strategy. This chapter investigates monitoring within the Lower
Richmond catchment as part of testing the overall conjunctive water management framework
(refer Figure 4.1). Ideally, monitoring undertaken in the Lower Richmond catchment should
contribute to the other activities of the management process by:
(i.)

Identifying any emerging management issues in the catchment that may need
investigating;

(ii.)

Identifying information gaps that when addressed would improve assessment of
catchment processes;

(iii.)

Validating and potentially updating the understanding and conceptualisation of key water
processes;

(iv.)

Verifying or improving the calibration of any predictive models;

(v.)
(vi.)
(vii.)
(viii.)

Evaluating progress towards the management targets identified for the catchment;
Checking that conjunctive water management options were implemented appropriately;
Testing the appropriateness and effectiveness of these management options;
Ensuring that there is compliance with established rules and regulations.

In this chapter, the status of hydrological monitoring in the Lower Richmond is reviewed and
recommendations made on future strategies. Based on the field investigations made in the
catchment as part of this study, a combined stream-aquifer approach to monitoring at a site is
suggested.
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11.1 Existing Hydrological Monitoring
11.1.1 Climate Monitoring
The Bureau of Meteorology (BOM) maintains rainfall stations in and around the Lower
Richmond catchment as part of the national network (Figure 11.1). Many of the rainfall stations
documented by the BOM have ceased operation (Table 11.1). The stations that are being
maintained and have a sufficient historic data record are located in Coraki, Lismore, Alstonville
(Tropical Fruit Research Station) and Meerschaum Vale. The Richmond River County Council
(RRCC) also records rainfall at one of its stations that monitor water quality parameters in the
drains of the Tuckean Swamp.

Table 11.1: Climate monitoring relevant to the Lower Richmond catchment.
Identifler

Location

Name

Custodian

Parameters

Monitoring
Period

\lonitoring
Interval

58000

Alstonville Post Office

Alstonville

BOM

rainfall

1903-1973

daily

58015

Coraki Post Office

Coraki

BOM

rainfall

1895-

daily

58018

Fairview

BOM

rainfall

1884-1985

daily

58023

McLeans Ridges

Lascott Drive, McLeams
Ridges

BOM

rainfall

2000-

daily

58037

Lismore

Centre Street, Lismore

BOM

rainfall

1884-

daily

58065

Broadwater Sugar Mill

Broadwater

BOM

rainfall

1915-1975

daily

58071

Goonellabah

Goonellabah

BOM

rainfall

1962-1977

daily

58086

Koolool

BOM

rainfall

1894-1945

daily

58089

Pimlico

BOM

rainfall

1892-1929

daily

58091

Spring Hill

BOM

rainfall

1890-1933

daily

58093

Wollongbar

BOM

rainfall

1892-1940

daily

Central Park Drive,
Wollongbar

1999-2000
58095

Bungawalbin

BOM

rainfall

1891-1920

daily

58131

Alstonville Tropical Fruit
Research Station

Alstonville

BOM

rainfall

1969-

continuous

58131

Alstonville Tropical Fruit
Research Station

Alstonville

BOM

evaporation

1963-

daily

58136

Amaroo

BOM

rainfall

1968-1979

daily

58162

Nashua

Nashua

BOM

rainfall

1989-

daily

58171

Meerschaum Vale

Meerschaum Vale

BOM

rainfall

1977-

daily

58201

Tuncester

Tuncester, Leycester Creek

BOM

rainfall

1999-

daily

58214

Lismore Airport

Lismore Airport

BOM

rainfall

2002-

daily

RRCC4

Meerschaum Drain

Meerschaum Drain

RRCC

rainfall

2004-

hourly
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F i g u r e 11.1: Hydrological monitoring in the Lower Richmond catchment.
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11.1.2 Surface Water Monitoring
The historic and current surface water monitoring sites relevant to the Lower Richmond
catchment are outlined in Table 11.2. The NSW Department of Natural Resources (DNR)
maintains a regional network of stream gauging stations monitoring water levels and flows,
particularly in the major systems such as the Wilsons River. This network has been significantly
rationalised, with many gauging stations on the lesser tributaries discontinued from the 1980s
due to budgetary restrictions (DLWC 2001). With recent focus on water sharing arrangements
on the Alstonville Plateau and the impact of acid sulfate soils in the Tuckean Swamp, DNR
established key stream gauging sites at Gum Creek, Maguires Creek and Hendersons Drain.

Table 11.2: Surface water monitoring relevant to the Lower Richmond catchment.
Identifier Surface Water
Feature

Location

Owner

Parameters

Monitoring
Period

203012

Byron Creek

Binna Burra

DNR

level, flow

1951-

203014

Wilsons River

Eltham

DNR

level, flow

1957-

203025

Marom Creek

Alstonville

DNR

level, flow

1923-1985

203037

Duck Creek

Alstonville

DNR

level, flow

1972-1989

203038

Pearces Creek

Near Booyong

DNR

level, flow

1972-1987

203039

Maquires Creek

Teven

DNR

level, flow

1972-1993

203040

Gum Creek

Rous Mill

DNR

level, flow

1972-1976

203016

Emigrant Creek

Knockrow No. 2

DNR

level, flow

1959-1967

203003

Emigrant Creek

Knockrow No. 1

DNR

level, flow

1921-1927

203047

Hendersons Drain

Arthurs Mud Holes

DNR

level, flow

2002-2006

203048

Maquires Creek

Near Alstonville

DNR

level, flow

2002-

Gum Creek

Dalwood Road

DNR

level, flow

2002-

203402

Wilsons River

Woodlawn College

MHL

level, flow

1980-

203403

Richmond River

Coraki

MHL

level, flow

1987-

203427

Wilsons River

East Gundarimba

MHL

level, flow

1980-

203443

Leycester Creek

Tuncester

MHL

level, flow

1980-

203908

Richmond River

Bungawalbin Junction

BOM

level, flow

19501995-1996

Tuckean

Tuckean Broadwater

Downstream of Bagotville Barrage

MHL

level, water quality

RRCCl

Tuckean Broadwater

Bagotville Barrage

RRCC

level, pH, EC, temp, DO, 2000-2005
turbidity

RRCC2

Main Drain

Upstream of Bagotville Barrage

RRCC

level, pH, EC, temp. Eh

2000-

RRCC3

Meerschaum Drain

Near junction with Main Drain

RRCC

pH, EC, temp. Eh

2000-

RRCC4

Meerschaum Drain

Meerschaum Drain

RRCC

level, pH, EC, temp. Eh

2000-

Yellow Creek

Meerschaum Vale Road

DNR/BRS

level, flow

2004-

Gum Creek

Marom Creek Road

DNR/BRS

level, flow

2004-

Youngmans Creek

Marom Creek Road

DNR/BRS

level, flow

2004-

Marom Creek

Tucki Road

DNR/BRS

level, flow

2004-

Tucki Tucki Creek

Robsons Bridge

DNR/BRS

level, flow

2004-

Meerschaum Drain

Upstream of crossing

DNRy^RS

level

2004-

Tucki Tucki Drain

Haynes Bridge

BRS/RRCC

pH, EC, DO, Eh, temp

2005-

Marom Drain

Cedar Island

BRS

level

2005-
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Figure 11.2: Water quality monitoring site operated
by Richmond River County Council in Tuckean
Swamp drain.

Figure 11.3: DNR stream gauging station on Maguires
Creek, Alstonville Plateau.

The Manly Hydraulic Laboratory (MHL) is responsible for collection of hydrological data in
coastal environments in New South Wales. This includes operation of continuous water level
data recorders in estuarine environments such as the tidal parts of the Richmond River and
Wilsons River. The Richmond River County Council (RRCC) collects data from three sites on
Tuckean Swamp drains. Water quality parameters (such as pH, EC, temp, DO, Eh) as well as
water level are recorded, to provide baseline information on acid discharges into the estuary.
As part of this study, temporary stream gauging stations were established by DNR for the five
main plateau streams flowing into the swamp - Yellow, Gum, Youngmans, Marom and Tucki
Tucki Creeks. A water quality monitoring station was also established on Tucki Tucki Drain at
Haynes Bridge to allow comparison with the existing RRCC monitoring on Meerschaum and
Main Drains. A water level logger was also installed on Marom Drain near Cedar Island to
investigate the hydraulic gradient between the drain and the shallow watertable in this area.
11.1.3 Groundwater Monitoring
The location of monitoring bores established within and around the catchment is shown in
Figure 11.1, with details outlined in Table 11.3. Bores have been constructed by DNR (and its
predecessors) to support regional groundwater management and many have continuous data
loggers to record a hydrograph of groundwater levels. Data from the loggers are downloaded
every three months and the data maintained in the DNR groundwater database.
Long term monitoring of groundwater levels in the plateau basalt aquifers commenced in 1987
with the construction of two nested piezometers, one in the Marom Creek subcatchment
(GW036701) and the other in the Pearces Creek subcatchment (GW036702). At both of these
sites only the shallow and deep piezometers are currently operational. In 1999, a further seven
bores were constructed at three sites to expand the monitoring program on the plateau (Green
1999). The bores were located in areas where the groundwater system was recognised to be
under stress, namely:
(i)
(ii)

The over-allocated Duck Creek subcatchment (GW81002-04);
The Maguires Creek subcatchment which has high groundwater usage (GW81005-06);
and

(iii)

The Gum Creek subcatchment, which is adjacent to the Duck Creek subcatchment and has
possible high unlicensed groundwater use (GW81000-01).
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Table 11.3: Groundwater level monitoring relevant to the Lower Richmond catchment.
Identifier

Name

Location

Aquifer

Data
Screen Elevation Piezometer
Logger
Interval of Top of Operational
Operational
Casing
(m)
(m A H D )

Alstonville Plateau
GW81006

Site 1 Alstonville North
Shallow

Maguires Creek, Pearces
Creek Road

Lismore BasaU

9-12

110.7

1999-

1999-

GW81005

Site 1 Alstonville North
Deep

Maguires Creek, Pearces
Creek Road

Lismore Basalt

60-71

110.9

1999-

1999-

GW81004

Site 2 Alstonville Central Duck Creek, Wardell Road
Shallow

Lismore Basalt

1.5-3

146.7

1999-

1999-

GW81003

Site 2 Alstonville Central Duck Creek, Wardell Road
Medium

Lismore Basah

33-38

148.3

1999-

1999-

GW81002

Site 2 Alstonville Central Duck Creek, Wardell Road
Deep

Lismore Basah

52-65

149.0

1999-2004

1999-2004

GW41005

Site 2 - Alstonville
Central

Duck Creek, Wardell Road

Lismore Basalt

4.2-10.2

2005-

2006-

GW81000

Site 3 Alstonville South
Shallow

Gum Creek

Lismore Basalt

3-9

152.7

1999-2001

1999-2001

GW81001

Site 3 Alstonville South
Deep

Gum Creek

Lismore Basah

87-108

152.8

1999-

1999-

GW36701-1

Site 4 Wollongbar
Shallow

Wollongbar Agriculture
Research Station

Lismore Basalt

17-21

125.0

1987-

1987-

GW36701-4

Site 4 Wollongbar Deep

Wollongbar Agriculture
Research Station

Lismore Basalt

150-168

125.0

1987-

1987-

GW36702-1

Site 5 Pearces Creek
Shallow

Cattle Tick Research Station

Lismore Basalt

24-37

90.0

1987-

1987-

GW36702-4

Site 5 Pearces Creek
Deep

Cattle Tick Research Station

Lismore Basah

88-128

85.0

1987-

1987-

GW41006

Site 5 Pearces Creek

Cattle Tick Research Station

Lismore Basalt

4-10

2005-

2006-

GW40999-1

Site 6 Shallow

Marom Creek Weir

Lismore Basalt

14-20

2005-

2006-

GW40999-2

Site 6 Deep

Marom Creek Weir

Lismore Basalt

78-84

2005-

2006-

GW41001-1

Site 7 Shallow

Lumley Park, Alstonville

Lismore Basalt

20-26

2005-

2006-

GW41001-2

Site 7 Deep

Lumley Park, Alstonville

Lismore Basalt

32-91

2005-

2006-

GW41002

Site 8

Boat Harbour, Wilsons River

Lismore Basalt

50-56

2006-

2006-

GW41003-1

Site 9 Shallow

Femleigh, Skinners Creek

Lismore Basalt

5.3-8.3

2005-

2006-

GW41003-2

Site 9 Deep

Femleigh, Skinners Creek

Lismore Basah

22-161

2005-

2006-

GW41004-1

Site 10 Shallow

Nashua, Byron Creek

Lismore Basalt

15-18

2005-

2006-

GW41004-2

Site 10 Deep

Nashua, Byron Creek

Lismore Basalt

2006-

2006-

GW41007-1

Site 11

Eltham, Wilsons River

Lismore Basalt

40-46
38-41
85-94

2006-

2006-

GW41008

Site 12

Comdale

Lismore Basalt

20.7-85

2006-

2006-
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Identifier Name
Tuckean Swamp

Location

GW39149-1

Tuckean Island Road on Tuckean Island

GW39149-2

Woodbum Sand

6-13

1976-

GW39165-1

Tuckean Island Road on Tuckean Island
Stibbard Lane

26-32
11.2-15.1

1976-

GW39165-2

Buckendoon Sand
Woodbum Sand

Stibbard Lane

Buckendoon Sand

34.9-36.9

1976-

Woodbum Sand
Recent Alluvium
Recent Alluvium

9-12.4
2.0-5.0
0.7-2.8

Woodbum Sand
Recent Alluvium
South Casino Gravel

2.5-5.5
1.8-4.7
31.0-40.0

8.2
2.2
6.6
1.8

200120012001-

2004-

1976-

GW39166
GW81044

TMBl

GW81045

TMB2

Hoare Road
Warden Road near Yellow Creek
Marom Creek Road near Gum Creek

GW81046
GW81047

TMB3
TMB6

Hendersons Drain
Marom Creek Road near Marom Creek

GW81048

TMB7D

Intersection of Meerschaum and Hendersons
Drain

GW81049

TMB7M

Intersection of Meerschaum and Hendersons
Drain

Buckendoon Sand

20.1-26.2

1.7

2001-

2002-

GW81050

TMB7S

Intersection of Meerschaum and Hendersons
Drain

Woodbum Sand

1.5-3.5

1.9

2001-

2002-

GW81051

TMB9

Tuckean Island Road near Tucki Drain

Woodbum Sand

GW81052
GW81053

TMBIOD

Tuckean Island Road on Tuckean Island
Tuckean Island Road on Tuckean Island

Woodbum Sand
Woodbum Sand
Gundurimba Clay

3.3-6.3
3.7-5.7
1.1-2.1
4.9-7.9
1.9-3.9

2.3
2.7
2.7
2.4
2.4
2.7

20012001200120012001-

GW81054
GW81055
GW81056
GW81057
GW81058
GW81059
GW81060
GW81061
GW81062
GW81063

TMBl OS
TMBl ID
TMBl IS
TMB12
TMB13
TMB16
TMB17D
TMB17S
TMB18D
TMBI8S
TMB19
TS-IS
TS-ID
TS-2
TS-3
TS-4S
TS-4D

Tuckean Island Road near Cedar Island
Tuckean Island Road near Cedar Island
Tuckean Island Road
Hoare Road
Bagotville Road near barrage
Northern section of Meerschaum Vale Drain
Northern section of Meerschaum Vale Drain
Meerschaum Drain near bridge
Meerschaum Drain near bridge
Meerschaum Drain at branch jimction
Meerschaum Drain north
Meerschaum Drain north
Meerschaum Drain north
Meerschaum Drain central
Meerschaum Drain south
Meerschaum Drain south

TS-5S
TS-5D

Meerschaum Drain south
Meerschaum Drain south

Pimlico Clay
Woodbum Sand
Woodbum Sand
Woodbum Sand
Buckendoon Sand
Woodbum Sand

197620012001-

2002-

2.0
2.2
2.5
2.6
2.2

200120012001200120012001-

0.6-1.3
4.2-7.15

2.2
1.7

20012001-

0.5-1.0
1.7-2.3
1.6-3.0

1.1
2.4
3.0

200420042004-

1.6-2.1
0.3-1.1

2.1
1.1

20042004-

2004-

2.1
2.1
2.1

20042004-

2004-

Pimlico Clay
Pimlico Clay

1.6-2.1
0.3-1.4
1.5-2.1
0.3-0.8

Pimlico Clay

0.2-1.3

2.1
1.3

Pimlico Clay

1.5-2.1

2.1

2004-

Woodbum Sand
Pimlico Clay
Woodbum Sand
Pimlico Clay
Woodbum Sand
Woodbum Sand
Pimlico Clay
Pimlico Clay
Pimlico Clay
Pimlico Clay

5.0-8.0
3.0-5.9
3.4-6.4
22.6-28.5
1.9-2.9
2.0-3.95

7.2

20042004-

20022002-

200220042004-

20052004-

TS-6

Meerschaum Drain south

TS-7S
TS-7D

Meerschaum Drain south
Meerschaum Drain south

TS-8
TS-9
TS-10

Hendersons Drain
Meerschaum Drain north
Meerschaum Drain south
Meerschaum Drain south
Marom Drain

Woodbum Sand
Alluvium

1.6-2.1

2.1

2004-

0.8-1.2

Pimlico Clay

0.3-0.8

1.3
1.9

20042004-

Pimlico Clay
Woodbum Sand

0.3-1.8

1.8

2005-

1.5-2.0

2.0

2005-

Marom Drain
Marom Drain

Pimlico Clay

0.3-1.3

2.8

2005-

2005-

TS-18

Pimlico Clay

0.3-0.9

1.8

2005-

2005-

TS-19

Main Drain (RRCC2)

Pimlico Clay

0.3-1.1

2.2

2005-

2005-

TS-12
TS-16
TS-17
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During 2005-2006, the groundwater monitoring network was upgraded and significantly
expanded across the Alstonville Plateau (DNR, 2006b) to meet the requirements of the water
sharing plan. This included constructing a piezometer nest at Marom Weir on Marom Creek in
the Lower Richmond catchment, as well as at sites in the Wilsons River valley to the north.
In 2001, a network of piezometers was installed by DNR in the Tuckean Swamp. Many of the
piezometers are shallow (<10m depth) and focus on the interaction of the shallow groundwater
systems with the drains. However, there are some sites where bores have been constructed in
deeper aquifers such as the Buckendoon Sand member (20-30m depth) and South Casino Gravel
(30-40m depth).
A series of shallow piezometers (TS-1 to TS-19) have been constructed in the Tuckean Swamp
as part of this study (Table 11.3). The focus was the monitoring of shallow groundwater levels
particularly in the acid sulfate soil profile to compare with drain level monitoring. Details of the
geological profile for these piezometers are presented in Appendix 5 and locations provided in
Figure 7.27.
11.2 Potential Monitoring Strategies
The existing hydrological monitoring in the catchment should be compared against the
requirements of the priority issues and management plans (Chapter 5), any gaps in knowledge
related to catchment processes (e.g. Chapters 6 & 7), any defined catchment targets (Chapter 9)
and management options that may be implemented (e.g. Chapter 10). By way of example,
performance indicators under the Water Sharing Plan of the Alstonville Groundwater Sources
(DIPNR 2004a) can be translated into possible monitoring and evaluation strategies (Table
11.4).
By comparing the existing monitoring with the priority issues, management targets and
biophysical processes of the catchment, the following general observations can be made:
(i.) The catchment has the foundations for setting 'end-of-valley' targets as defined by the
monitoring of water quality parameters both upstream and downstream of the Bagotville
Barrage. This monitoring provides the opportunity to define resource condition targets
based on reducing the magnitude and frequency of poor water quality events (e.g.
discharge of acid or deoxygenated water);
(ii.) Similar 'end-of-valley' targets can be established for the sub-catchments of the
Alstonville Plateau that drain into the Tuckean Swamp. These targets can be based on the
stream flow gauging already established at the boundary between the swamp and plateau
for the Tucki Tucki, Marom, Youngmans, Gum and Yellow Creek sub-catchments. The
stream flow monitoring serves several purposes. It can be used to assess upstream
conditions such as relating stream flow conditions with water extraction on the plateau.
The monitoring can also be used to assess downstream conditions such as the relationship
between plateau runoff and drain water quality. Ideally, monitoring of all subcatchments
should be continued until the statistical relationships between the gauging datasets can be
made. If required, the network can then be rationalised over the longer term to the priority
sub-catchments such as Marom Creek and Gum Creek;
(iii.)

Continued monitoring of key regional long-term stream gauging sites is critically
important to assess streamflow variability (including groundwater inputs) and the impacts
of climate change. Sites such as the Wilsons River @ Eltham provide a valuable record
spanning over 50 years and are a high priority in terms of ongoing maintenance;

(iv.) Due to the strong relationship between streamflow and groundwater discharge processes,
stream gauging is an important component of monitoring the impacts of groundwater
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extraction from the plateau aquifers. The stream gauging network described above can be
used to assess the impact of groundwater use at the overall sub-catchment scale, with
bores monitoring groundwater levels proving information at the local level;
(v.) There is currently no routine monitoring of the impacts of land use on water quality, such
as faecal coliforms, turbidity, nutrients and agricultural chemicals. Water quality surveys
such as Budd et al. (2000) are useftil but only represent a snapshot of conditions.
Additional surveys are needed, particularly during different seasons, to define hotspots
and trends through time. At one or two key sites (such as Marom Creek @ Tucki Road),
plateau runoff can be logged for water quality parameters such as EC, pH, turbidity and
DO. Such data have the added value in characterising groundwater inputs to the stream
(refer Section 6.3). Intensive monitoring for faecal coliforms may not be cost-effective.
Rather, the Precautionary Principle should be adopted, whereupon non-reticulated raw
water sources are assumed to be contaminated and appropriate measures (such as boiling,
UV treatment, chlorination etc) undertaken as standard practise;
(vi.)

Actual consumptive use of groundwater and surface water in the catchment is an
identified gap in terms of monitoring. Ideally, metering should be established, particularly
for the high volume surface water and groundwater licences on the plateau;

(vii.) There is a case for establishing monitoring of evapotranspiration at a site in the Tuckean,
considering its control on declining watertables in the swamp, and consequences in terms
of acid generation. This would help quantify any water allocations required to maintain
high watertables in key degraded areas of acid export. Alternatively, technologies such as
SEBAL (Surface Energy Balance Algorithm for Land) could be used to routinely map
evapotranspiration at the catchment or regional scale (Mohamed et al. 2004). SEBAL
derives surface heat fluxes from satellite-derived spectral data (Bastiaanssen et al. 1998;
Bastiaanssen 2000). As well as supporting ASS management in the swamp, regular
SEBAL-based mapping of evapotranspiration could also be used as a surrogate measure
of water use in the horticultural areas of the plateau and help define water requirements of
priority ecosystems;
It should be noted that specific recommendations about monitoring in the catchment require
clarification of aspects such as the management options and catchments targets that have been
accepted by stakeholders.
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Table 11.4: Performance Indicators defined for Alstonville Plateau Water Sharing Plan (DIPNR 2004a).
Performance Indicator in Plan

Suggested Monitoring Strategy

Change in groundwater average annual extraction
volume relative to the extraction limit.

Metering of groundwater works, in particular high volume
licences. Use indirect data such as power consumption, crop
production, land use mapping.

Change in climate adjusted groundwater levels.

Defined by average annual frequency and duration (in days)
of waterlevel drawdown below a baseline level, or by density
of extraction in critical areas. Establish baseline groundwater
levels for key bores monitoring the deep basalt aquifer.

Change in groundwater levels adjacent to identified
high priority groundwater dependent ecosystems.

Establish bores near priority ecosystems to monitor shallow
groundwater levels.

Change in groundwater quality.

Based on trends in selected water quality parameters at
selected monitoring bores. Routine water chemistry sampling
and analysis of monitoring bores, particularly during and
after stress e.g. drought periods. Regular stream sampling
surveys to define emerging hotspots.

Change in economic benefits derived from
groundwater extraction and use.

Indicated by regional gross margins or unit prices of water
traded. Analysis of economic and production statistics for
catchment and comparison with available water use data.

Extent to which domestic and stock rights
requirements have been met.

Measured by applications for water supply approvals, reports
of interference or deepening of bores, or frequency and
duration of drawdowns below critical thresholds.

Extent to which local water utility requirements have
been met.

Measured as for domestic and stock rights,

Extent to which native title rights requirements have
been met.

Measured as for domestic and stock rights,

Extent of recognition of spiritual, social and
customary values of groundwater to Aboriginal
people.

Indicated by amount and type of information collected to
identify indigenous water values, or by referrals to
Bundjalung Elders and relevant Aboriginal Land Councils.

11.3 Monitoring of C o n n e c t e d Water R e s o u r c e s
In connected groundwater-surface-water systems like the Lower Richmond, the need to
rigorously account for flows across the two resources adds additional complexity to monitoring
requirements. There is a need for greater integration of surface water and groundwater
monitoring in a catchment to understand and manage the influence of stream-aquifer
connectivity.
Figure 11.5 gives an example of an integrated approach to the monitoring of surface water and
groundwater systems at a site, based on the work undertaken in the Lower Richmond. Stream
water levels are logged using a pressure transducer or other technology (1) and calibrated by
manual measurements from the installed gauge plate (2). By establishing a flow rating curve,
the stream level data can be converted to a stream flow hydrograph. Such flow data is critical
for water resource management and is used for hydrographic analysis of the baseflow
component of streamflow (refer Section 6.4). The same water level data can be also compared
with the time-series record of groundwater levels measured from piezometers set at different
depths within the shallow aquifer (3), refer Section 7.6. This provides information on the
changes in near-stream vertical head gradient (hence the potential direction of seepage flux)
through time. Similarly, the stream level data can be compared with groundwater level data
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from piezometers further away from the stream, giving a more regional perspective on potential
seepage direction. Temperature loggers can be readily and cheaply installed in both the stream
and the shallow in-stream piezometers as part of heat tracer studies to simulate variations in
seepage flux (refer Section 7.7). Pump (or slug) tests undertaken on the shallow piezometers can
be used to validate the interpretation of aquifer transmissivity. The piezometers can also provide
the infrastructure to undertake artificial tracer tests to confirm the responsiveness and direction
of seepage. Water quality monitoring (such as EC and pH) can also be incorporated into the site
to help monitor catchment condition and provide the opportunity to use environmental tracers to
evaluate connectivity. The monitoring data (flow, temperature, water quality) can also be used
in ecological studies at the site.
Figure 11.4 places these in-stream monitoring sites in a catchment context. Sites similar in
concept to Figure 11.5 can be established at key points along the stream. The resulting stream
flow data can be incorporated into a water balance analysis for the intervening reach. By
accounting for other water budget components (such as tributary flow or water diversions), an
estimate of seepage flux can be made on a reach-by-reach basis. A transect of piezometers
provides an overview of groundwater conditions away from the monitoring site. These can
monitor groundwater levels and changes in the hydraulic gradient through time. These transects
may not necessarily be constructed perpendicular to the stream, depending on the geometry of
the groundwater flow lines (Woessner 2000). The actual location of the transects and in-stream
sites will depend on a range of factors such as access, logistics, proximity to surface water and
groundwater development, and existing monitoring infrastructure. Survey methods such as
geophysics or hydrochemistry can also be used to target suitable sites. At least one of the
piezometers should be located in a relatively undeveloped part of the catchment to monitor
baseline conditions.

Figure 11.4: Schematic diagram of a
suggested approach to monitoring of a
connected water resource including (1)
integrated in-stream sites, refer Figure 11.5
and (2) piezometers or monitoring bores.

Conjunctive water management in the Lower Richmond catchment

275

11.5b

Figure 11.5: Example of combined monitoring of stream and shallow groundwater systems
(a) Design of water level, temperature and water quality monitoring (b) Example in the
Lower Richmond catchment (Brodie et al. 2005). 1 = stream level and temperature logger,
2 = gauge plate, 3 = shallow piezometers with loggers measuring groundwater level and
temperature.
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Part 4: Lessons Learnt
Chapter 12

Discussion and Conclusions

A framework promoting the coordinated investigation and management of groundwater and
surface water resources was developed and trialled in an Australian catchment. The framework
is based on the principles of adaptive management, where activities are iterative and aspects of
the management process are revisited and reviewed (Brodie et al. 2007a). This chapter
summarises the key outcomes of applying the framework to the Lower Richmond catchment,
including a comparison of existing methods of assessing groundwater-surface water interactions
and the development of new techniques.

12.1 Comparison of Connectivity Assessment Tools
The field and desktop assessment undertaken in this study was directed towards understanding
the magnitude, dynamics and management impacts of groundwater-surface water interactions
across the catchment. A wide range of approaches were trialled and some general observations
about the various methods can be made:
(i.)

Field Observations, such as changes in water clarity, the assemblage of aquatic plants
and the abundance of iron precipitates can give valuable information on the location and
nature of groundwater input to streams and drains. For example, acid groundwater
discharge into the drains of the Tuckean Swamp was readily observed. These
observations are useful in targeting areas for further investigation by showing where
groundwater discharge occurs but are limited in quantifying seepage flux. There are
also opportunities to base mapping of groundwater discharge using airphoto
interpretation on field observations, as undertaken for the Alstonville Plateau (Section

(ii.)

Seepage Meters, provide a direct measurement of the direction and magnitude of
seepage flux and are simple and inexpensive. They are prone to technical problems
(such as sediment gas accumulation, difficulty in installing to appropriate depths,
pressure effects of stream flow, ineffective seals, kinks or leaks in the bag and tubing
etc) that can result in significant measurement errors. Seepage meters provide a point
measurement of flux, so do not account for spatial variability. The placement of seepage
meters need to take into account hydrogeology. For example, in the Tuckean Swamp,
most groundwater inflow occurs at the side of the drain from the shallow oxidised clay
profile, rather from the drain base where seepage meters tend to be placed;
Hydrogeological Mapping, is critical in providing an understanding of the setting in
which the stream or drain resides, in terms of the scale, geometry, hydraulic properties
and general flow directions of groundwater systems. As undertaken in the Alstonville
Plateau, such mapping can be used to partition the likely contribution to stream
baseflow from multiple aquifers (Section 6.1);
Geophysics and Remote Sensing, provide rapid, non-invasive mapping throughout the
landscape of parameters that either indicate or control connectivity. Such techniques are
useful in getting a perspective of the distribution of key parameters (such as
groundwater salinity or sediment texture) in a horizontal sense or in a vertical profile.
The processing of airborne radiometrics to map the distribution of near-surface
acidification and shallow acid groundwaters is an example of the former, whilst the
vertical electrical conductivity ribbon images generated from the run-of-drain geoelectrical arrays are a good example of the latter (Section 7.2). Such geophysical data
need to be interpreted and calibrated using other measurements and vice-versa; the

6.2);

(iii.)

(iv.)
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(v.)

geophysical data provides the opportunity to interpolate between other measurements
(such as borehole logs, water analyses, stream gauging etc);
Hydrometric Investigations, are a simple way of verifying the dominant direction of
seepage, with minipiezometer/stilling well configurations measuring the head difference
at the stream/sediment interface. Slug tests can be undertaken to obtain an estimate of
hydraulic conductivity to help quantify flux. Being point-based, these measurements
may not account for spatial variation of parameters such as hydraulic gradient, aquifer
properties or groundwater flow directions. Comparison of water level monitoring from
stream gauging sites and nearby monitoring bores can show the seasonal fluctuations in
hydraulic gradient;

(vi.)

Hydrographic Analysis, is useful in providing information about changes in seepage
flux through time and uses data (rainfall, stream flow, groundwater levels) that are
commonly collected in catchments for water management. This is useful when doing a
desktop analysis of historic datasets prior to any detailed field investigation. A good
understanding of factors that impact on the stream flow record (such as water
extraction, regulation, rainfall variability) is needed to ensure that interpretations are
valid;

(vii.)

Hydrochemistry Studies, are a common assessment strategy involving the use of
environmental tracers such as major ions, stable isotopes, radioactive isotopes or
industrial chemicals, particularly to characterise groundwater discharge to streams.
Field chemistry surveys, measuring parameters like EC, pH, Eh and DO, can be a
simple but effective method of defining hotspots in terms of groundwater input,
particularly when coupled with stream flow measurements. Such surveys were able to
define the relative contribution of different aquifers to baseflow in Alstonville Plateau
streams (Section 6.3), as well as targeting drain sections in the Tuckean Swamp
receiving shallow acid groundwater (Section 7.4). Hydrochemical studies can provide
valuable information on key hydrological processes;
Temperature Studies, involving the time-series monitoring of stream and sediment bed
temperatures, is a field method that uses simple, cheap and robust sensors that are easy
to install. The loggers can be installed at the beginning of a field trip and recovered and
downloaded at the end. Long-term temperature monitoring can be valuable in
understanding seasonal changes in seepage or the response to episodic events such as
floods. The dominant seepage direction can be inferred, but this interpretation needs to
be supported by other field measurements such as head differences (Section 7.8).
Quantifying seepage flux using temperature monitoring can be undertaken using heat
flow models;
Water Budgets, are based on the measurement of stream flows at specific points along
the stream and accounting for the inflows and outflows along the reach. Even the most
basic level of comparing flow measurements along the stream can provide a useful
perspective of the potential direction and magnitude of seepage (Section 6.5). Existing
stream gauging data can be used in this way in a desktop analysis.

(viii.)

(ix.)

In summary, the work in the Lower Richmond has reinforced that:
(i.)

(ii.)
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An understanding of the hydrogeological setting is critical in defining connectivity
between streams and aquifers. The development of a conceptual model showing the
broader perspective of the configuration of groundwater systems, the scale and direction
of groundwater flow, geomorphological features and hydraulic properties of aquifers is
an important part of the assessment process;
Desktop analysis using available datasets such as stream gauging data and borehole
monitoring is a useful precursor to any detailed field investigations;
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(iii.)

(iv.)

(v.)

12.2

Simple methods such as field observations, field chemistry surveys or stream flow
surveys can give valuable information in terms of gaining an overall perspective on
connectivity as well as targeting areas for more detailed investigation;
Specific site investigations using tools such as seepage meters, minipiezometers,
temperature loggers or environmental tracers provide more detail in terms of
understanding and quantifying key processes;
There is a need to use a combination of assessment methods rather than relying on any
particular one. This is required to not only confirm any interpretation but also to
extrapolate any findings (in time and space). For example, geophysical methods such as
EC imaging can be used to interpolate between point-based measurements, such as
piezometers. Hydrographic analysis of stream gauging data can be used to interpolate
seepage characteristics through time. In this way, assessment methods that operate at
different scales (e.g. catchment, reach or site) can be effectively combined to develop an
understanding of the distribution and dynamics of stream/aquifer connectivity.

Development of New Techniques

Two new assessment techniques were developed as part of the investigations into the hydrology
of the Lower Richmond catchment. A new frequency analysis approach using daily percentiles
of streamflow and rainfall was developed to provide insights into the baseflow of Alstonville
Plateau streams (Section 6.4). In a separate investigation, airborne radiometrics was used to map
actual acid sulfate soils based on active depletion of soil thorium levels (Section 7.2).
12.2.1 Q-Lag Hydrographic Analysis
Daily streamflow percentiles derived from the gauging station record (Wilsons River @ Eltham)
and daily rainfall percentiles from a representative climate station (Alstonville) were compared.
Analysis of the Wilsons River streamflow record shows dominantly gaining conditions with the
shallow groundwater system. The study was broadened to include a dominantly gaining stream
modified by significant water extraction (Ovens River, Victoria) and a dominantly losing stream
(Mooki River, NSW), as documented in Brodie et al. (2007b).
For the gaining stream examples, a lag is observed between the seasonal peak in the low-flow
percentile curves and the seasonal peak in the daily rainfall percentile curve. This shift gives this
frequency analysis method its name of Q-Lag. By using cross-correlation, the time-shift
required to provide the best fit between the streamflow and rainfall percentile curves can be
calculated. When the streamflow percentile data is shifted accordingly, the goodness of fit
between the rainfall percentile curves and the shifted streamflow percentile curve is good (r^>
0.8) for the gaining stream examples.
The impact of water extraction can also be recognised in this analysis. For the Ovens River,
streamflow deficits relative to the rainfall percentile curve correspond to the summer period of
high water demands by irrigated agriculture (Brodie et al. 2007b). Such patterns were also
observed for the Wilsons River when the more recent half of the monitoring record (post-1980)
was used in the analysis.
For the gaining stream examples the lags evident between the rainfall and streamflow percentile
curves are interpreted to represent characteristics of catchment storage and release. Preliminary
assessment suggests that such lags represent the processes of firstly replenishing catchment
storages (such as soil moisture and groundwater) and subsequent release to the stream. This is
largely a Sanction of catchment hydrogeology as well as climate (notably the magnitude and
regularity of rainfall events). Catchment size is not a controlling factor, as inferred by the
similarity between the Wilsons River and Marom Creek analyses (Section 6.4).
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Analysis of these lags has the potential to provide insights into the dynamics of groundwater
recharge, storage and release. Distinct changes in the lag over the flow percentiles can reflect
changes in the dominant catchment storage. For example, as inferred for the Wilsons River,
near-stream short-term groundwater flow can be partially replaced by longer groundwater flow
paths at the lower flow percentiles. This can be critical when managing to protect minimum
streamflows during critical periods, as near-stream groundwater flow systems may not be the
only determining factor.
For the losing stream example of the Mooki River, the relationship between the streamflow and
rainfall percentile curves is poor. This is because of the significant number of no-flow days and
much greater variability in the gauging record. Hence, the calculated lags derived from this
analysis have no hydrological significance for losing streams.
There is potential to use the parameters derived from this analysis, in combination with
conventional indices, to derive a useful classification scheme for Australian streams. This would
allow catchments to be categorised on the basis of stream-aquifer connectivity and the degree of
modification. Overall, Q-Lag analysis has the potential to derive additional information about
stream-aquifer connectivity that remains hidden from more conventional hydrographic analysis
techniques such as recursive digital filters.
12.2.2 Application of Airborne Gamma-radiometrics to Acid Sulfate Soil Mapping
Regional airborne radiometric data was used in this study to develop a mapping tool for acid
sulfate soil areas (Bierwirth and Brodie 2005). The thorium concentration imagery shows the
greatest potential for identifying areas of active acidification (Section 7.2). Independent
mapping of high acid risk areas (Naylor 1997) could be correlated with areas of very low
thorium concentration. This is because the solubility of thorium is greatly enhanced in the
acidic, sulfate- and organic-rich groundwaters found in these areas. On this basis, it is inferred
that mobilisation and flushing of thorium from the soil profile can occur in areas of long-term
acidification. On-ground measurements using a portable spectrometer confirmed this
relationship between actual acid sulfate soils and thorium depletion. Similar depletion occurred
in these environments for uranium, however the uranium concentration imagery has greater
spatial noise. Hence, uranium also appears to have the potential to map soil acidification, but
more so using ground-based surveys that have greater resolution than airborne surveys.
However, other landscape units in the coastal zone also have a low-thorium signature, mainly
surface water bodies, quartzose marine sands and basalt/sandstone outcrops. Masking of these
areas was largely successful using a digital elevation model, satellite solar reflectance and
available geological mapping (Bierwirth and Brodie 2005). Soil moisture can also attenuate the
thorium signal and needs to be considered in the data analysis. Due to the effects of water, it is
recommended that any gamma radiometric surveys in the coastal zone be undertaken during the
dry season.
This work highlights the potential for using airborne radiometric surveys to target the worst
areas of intense acidification that require further investigation and to prioritise investment of onground works. The methodology is generic as it is based on the mobilisation of thorium in an
acid environment, so should be transferable to other coastal catchments. Gamma ray data from
airborne surveys is already available in the public domain for parts of the Australian coastal
zone. This is a new application of these surveys and is complementary to the existing methods
of mapping acid sulfate soils such as airphoto interpretation and soil sampling. The method can
provide new information about coastal geomorphology as well as acidification in the nearsurface. It is cost-effective on a per-hectare basis and rapid. It also has the advantages that other
geophysical techniques (such as magnetics or electromagnetics) can also be incorporated into
any proposed airborne survey and that the radiometrics data can be used for other purposes
(such as mapping other soil properties and types).
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12.3

Application of Conjunctive Water Management Framework

Some general conclusions can be gleaned from the development of the conjunctive water
management framework and its application in the Lower Richmond:
(i.)

The framework provides structure to the management process, by outlining and
demonstrating the linkages between principal steps. Promoting an adaptive approach to
water management is particularly important in Australia, considering the high
variability in rainfall and water availability;

(ii.)

Regular audits of the land and water management issues in the catchment are
recommended. This provides an update and overview of the relationships between the
issues, stakeholders, agencies, policies and strategies, all of which can change over
time. These may operate at different scales, from the national and state, to the regional
and local. Such audits highlight the potential synergies as well as potential conflicts;

(iii.)

Development of better tools to assess groundwater-surface water interactions is needed
to improve our understanding of the key connectivity processes and how they impact on
water quantity and quality. Many existing field techniques are qualitative or indicative
in nature. Quantification of the magnitude and dynamics of seepage flux is a priority.
However, such knowledge gaps should not delay responding to the management issues
surrounding groundwater-surface water interactions. Uncertainty is inherent and should
be recognised and dealt with as part of the management response (Ludwig et al. 1993).
This includes adoption of the Precautionary Principle where appropriate;

(iv.)

Conceptual modelling of the key hydrological processes in the catchment is a
fundamental step. Numerical predictive models constructed without validating key
assumptions (through interpreting existing datasets or undertaking field studies) can
lead to misguided water management. Useful management advice can be obtained
directly from the conceptual understanding of catchment processes;

(v.)

Catchment targets should ideally be structured and linked so that short-term (1-5 years)
management actions contribute to the defined goals for catchment condition over the
management timeframe (10-20 years) and make progress towards long-term aspirations.
Targets developed for a management issue need to be reviewed in terms of potential
impacts on other water issues. Appropriate terminology should be used to portray the
level of uncertainty attached to the quantification of catchment targets;

(vi.)

In assessing the overall sustainability of water management within each catchment,
allocation and consumptive use of groundwater and surface water resources should be
considered jointly. This also applies to environmental water requirements. Rather than
categorising, assessing and managing 'groundwater dependent ecosystems' separately
as is currently the case, all environmental water provisions should be routinely assessed
from both a surface water and groundwater perspective;

(vii.)

(viii.)

Policy instruments could be better developed that take advantage of the connectivity
between groundwater and surface water resources. There is an opportunity to recast
many existing instruments such as water trading, tiered access conditions, risk
management approaches and management buffer zones from this perspective;
The development and application of engineering solutions as part of the conjunctive
management strategy should be fostered. Water banking technologies such as Aquifer
Storage and Recovery (ASR) have as yet not been implemented to their full potential in
Australia. Engineering solutions need not necessarily be at the large scale, but can be
advocated at the individual landholder level (such as small infiltration ponds);

Conjunctive water management in the Lower Richmond catchment

281

(ix.)

(x.)
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Strategic investment in monitoring is required to evaluate the performance of catchment
management initiatives and to allow early warning of emerging issues. At the regional
level, there is a need to maintain key sites to assess long-term trends, particularly in the
context of change in land use and climate;
Improving the communication between stakeholders such as water users, managers,
scientists, modellers and policy makers is an imperative. Communication barriers,
including the institutional separation of the assessment and management of surface
water and groundwater resources, are a major impediment to implementing a
conjunctive approach. Realistic application of the framework requires robust,
appropriate and effective stakeholder engagement.
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Summary of tools to assess stream-aquifer connectivity
(from Brodie etal. 2007a)

Conjunctive water management in the Lower Richmond catchment

301

Method

Spatial Scale

Temporal Scale

Cost

E a s e o f use

Advantages

Limitations

Application

Intermediate to
Regional

Medium to Longterm

Low

High

Depends on length of
monitoring record.

Applicable to gaining stream
conditions only. Assumption
that baseflow is groundwater
discharge may not be valid.
Baseflow effected by water use
and management activities (e.g.
regulation) Does not provide
spatial distribution of
groundwater input along stream.

Commonly applied method for
unregulated Australian
catchments.

Hydrograph
represents water
balance for
subcatchment above
gauge.

Uses existing flow
monitoring data. Can be
undertaken as a desktop
study prior to detailed field
investigations. Provides
information of seepage
changes through time.

Hydrogeological
Mapping

Intermediate to
Regional

Short to Mediumterm

Mapping of groundwater
systems including
flowpaths, groundwater
quality, aquifer structure
and properties and
geomorphology.

Typical mapping
scales of 1:100,000
to 1:250,000.

Usually 'average'
conditions at time of
mapping
Some parameters
such as aquifer
transmissivity or
structural contours
are time-insensitive.

Provides conceptual
understanding of
groundwater systems
around stream and
hydrogeological controls
on connectivity.

Compiling and interpreting
hydrogeological data can be time
consuming and complex.
Limited borehole data can lead
to misinterpretation.

Groundwater flow system,
surface geological and
hydrogeological mapping
available at a coarse scale for
many groundwater management
areas across Australia.

Modelling

Intermediate to
Regional

Medium to Longterm

Typical models are
2D profiles or 3D
grids.

Used to predict future
events.

Useful predictive tool for
management and policy.
Helps define information
gaps. Transient 3-D
models can estimate
changes in seepage through
time and space.

Oversimplified models may not
be adequately robust. Overcomplex models can be data
hungry, costly and timeconsuming.

Commonly, surface water
models for a catchment are
developed in isolation to
groundwater models.

Desktop Tools
Hydrographic Analysis
Processing of time-series
stream flow monitoring to
define baseflow
(groundwater discharge)
component.

Simulate water flow
regime around stream
using mathematical
equations.
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Many analysis
techniques and
software tools
available. Stream
flow data routinely
collected.

Medium to High

Low to Medium

Depends on data
availability.
Expensive if
drilling required to
supplement
existing data.

Knowledge of
hydrogeological
principles required.

Low to High

Low to Medium

Depends on data
availability and
model complexity.

Requires good
conceptual
understanding of
hydrological
processes and
modelling expertise.

in the Lower Richmond

catchment

Spatial Scale

Temporal Scale

Cost

Ease of use

Advantages

Limitations

Application

Field Indicators

Local

Short-term

Low

Medium to High

Visual indications of
seepage such as water
clarity, springs, aquatic
plant species, chemical
precipitates etc.

Site specific
observation of
seepage indicators.

Current at time of
observation.

Can identify seepage
hotspots quickly. Return
visits can provide
information on seasonal
changes in seepage flux.
Field indicators can form
basis for mapping (e.g.
airphoto interpretation).

Limited in quantifying seepage
flux. Effectiveness varies with
observer's knowledge of field
indicators (e.g. plant or aquatic
biota).

Used in specific settings such as
acid groundwater (e.g. iron
precipitates, lilies) and karstic
streams (e.g. travertine deposits).
Assessment of groundwaterdependent ecosystems not
routine.

Artificial Tracers

Local to Intermediate

Short to Medium
term

Can provide direct
evidence of water
movement between stream
and aquifer. Aquifer
parameters and fluid
transport properties can be
quantified.

Tracer studies require careful
planning including meeting
environmental regulatory
controls. Processes such as
degradation, precipitation or
sorption can affect tracer
performance.

Not routinely applied in
connectivity studies in Australia.
Overseas focus on karstic
aquifers or investigations o f
contaminated sites.

Allows rapid, non-invasive
mapping of landscape
parameters with good
spatial resolution. Some
techniques provide
information at depth.

Requires specific equipment,
technical expertise and logistical
support. Can require complex
data processing and calibration
with other datasets. Ground
surveys can encounter obstacles
such as rough terrain, vegetation
cover etc.

Opportunities exist to use
geophysical data collected for
other purposes e.g. mineral
exploration. Satellite imagery
commercially available, s o m e
free in public domain.

Useful in quantifying
seepage flux and defining
key hydrological processes
(such as groundwater
recharge and discharge).

Can have long lead times
between sample collection and
final analytical results.

C o m m o n l y used in Australia to
identify hydrogeological
processes including groundwater
seepage to streams.

Method

Field Tools

Medium

Medium

Typical tracer studies
over days to weeks.

Need to establish
monitoring
network.

Conceptually simple
but needs expertise in
field measurement
and data
interpretation.

Local to Regional

Short-term

Medium

Low

Range from site
specific (e.g.
downhole surveys) to
intermediate (e.g.
run-of-river E C
imaging), to
catchment scale (e.g.
satellite imagery).

Measures conditions
at the time of survey.
Multiple surveys can
provide trends
through time.

Per hectare cost
depends on
technology and
platform (e.g.
ground, airborne).

Needs technical
expertise in field
equipment operation
and data
interpretation.

Local to Regional

Short to Mediumterm

Medium to High

Low

Can be expensive
due to sampling
logistics and cost
of analyses.

Requires expertise in
appropriate sampling
and data
interpretation.

Monitoring movement of
introduced tracers such as
fluorescent dye to track
water flow.

Geophysics and R e m o t e
Sensing
Use of geophysics (e.g.
resistivity, EM,
radiometrics) or remote
sensing (e.g. Landsat) to
m a p landscape features
that indicate or control
connectivity.
Hydrochemistry and
Environmental Tracers
Use of chemical
constituents o f water (such
as m a j o r ions, stable
isotopes, radon) to track
water flow.

Easily incorporated
into field work.
Depends on
familiarity with
indicators.

Depends on scope of
water sampling
survey.

Defines chemistry at
time of sampling.
Time-series
monitoring (e.g. EC,
pH) possible.
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Method

Spatial Scale

Temporal Scale

Cost

E a s e o f use

Advantages

Limitations

Application

Hydrometrics

Local to Regional

Short to Mediumterm

Low to Medium

Medium to High

Measurement of hydraulic
gradient between aquifer
and stream and the
hydraulic conductivity of
intervening aquifer
material. Based on Darcy's
Law.

Can range from instream studies, to
borehole transects to
regional flow net
analysis.

Possible to compare
hydrographs of
stream and
groundwater levels.

Can use existing
data but costly if
drilling of bores is
required.

Comparison of
groundwater and
stream levels simple.
Estimation of
hydraulic
conductivity more
difficult.

Comparison of stream and
groundwater levels a
simple guide to seepage
direction. Installation of
minipiezometers in stream
bed allows direct local
measurement of potential
seepage direction.

Relies on reasonable estimate of
hydraulic conductivity to
quantify seepage flux.
Assumption of simple
groundwater flow conditions
may not be valid. Point
measurement. Need to correct
for density effects.

Comparison of stream levels
with nearby groundwater levels
commonly used to define
direction of potential seepage.

Seepage Measurement

Local

Short-term

Low to Medium

High

Direct measurement of
water flow between stream
and aquifer using seepage
meters.

Point measurement
of seepage. Many
measurements
required to map
spatial variations.

Meters typically
installed over
days/weeks.
Measures aggregate
seepage over time of
operation.

Can be time
consuming if
measuring at
multiple sites.

Simple concept with
meters easy to use
and no prior technical
knowledge required.

Direct measurement of
seepage flux. Meters are
simple and inexpensive to
construct and provide a
semi-quantitative
measurement.

Potentially significant
measurement errors due to meter
design and operation. Unsuitable
for high stream flow, gravel and
heavy clay sediment beds.

Main application to date in
Australia has been investigating
leakage from irrigation channels
or studying aquatic ecosystems.

Temperature Monitoring

Local

Short-Medium term

Low

Medium to High

Monitor variations in
stream and sediment
temperatures to trace
seepage.

Multiple
measurements
required to map
spatial variability in
seepage.

Temperature can be
included in timeseries monitoring.

Temperature
loggers are cheap
and widely
available.

Temperature simple
to measure.
Heat transfer
modelling to quantify
seepage more
difficult.

Temperature loggers are
simple, robust and cheap.
Heat transfer models that
can compliment flow
models to quantify seepage
are available.

Only measures at a point.
Interpretation of monitoring
requires confirmation using
other assessment methods.

Not specifically applied to study
stream-aquifer connectivity in
Australia to date. Opportunities
to incorporate real-time
temperature monitoring into
existing hydrographic network.

Water Budgets

Intermediate to
Regional

Short to Medium
Term

Low to Medium

Medium to High

Possible to use timeseries monitoring of
stream flow at
multiple stations.

Can be expensive
if data collection
required for
estimating water
balance
components.

Conceptually simple
using existing
monitoring data.
Water balance
components such as
extraction or
diversions can be
difficult to quantify.

Measurement errors in stream
flow data can be significant,
hence more suited to long
reaches. Can be misleading if
water balance component (e.g.
extraction) is not adequately
accounted for.

Routinely applied, particularly
for regulated rivers or irrigation
channels.

Does not provide
spatial variability of
seepage along reach
being investigated.

Simple water balances
estimated rapidly using
existing stream flow
monitoring. Provides
estimate of aggregate
seepage along reach.

Quantification of stream
reach water balance to
define seepage component.
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Appendix 2
Some examples of available water flow modelling code

Model

Source

Description

http://tvphoon.mines.edu/softwar
e/igwmcsoft/
http://smig.usgs.gov/SMlG/mode
Is/strmdepl code.html

Suite of 7 analytical solutions for groundwater flow problems including
streamflow depletion
FORTRAN program to calculate time-varying streamflow depletion
caused by a pumped well.

http://tvphoon.mines.edu/softwar
e/igwmcsoft/

Series of 35 simple analytical/numerical models for flow, solute and heat
transport including streamflow depletion and saltwater intrusion

Analytical Models
GWFLOW
STRMDEPL
WALTON35

Analytical Element Models
GFLOW

http://www.haitiema.com/

TWODAN

http://vyvm.fmsgeosolutions.com
/
http://www.eng.buffalo.edu/grou
ndwater/software/software.html
http://www.groundwatermodels.c
om/software/Software.asp

Visual Bluebird
WINFLOW

Integrated Numerical Models
IHSim
InHM

http://ww\\.modhms.coni/soft\va
re.htm
http://inhm.org

IWFM

http://bavdeltaofrice.water.ca.gov
/modeling^vdrologv/lWFM/inde
x.cfm

MIKE BASIN

http://dhigroup.com

MIKE-SHE

http://dhigroup.com

MODHMS

http://www.modhms.com/softwa
re.htm
http://chI.erdcusace.armv.miVC
HL.aspx?p=s&a=Sofhvare: I

WASH123D
Z00MQ3D

http://www.bgs.ac.uk/science/3D
modelling/zoom.html

Surface Water Focused Numerical Models
HSPF
IQQM
SWMM

Models steady state flow in a single heterogenous aquifer Uses stream
networks with calculated streamflow
Two-Dimensional analytical groundwater flow model
Interface for 2-D single-layer analytical element groundwater flow
Analytical model for 2-D steady state and transient groundwater flow.
Integrated finite element model for 3-D subsurface and 2-D
overland/stream flow and transport
Integrated Hydrology Model integrates surface and subsurface flow and
transport processes using physically-based first-order flux relationships
Integrated Water Flow Model is a water resources management and
planning model that simulates groundwater, stream flow and interactions,
soil moisture etc. Includes a land use based approach of calculating water
demand
GIS-based water resource modelling framework at river-basin level
including surface water, groundwater, rainfall, water quality etc
Modelling system with modules for 3-D groundwater flow, overland flow,
unsaturated flow, solute transport, water quality, irrigation, particle
tracking etc
MODFLOW-based groundwater flow integrated with dynamic
interactions with overland flow and channel flow analysis
Watershed Systems of ID Stream-River Network, 2D Overland Regime
and 3D Subsurface Media. Finite element integrated model supported by
GMS graphical environment
Saturated groundwater flow model using object oriented programming and
able to integrate surface water components

http://water.usgs.gov/software/hs
pfhtml
http://vmw.dlwc.nsw.gov.au/car
e/water/iqqnV

Hydrological Simulation Program for modelling the hydrologic and water
quality processes, including groundwater recharge and baseflow

http://www.epa.gov/ednnrmrl/mo
dels/swmm/index.htm

Dynamic rainfall-runoff model for water flow and quality in urban areas,
included interflow between groundwater and drainage system

Integrated Quantity and Quality Model is a node-based hydrological river
simulation package with groundwater-surface water interaction capability
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G r o u n d w a t e r Focused N u m e r i c a l M o d e l s
DYNFLOW

http://wvm.dvnsvstem.com/svste
m/dvnflow.html

3-D finite element groundwater flow model with stream/river package

FESEEP

http://wvyw.civil.usvd.edu.au/cgr/
software.shtml

2-D finite element steady state seepage analysis

FLOWNET

http://www.iiiicrofein.coni/

Generates 2-D flow net using finite difference approximation

http ://www. ggu-software. com

Steady state 2-D or 3-D groundwater flow using finite element analysis

MARTHE

http://vyww.brgm.fr/

3-D multilayer groundwater model with capabilities for salt water interface
and coupled river (and drain) network

MicroFEM

http://www.microfem.nl/products
/microfemw.html

Finite element groundwater model with drain, river and wadi top systems

MODFLOW 2000

http://water.usgs.gov/nrp/gwsoft
ware/modflow2000/modflow200
O.html

3-D finite difference groundwater flow model with various modules
including groundwater-surface water interactions. De facto industry
standard

MODRET

http://www.scientificsoftwaregro
up.com/

Modified version of MODFLOW for calculating infiltration from retention
ponds to unconfined shallow aquifers

PLASM

http://www.mines.edu/igvmic/

2-D nonsteady finite difference groundwater flow model including option
for stream leakage

SefWeir

http://www.ogi.co.uk/

Finite element analysis of groundwater flow beneath a dam or weir

SHARP

http://water.usgs.gov/software/gr
ound vvater.html

Finite-difference model to simulate freshwater/salt water flow in layered
coastal aquifers

SFWMD

http://vyww.sfwmd.g0v/0rg/pld/h
sm/modflow/index.htm

South Florida Water Management Model. Development of MODFLOW
packages for providing better capability in simulating connectivity

GGU-SS FLOW
2D/3D

H y b r i d N u m e r i c a l Models
Ground Water
Simulator

http://ww'w.artesiansoftware.com
/

Integrates MODFLOW 2000, MODPATH particle tracking and MT3DMs
mass transport model

IFMMike

http://www.wasv.de/english/prod
ukte/feflow/index.html

Links FeFlow finite element subsurface flow and transport model with
Mikel 1 1 -D surface water flow model

IHM

http://www.intera.com/technolog
v ihm.php

Integrated Hydrological Model linking HSPF surface water model with
MODFLOW groundwater model

ISGW

http://www.isgw.com/about isg
w.html

Integrated Surface and Ground Water Model linking HSPF surface water
model with MODFLOW groundwater model

MODBRNCH

http://water.usgs.gOv/software/m
odbmch.html

Linking of MODFLOW3-D groundwater flow package with BRANCH
which models 1 -D unsteady flow in open-channel networks

MODFLOW/DAFL
OW

http://water.usgs.gov/nrp/gwsoft
ware/daflow/daflow.html

Coupled Flow Model using USGS MODFLOW and DAFLOW Models

MODNET
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Linking MODFLOW with UNET open-channel flow model (Walton et al.
2000)
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Water management in the Lower Richmond catchment:
Organisations, policies and strategies
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Overview of organisations with an interest in water management in the Lower Richmond catchment.
Jurisdiction

Agency

Role

Policy Documents a n d Legislation

Australia

National Water C o m m i s s i o n
httoV/www.nwc.gcv.au

Drive national water reform and assist
jurisdictions to implement reforms

Intergovernmental A g r e e m e n t on a National Water
Initiative 2004

Australia

Department of Enviroimient and
Heritage
httoV/www.deh.fiov.au

Protection and conservation of natural
environment, biodiversity and cultural heritage

Environmental Protection and Biodiversity
Conservation Act 1999
Ramsar Wetlands of International Significance

Australia

Wetland Care Australia
http;//www. wetlandcare.com.au
N S W Department of Natural
Resources
httD://www.dnr.nsw. eov.au

Not-for-profit organisation undertake active
wetland repair projects across regional Australia
Natural resource management and m a n a g i n g
access to water resources

NSW

N S W Department of Planning
http:///www.Dlannine.nsw.gov.au

Facilitate development of infrastructure to deliver
efficient and secure energy and water services

Environmental Planning and A s s e s s m e n t Act 1979
Coastal Protection Act 1994
State Environmental Planning Policies
Regional Environment Plan

NSW

N S W Department of Environment
and Conservation
http://www.dec.nsw.eov.au

Manage the protection, restoration and
enhancement of the quality of the environment

Protection of the Environment Operations Act 1997
Contaminated Land M a n a g e m e n t Act 1997
N S W Threatened Species Conservation Act 1999

NSW

N S W National Parks and Wildlife
Service
http;//www.npws.nsw.Gov,au
N S W Department of Primary
Industries
http://www.dpi.nsw.eov.au

Develop and maintain the parks and reserve
system, and conserve natural and cultural heritage

Forestry and National Park Estate Act 1998

Foster profitable and sustainable development of
primary industries, including agriculture,
fisheries, forestry and mining

Agricultural and Veterinary C h e m i c a l s Act 1994
Fisheries M a n a g e m e n t Act 1994

NSW

N S W Department of Health
www.health.nsw.cov.au

Develop standards for water quality

NSW

State Water
httD://www.statewater.com.au

Bulk water storage and delivery

State Water Corporation Act 2004

NSW

N S W Natural Resources
Commission
www.nrc.nsw.Bov.au

Independent advice on natural resource
management issues. R e c o m m e n d state-wide N R M
standards and targets, undertake audits and
monitor compliance.

Natural Resources C o m m i s s i o n Act 2003

NSW

Independent Pricing and Regulatory
Tribunal of N S W
http://www.iDart.nsw.eov.au

Price regulation and performance monitoring

Independent Pricing and Regulatory Tribunal Act
1992

NSW

N S W Department of Public W o r k s
and Services
htto://www.dDws.nsw. eov.au

Design and construction of services and
infrastructure, including sewage and water

NSW

Aboriginal Land Council
http://alc.ore.au

Statutory authority responsible for protecting and
promoting the rights and interests of the
Indigenous people of N S W .

NSW

N S W Farmers Association
http://www.nswfamiers.ore.au

Voluntary industry body representative of the
whole farming c o m m u n i t y in N S W

NSW

Oyster Farmers Association of N S W
http://www.ovsterfarmers.asn.au

Industry b o d y representing N S W oyster farmers
and processors

North Coast
Region, N S W

Northern Rivers Catchment
M a n a g e m e n t Authority
http://www.noithem.cma.nsw.eov.a

Prepare, implement, monitor and provide
information on catchment action plans

NSW

NSW

North Coast
Region, N S W

u/
Far North Coast Aboriginal Land
Council

Richtnond River
catchment, N S W

R i c h m o n d River County Council
http://www.rrcc.nsw.Bov.au

Richmond River
catchment, N S W
Ballina-Lismore
area, N S W
Ballina area,
NSW

Richmond River C a n e G r o w e r s
Association
Rous Water
http://www.rouswater.nsw.Bov.au
Ballina Shire Council
http://www.ballina.nsw.Bov.au

Lismore area,
NSW

L i s m o r e City Council
http://www.lismore.nsw.eov.au

Tuckean S w a m p ,
NSW
Alstonville area,
NSW

Tuckean Landcare G r o u p
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Water Act 1912 Drainage Act 1939
Water M a n a g e m e n t Act 2 0 0 0 and a m e n d m e n t 2004
State Water M a n a g e m e n t O u t c o m e s Plan 2002

Aboriginal Land Rights Act 1983

Catchment M a n a g e m e n t Authorities Act 2003

Assist Aboriginal communities in obtaining
grants, develop and deliver policies and programs,
advise Government on needs of the Aboriginal
community.
Floodplain management. M a n a g e m e n t of flood
control and drainage infrastructure, water quality
monitoring.
Representative body for the cane growers in the
Richmond River catchment
Regional water authority proving bulk water
Land use zoning, development consent,
stormwater management and control, sewerage
and septic w o r k s

Local G o v e r n m e n t Act 1993
Ballina Local Environment Plan 1987

Land use zoning, development consent,
stormwater m a n a g e m e n t and control, sewerage
and septic w o r k s

Local G o v e r n m e n t Act 1993
Lismore Local Environment Plan 2 0 0 0

C o m m u n i t y based catchment restoration activities
M a r o m Creek Landcare G r o u p
C o m m u n i t y based catchment restoration activities
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P r i n c i p a l a g e n c i e s i n v o l v e d in w a t e r m a n a g e m e n t issues in t h e L o w e r R i c h m o n d at d i f f e r e n t scales.

Mational

Water
Sharing

Environmental
Assets

Land Use
Impacts

National Water
Commission

Department of
Environment and
Heritage

Department of
Environment
and Heritage

Office of Water
Resources

Mate

Acid S u l f a t e
Soils
Department of
Environment
and Heritage

Department of
Agriculture,
Fisheries and
Forestry

Department of
Natural
Resources

Department of
Environment and
Conservation

Natural
Resources
Commission

National Parks
and Wildlife
Service

Australian
Greenhouse
Office
Department of
Transport and
Regional
Services

Department of
Natural
Resources

NSW
Greenhouse
Office

Department of
Planning

Department of
Primary
Industries

Department of
Planning

Department of
Environment
and
Conservation

Department of
Natural
Resources
Regional

Climate

Department of
Natural
Resources

Northern Rivers
Catchment
Management
Authority

Northern Rivers
Catchment
Management
Authority

Northern Rivers
Catchment
Management
Authority

Northern Rivers
Catchment
Management
Authority

Northern Rivers
Catchment
Management
Authority

Rous Water

Ballina Shire
Council

Ballina Shire
Council

Richmond River
County Council

Richmond River
County Council

Lismore City
Council

Lismore City
Council

Local
Ballina Shire
Council

Principal policies relating to w a t e r m a n a g e m e n t issues in the L o w e r R i c h m o n d at d i f f e r e n t scales.

National

State

Water Sharing

Environmental
Assets

Intergovernmental
Agreement on a
National Water
Initiative 2004

Environmental
Protection and
Biodiversity
Conservation Act
1999

NSW Water Act
1912

NSW Threatened
Species
Conservation Act
1999

NSW Water
Management Act
2000

State
Environmental
Planning Policies
NSW State
Groundwater
Dependent
Ecosystems
Policy 2002

Land U s e
Impacts

Acid Sulfate
Soils

Climate

Wetlands Policy
1997
Australia's
Oceans Policy
1998
NSW Protection
of the
Environment
Operations Act
1997
NSW
Contaminated
Land
Management
Act 1997
NSW State
Groundwater
Quality
Protection
Policy 1998

NSW Coastal
Policy 1997

NSW Drainage
Act 1939

NSW Wetlands
Management
Policy 1996

NSW Flood
Prone Land
Policy 1986

NSW Weirs
Policy 1997
NSW Estuary
Management
Policy 1992

Regional
Local

Conjunctive water management in the Lower Richmond catchment
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Principal strategies relating to water management issues in the Lower Richmond at different scales.

National

Water
Sharing

Environmental
Assets

National Water
Initiative

National Strategy
for the
Conservation of
Australia's
Biological
Diversity
Natural Heritage
Trust

Land Use
Impacts
National Water
Quality
Management
Strategy
National Action
Plan for Salinity
and Water
Quality

Acid Sulfate
Soils

Climate

National
Strategy for the
Management of
Coastal Acid
Sulfate Soils
1999

National
Biodiversity and
Climate Change
Action Plan
National
Agriculture and
Climate Change
Action Plan
Natural Disaster
Mitigation
Programme

State

State Water
Management
Outcomes Plan
2002

NSW
Biodiversity
Strategy 1999

NSW Interim
Environmental
Objectives 1999

Northern Rivers
Catchment
Action Plan 2005

Northern Rivers
Catchment
Action Plan
2005

Floodplain
Management
Program

NSW Water
Conservation
Strategy 2000

Regional

Northern Rivers
Catchment
Action Plan
2005
Richmond River
Unregulated
Water Sources
2006

Local

North Coast
Regional
Environment
Plan 1988

Northern Rivers
Catchment
Action Plan
2005

Northern Rivers
Catchment
Action Plan
2005

Land and Water
Management
Plan for
Tuckean
Swamp 1997

Land and Water
Management
Plan for
Tuckean
Swamp 1997

Draft Far North
Coast Regional
Strategy

Tuckean Area
Water Source
2006

Ballina Local
Environment
Plan 1987

Ballina Local
Environment
Plan 1987

Water Sharing
Plan for the
Alstonville
Groundwater
Sources 2004

Lismore Local
Environment
Plan 2000

Lismore Local
Environment
Plan 2000

Development
Control Plans
Tuckean Nature
Reserve Plan of
Management
2002
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Appendix 4
Geological Cross Sections
Alstonville Plateau
(from Brodie and Green 2000)
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Appendix 5
Soil Profile Data
Tuckean Swamp Shallow Piezometers
TS1-TS19
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Figure A5.1: Soil profile data for shallow piezometer T S l , Tuckean Swamp.
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Figure A5.2: Soil profile data for shallow piezometer TS2, Tuckean Swamp.
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Figure A5.3: Soil profile data for shallow piezometer TS3, Tuckean Swamp.
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Figure A5.4: Soil profile data for shallow piezometer TS4, Tuckean Swamp.
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Figure A5.5: Soil profile data for shallow piezometer TS5, Tuckean Swamp.
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Figure A5.6: Soil profile data for shallow piezometer TS6, Tuckean Swamp.
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Figure A5.7: Soil profile data for shallow piezometer TS7, Tuckean Swamp.
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Figure A5.8: Soil profile data for shallow piezometer TS8, Tuckean Swamp.
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Figure A5.9: Soil profile data for shallow piezometer TS9, Tuckean Swamp.
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Figure A5.10: Soil profile data for shallow piezometer TSIO, Tuckean Swamp.
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Figure A5.11: Soil profile data for shallow piezometer TSl 1, Tuckean Swamp.
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Figure A5.12: Soil profile data for shallow piezometer TS12, Tuckean Swamp.
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Figure A5.13: Soil profile data for shallow piezometer TS13, Tuckean Swamp.
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Figure A5.14: Soil profile data for shallow piezometer TS14, Tuckean Swamp.
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Figure A5.15: Soil profile data for shallow piezometer TS15, Tuckean Swamp.
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Figure A5.16: Soil profile data for shallow piezometer TS16, Tuckean Swamp.
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Figure A5.17: Soil profile data for shallow piezometer TS17, Tuckean Swamp.
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Figure A5.18: Soil profile data for shallow piezometer TS18, Tuckean Swamp.
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Figure A5.19: Soil profile data for shallow piezometer TS19, Tuckean Swamp.
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Appendix 6

Tuckean Swamp Drain Transects
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File Name (.pdf)

Description

APChem_July04_Field

Field chemistry measurement of Alstonville Plateau streams and
groundwaters, July 2004

APChem_Nov04_Field

Field chemistry measurement of Alstonville Plateau streams and
groundwaters, November 2004

APChem_Nov04_Results

Analyses of Alstonville Plateau stream and groundwater samples,
November 2004

GW81044_FieldObs

Field observations from GW81044 monitoring bore near Yellow Creek

GW81044_SWL

Water level data from GW81044 monitoring bore near Yellow Creek

GW81047_FieldObs

Field observations from GW81047 monitoring bore near Marom Creek

GW81047_SWL

Water level data from GW81047 monitoring bore near Marom Creek

MaromCk_FieldObs

Field observations from Marom Creek monitoring site

MaromCkWQ

Stream water quality data from Marom Creek monitoring site

MaromDn_FieldObs

Field observations from Marom Drain monitoring site

MaromDn_SWL

Drain level data from Marom Drain monitoring site

MeerDnNth_FieldObs

Field observations from Meerschaum Drain North monitoring site

TSl_FieldObs

Field observations from TSl piezometer, Tuckean Swamp

TSl_Profile

Soil profile data from TSl piezometer, Tuckean Swamp

TS1_SWL

Groundwater level data from TS1 piezometer, Tuckean Swamp

TS2_FieldObs

Field observations from TS2 piezometer, Tuckean Swamp

TS2_Profile

Soil profile data from TS2 piezometer, Tuckean Swamp

TS2_SWL

Groundwater level data from TS2 piezometer, Tuckean Swamp

TS3_FieldObs

Field observations from TS3 piezometer, Tuckean Swamp

TS3_Profile

Soil profile data from TS3 piezometer, Tuckean Swamp

TS4_FieldObs

Field observations from TS4 piezometer, Tuckean Swamp

TS4_Profile

Soil profile data from TS4 piezometer, Tuckean Swamp

TS4_SWL

Groundwater level data from TS4 piezometer, Tuckean Swamp

TS5_FieldObs

Field observations from TS5 piezometer, Tuckean Swamp

TS5_Profile

Soil profile data from TS5 piezometer, Tuckean Swamp

TS5_SWL

Groundwater level data from TS5 piezometer, Tuckean Swamp

TS5_WQ

Groundwater quality data from TS5 piezometer, Tuckean Swamp

TS6_FieldObs

Field observations from TS6 piezometer, Tuckean Swamp

TS6_Profile

Soil profile data from TS6 piezometer, Tuckean Swamp

TS6_SWL

Groundwater level data from TS6 piezometer, Tuckean Swamp

TS7_FieldObs

Field observations from TS7 piezometer, Tuckean Swamp

TS7_Profile

Soil profile data from TS7 piezometer, Tuckean Swamp

TS7_SWL

Groundwater level data from TS7 piezometer, Tuckean Swamp

TS8_FieldObs

Field observations from TS8 piezometer, Tuckean Swamp

TS8_Profile

Soil profile data from TS8 piezometer, Tuckean Swamp

TS8_SWL

Groundwater level data from TS8 piezometer, Tuckean Swamp

TS9_FieldObs

Field observations from TS9 piezometer, Tuckean Swamp

TS9_Profile

Soil profile data from TS9 piezometer, Tuckean Swamp

TS9 SWL

Groundwater level data from TS9 piezometer, Tuckean Swamp
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TSlOFieldObs

Field observations from TSIO piezometer, Tucicean Swamp

TS10_Profile

Soil profile data from TSIO piezometer, Tuckean Swamp

TS10_SWL

Groundwater level data from TSIO piezometer, Tuckean Swamp

TSll_Profile

Soil profile data from T S l 1 piezometer, Tuckean Swamp

TS12_FieldObs

Field observations from T S l 2 piezometer, Tuckean Swamp

TS12_Profile

Soil profile data from T S l 2 piezometer, Tuckean Swamp

TS12_SWL

Groundwater level data from T S l 2 piezometer, Tuckean Swamp

TS13_Profile

Soil profile data from TS13 piezometer, Tuckean Swamp

TS14_Profile

Soil profile data from T S l 4 piezometer, Tuckean Swamp

TS15_Profile

Soil profile data from T S l 5 piezometer, Tuckean Swamp

TS16_Fiel(10bs

Field observations from T S l 6 piezometer, Tuckean Swamp

TS16_Profile

Soil profile data from T S l 6 piezometer, Tuckean Swamp

TS17_FieldObs

Field observations from TS 17 piezometer, Tuckean Swamp

TS17_Profile

Soil profile data from TS17 piezometer, Tuckean Swamp

TS17_SWL

Groundwater level data from T S l 7 piezometer, Tuckean Swamp

TS18_FieldObs

Field observations from T S l 8 piezometer, Tuckean Swamp

TS18_Profile

Soil profile data from T S l 8 piezometer, Tuckean Swamp

TS18_SWL

Groundwater level data from T S l 8 piezometer, Tuckean Swamp

TSChem_Dec04_Field

Field chemistry measurement of Tuckean Swamp drains and
groundwaters, December 2004

TSChem_Oct05_Field

Field chemistry measurement of Tuckean Swamp drains and
groundwaters, October 2005

TSChem_Oct05_Results

Analyses of Tuckean Swamp drains and groundwaters, October 2005

TSChem_Sept04_Field

Field chemistry measurement of Tuckean Swamp drains and
groundwaters, September 2004

TuckiDn_WQ

Water quality data from Tucki Drain monitoring site
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