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20 Ocr i 

9.00AM 	 Introduction: Scott Keyworth 
Murray Darling Basin Commission 

	MSgriU1It-u'-`r-eq 
9.IOAM 	 OPENING: John SeãrSOfl, Regional Director,  

KEYNOTE SPEAKER: 

9.25AM 	 Policy implications for COAG water reforms on groundwater 

Mike Smith, Executive Officer, High Level Steering Group on Water 

9.50AM 	
Perspectives on sustainable development of water resources: a USA 

Great Plains outlook 
Marios SophocIeOUS, Senior Scientist, Kansas Geological 

Suivey, University of Kansas 

	

10.30AM 	MORNING TEA 

PLANNING AND POLlCY 

	

11.00AM 	
Sustainable groundwater management in NSW, Australia 

George Gates, DLWC yvv (io 

	

11 .2OAM 	Prioritising management directions, determining sustainable 
yields and implementing sustainable management practice 
of groundwater resources in NSW, Australia 

Joseph Ross, DLWC 

	

11 .4OAM 	 Transferable groundwater entitlements 
Vanessa O'Keefe, DLWC 

	

12.00PM 	The Lower Murrumbidgee Groundwater Management Plan 

Scott Lawson, DLWC 

	

1220PM 	 Environmental provisions in determining sustainable yield 
for groundwater management plans in the Lower Namol Valley, 

NSW, Phillip Kalaitzis, DLWC 

	

12.40PM 	LUNCH 
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PROGRAM: TUESDAY 14 SEPTEMBER 1999 

GROUNDWATER AND ECOSYSTEMS 

I .4OPM 	 Protection of groundwater-dependent ecosystems in NSW - 
policy and practice, Jan Gill, DLWC 

2M0PM 	 An identification methodology for groundwater-dependent 
ecosystems, John Ross, PPK Environment & Infrastructure 

	

2.20PM 	 'One step ahead" - Groundwater-dependent ecosystem 
management in NSW, Jenny Guice, Nature Conservation 

Council, NSW 

	

2.40PM 	 Karstic groundwater ecosystems in the Murray Darling and 
Otway groundwater basins, Andy Spate, NSW National Parks & 

Wildlife 

	

3.00PM 	 Can we predict trends in floodplain tree health in the Lower 
Murray?, Kate Nicholls, Centre for Groundwater Studies, 
Flinders University of South Australia 

	

3.20PM 	 AFTERNOON TEA 
Book launch: Desktop Methodology to identify Groundwater 
Dependent Ecosystems 
Presenter: Tim Fisher, Australia Conservation Foundation 

CONCURRENT SESSIONS 
DRYLAND SALINITY 

	

3.50PM 	Towards a predictive framework for land use impacts on 
recharge: a review of recharge studies in Australia 
Cuan Petheram, CRC for Catchrnent Hydrology 

	

4.10PM 	Catchment categorisation: what is it and how does it work? LI?t 
Mirko Stauffacher, CS/RO Land & Water 

	

4.30PM 	Eastern Murray (NSW) Groundwater Investigation & Monitoring 
Nimal Kulatunga & Stuart Lucas, DLWC 

	

4.50PM 	The Liverpool Plains ICSM Project: lessons to be learned 
W.R. Dawes, CSIRO Land & Water 

	

6.00PM 	 WINE TASTING - McWilliam's Wines 
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PROGRAM: TUESDAY 14 SEPTEMBER, 1999 

	

3.50PM 	
Groundwater management developments in central west 

NSW, Greg Breretofl, DLWC 

	

4.10PM 	
A regional sub-artesian groundwater investigation in a 
cainozoic sedimentarY aquifer system in sw Queensland 

Doug McAlister, QLD Dept of Natural Resources 

	

4.30PM 	
Hydrology and sustainable yield of the mid Murrumbidgee 

alluvial aquifer, Liz Webb, DLWC 

	

4.50PM 	Groundwater v
ulnerability mapping of the Upper Condamine 

River Catchment using the DRASTIC methodology 

Allan Hansen, QLD Dept. of Natural Resources 

	

5.I0PM 	
Groundwater quality in an aquifer aquitard system subjected to large 
volume abstraction for irrigation in the Lower Murrumbidgee 

Wendy Timrns, Groundwater Centre, UNSW 

	

flOPM 	 WINE TASTING - McWilliam's Wines 

	

9.00AM 	
Reducing subsurface drainage salt loads: development of 
drainage design and management guidelines 
Evan Christen, CSIRO Land & Water 

	

9.20AM 	
Assessment of deep bore water quality for irrigation in the 

Murray irrigation districts, Harnam Gill, NSWAgricultU re 

9.40AM 	Spatial interpolation of groundwater data and its 
implications for environmental management, Tim 

Harriflgtofl, 

Kinhill P!L 

	

iO.00AM 	
Review of regional groundwater model of Coleambally 

Irrigation area, ShahbaZ Khan, CS1RO Land & Water 

	

10.20AM 	
Leakage between shallow and deep aquifers in the 

South Eastern Murray Basin, Scott Lawson, DLWC 

	

10.40AM 	
MORNING TEA 



FA 

PROGRAM: WEDNESDAY 15 SEPTEMBER 1999 

SALT/EFFLUENT DISPOSAL 

	

11.I0AM 	Development of guidelines for on-farm and community scale 
salt disposal basins on the Riverine Plain: underlying principles 
Ian Jolly, CSJRO Land & Water 

	

11.30AM 	Characterisation and ranking of saline disposal basins in the 
Murray Basin of Australia 
Craig Simmons, School of Earth Sciences,Flinders University of 

South Australia 

	

11.50AM 	Regional planning for disposal basins on the Riverine Plains: 
Testing a GIS-based suitability approach for environmental 
Sustainability, 
Trevor Dowling, CSIRO Land & Water 

12.I0PM 	Factors affecting the financial viability of subsurface drainage 
with an on-farm disposal basin in the Murrumbidgee Irrigation 
Area 
Jal Singh, Visiting Resource Economist, CS/RO Land & Water 

12.30PM 	Soil hydraulic properties and pollutant removal in a pilot 'filter' 
system used for treating Griffith sewage 
Tapas Biswas, CSIRO Land & Water 

12.50 
	 LUNCH 

	

2.00PM 	 FIELD TOUR - BUSES DEPART FRONT GEMINI MOTEL 

	

5.I0PM 	 FIELD TOUR RETURNS GEMINI MOTEL 

	

7.00PM 	 CONFERENCE DINNER 



Murray Darling Basin Groundwater Workshop 1999 

Field Trip - Day 2 (151h  September) 

Buses will depart at 2.00 pm from the Workshop venue 
Return by 5.30 pm. Afternoon tea will be provided. 

The tour will incorporate aspects of: 
Serial Biological Concentration 
Evaporation basins and shallow drainage 
Town supply, river leakage and recharge 
Groundwater supply for irrigation 

Serial Biological Concentration (Griffith, MIA) 
Serial Biological Concentration offers an opportunity to improve overall water use 
efficiency whilst managing salt drainage from an irrigation area. The first cell of the 
current trial has been operating for five years the next two cells for two years. 
Theoretical performance is being achieved in large scale, practical demonstration, 
offering an exciting salt management alternative. 

Evaporation basins and shallow drainage (Griffith, MIA) 
In the M1IA there are 15 on-farm evaporation basins which are used to store saline 
drainage water from subsurface "tile" drainage systems. We will visit an area near 
Hanwood where there are several evaporation basins associated with large vineyards. 
This will provide the opportunity to discuss the design and operation of shallow 
drainage systems and evaporation basins. 

Town supply, river leakage and recharge (Darlington Pt) 
The Darlington Pt township utilises groundwater for it's reticulated supply. 
Groundwater quality in the deep aquifers of the Lower Murrumbidgee is generally very 
good, with EC as low as 170 uS/cm. However, dissolved Fe and H2S can be a 
problem for town supplies. This is also an opportunity to discuss river leakage, 
recharge and linkages between aquifers. 

Groundwater supply for irrigation (Darlington Pt) 
Visit to "Rinw000d", an irrigation property owned and run by the Toscan family, and 
dependent upon groundwater. Gerard Toscan is President of the Murrumbidgee 
Groundwater Pumpers Association, and a groundwater user representative on the 
Murrumbidgee Groundwater Management Committee. 



	

9.20AM 	Prioritising salinity management in the Goulburn-Broken c7land 
Bruce Gill, Sinclair Knight Merz 

	

9.40AM 	Community salinity planning (Central West NSW) 
Elita Humphries, DLWC 

	

1O.00AM 	Hydrogeochemical processes associated with the occurrence of 
Dryland salinity in the Longneck Creek Catchment, near V1ndsor, 
NSW, Wendy McLean, Groundwater Centre, UNSW 

	

I O.2OAM 	
(4J- 

GenMk&CSlROLandWater 

SALINITY -URBAN AND INTERCEPTION 

	

1I.I0AM 	Development in an urban salinity affected catchment— 
A case study in Troy Gully, Dubbo, NSW 
Allan Nicholson, DLWC 

	

Ii .3OAM 	The Wagga Wagga urban salinity bore field 
Steve Nash, Western port Water 

	

II.50AM 	Urban salinity in Wagga Wagga (NSW): sources of rechae 
and impact of pumping the fractured rock groundwater sysem 
Peter Cook, CSIRO Land & Water 

	

I2i0PM 	Buronga salt interception scheme - effiency review 
Noel Merrick, National Centre for Groundwater Managerent, 

University of Technology 

1230PM 	Woolpunda and Waikerie salt interception schemes 
Andrew Telfer, Australian Water Environments 

12.50PM 	LUNCH: presentation -GROUNDWATER TRAINING 
Trevor Pillar, Centre for Groundwater Studies, Flinders Liiversity 
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CONCURRENT SESSIONS 

WATERTABLE IMPACTS 

	

1.50PM 	Trial results for a new electro-kinetic geophysical technique for 
remote measurement of sub-surface hydraulic conductivity 
(Author: Chris Waring) Presenter: Richard Lowson 
Australian Nuclear Science and Technology Organisation 

	

(2.10PM 	Vertososis do leak"! —water and solute movement below 
es Moss, QLD Dept. of Natural Resources 

	

2.30PM 	Modelling channel seepage interception by,  rees on a prior 
stream levee, Greg Holland, Goulburn Murray Water 

	

2.50PM 	An integrated system for groundwater vulnerability assessment 
in the Liverpool Plains of NSW, Fei Zhou, CSIRO Land & Water 

	

3.I0PM 	AFTERNOON TEA 

CONCURRENT SESSIONS 

REGIONAL INVESTIGATIONS 

ri-50PIVI Mallee Region groundwater modelling, Wei Yan & Steve Barnett 
Primary Industries & Resources, SA 

2.I0PM Using GIS for catchment water balances, Steve Barnett 
Primary Industries & Resources, SA 

2.30PM Hydrogeology of the Jemalong and Wyldes Plains Irrigation 
District and Lake Cowal aquifer systems, Lachian Catchment, 
NSW, Ruben Lampayan, Centre for Resource and Environmental 
Studies, ANU 

2.50PM Ecologically sustainable opportunities for the Lower Murray 
Darling area, Mazib Rahman, Murray Darling Water Management 

3.IOPM AFTERNOON TEA 

3.40PM PLENARY SESSION: Summary: Ray Evans & Scott Keyworth 

4.00PM DISCUSSION 

4.30PM FINISH 



1::::::0 CS I R 0 LAND and WAT E R 

A case study of improving irrigation and tile 
drainage management in a vineyard 

Evan Christen and Dominic Skehan 

A collaboration with the CRC for CatchmentHydrology, 
partly funded by the Murray Darling Basin Conmiission 

ZI 



Benefits of improved irrigaflon cnd tile 
dr d ncge mcnagement 

To the farmer: 

Improved wine grape quality 

Water, fertiliser and labour savings 

Less waterlogging - deeper water tables, lower soil salinity 
= improved vine health 

Reduced size of evaporation basin (if required) 



Benefits of improved irrigaflon cnd tile 
dr d ncge mcnagement 

11 

To the community: 

Reduced on-farm effects - land values, production 

Reduced off-farm effects 

- less surface drainage water (nutrients, salt, pesticides) 

- less tile drainage (salt, nutrients, pesticides) 

- less recharge to water tables = less waterlogging and 
salinity in the area 



T he ocis sludy vi neyci d 

50 ha on clay soils 

400 m rows with broad-based furrows 

Tile drainage with evaporation ponds 

Irrigation by "gut feeling" 

Imgations slow to reach end of row and wetted whole area 
between vine rows 

Tile drainage left on all the time 





Whd chcnges were made ? 

To the irrigation system: 

Replaced broad-based furrows with Riverina Twin Furrow 

Used more siphons per furrow 
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Whd chcnges were made? 

To the irrigation management: 

Tensiometers used for scheduling 
- 3 Oem, 60cm, 90cm 

- one group per variety 

Followed guidelines by Hardie and Martin 
- flowering keep root zone around lOkPa 

- fruit set to harvest let root zone dry to 8OkPa 



Whd dhcnges were made ? 

To the tile drainage management: 

Turn off pump during irrigation (bath plug) 

Turn off pump when water table more than 1 .2rn deep 
- used depth to water table around the farm to start with 

- later used water level in pump sump 



Results of the chcnges 

To the irrigation system: 

Only about 1/3rd the vineyard soil wetted 
- about 0.6m on each side of the vine row 

- 2.4m in the middle kept dry 

= less soil volume wetted, less waterlogging, rainfall easily stored 

Water reached the end of rows in 1/3rd to 1/2 the time 
= more even watering between top and bottom 



Res ul ts of the chcnges 

11 

Effect of furrow size and siphons on time for water to reach end 
of 400m row 

Furrow used 	No. of siphons Time to end of row 
25mm (1") 	Hours 

Broad base 
	

2 
	

15-18 
Riverina Twin Furrow 
	

2 
	

8-10 
	

I' 

Riverina Twin Furrow 
	

11 
	

6 



Results of flie chcnges 

To the irrigation management: 

Increased irrigation interval from about 11 days to 17 days 

Dried out top 60cm to 8OkPa 

Roots started using water from 90cm depth 

Matched crop water requirement with irrigation AND 
rainfall 
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Results of the dicnges 
Tensiometer readings before and after an irrigation 

Irrigation 
	 Irrigation 



Results of the chcnges 

To the tile drainage management: 

Pump off more than on 

Water tables dropped through the season (rather than built 
up) 

By end of season water tables 2 - 2.5m deep 

Water level in evaporation basins fell until by end of 
season they were dry 



R es ults of the dicnges 
Water tables with improved irrigation management 
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Results of the chcnges 

Water level in evaporation ponds 
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Compa is  on of the two s eas ons 

SEASONAL Factors Season (Jan —May) 

1997 	1998 

Change 

Monitoring - January to May 150 150 0 
(days) 
Potential Evapotranspiration 951 887 Down 7% 
(mm) 
Rainfall 93 132 Up 40% 

(mm) (39mm) 
Crop water use 481 443 Down 8% 
(mm)  



Compa is  on of the fwo s ecs ons 
IRRIGATION Factors 	 Management 	 Change 

Previous 	Improved 

irrigation applied total 	 590 	 354 	Down 33 % 
(mm) 
Amount per irrigation 	 56 	 66 	Up 18 % 
(mm) 
irrigationinterval 	 11 	 17 	Up 54% 

(days) 

Irrigation compared to requirement 23 % too much 20% too little 	Down 43 % 
(irrig. Applied / crop requirement) 

Water use efficiency 	 42 % too much 10 % too much 	Up 32 % 
(irrig. + rainfall / crop requirement) 



Compai s on of the two s eas ons 

TILE DRAINAGE Factors 
	

Management 	 Change 

Previous 	Improved 

Water table depth 
(m) 
Tile Drainage 
(mm) 
Salt removed by tile drainage 
(kg/ha) 
Salt applied by irrigation 

(kg/ha) 
Salt removed by tile drainage 
compared to salt brought in 

1 - 1.8 	1.5 - 2.3 	Down 30 % 

73 	 9 	Down88% 

6655 	 711 	Down89% 

453 	 272 	Down 40% 

15 times more 3 times more 	Down 80% 



CONCLUS IONS 

By changing the irrigation system and scheduling with 
tensiometers we: 

Reduced irrigation by 2 Ml/ha = 100 Ml total 

Matched irrigation (plus rainfall) to crop water use (+10%) 

Dropped water tables to below 2m 

By managing the tile drainage: 

Reduced pumping by 0.64 MlIha = 32 Ml total 

Better matched salt applied to salt pumped out (15x to 3x) 

Dried out the evaporation ponds 



Sequential Biological Concentration (SBC) for SALINITY MANAGEMENT and 
improved WATER USE EFFICIENCY in Irrigation Areas 
J. Blackwell, T.K. Biswas, N.S. Jayawardane1, and J.T. Townsend 

CSIRO Land and Water, PMB No 3, Griffith, NSW 2680. 1CSIRO Land and Water, GPO 
Box 1666, Canberra, ACT 2601, 

The problem 
Salinity has bedevilled agriculture for centuries and irrigation speeds up the rate of 
satin isation. 

Short of another "Green Revolution", perhaps inspired by advances in 
Biotechnology, irrigation will be critical in feeding the global population. 

Projected population increases coupled with increases in consumption for better 
nutrition resulting from rising incomes will substantially increase the demand for 
food in developing countries. This increased demand has to be met when land and 
water resources, available for agriculture, are decreasing. With competing use by 
the other sectors, water is increasingly seen as an economic good and conflicts over 
water will grow in number and severity. The major challenge as we enter the twenty 
first century will be how to increase and sustain the productivity of irrigated 
agriculture while reducing the sectors water consumption. 
To have any hope of a sustainable future we must face and resolve the population 
issue. 
In the meantime it is our contention that Irrigated Agriculture will become 
increasingly important in meeting the food demands of the global population. 

The Present Position 
Currently irrigation supplies close to 30% of the world's food crops and 50% of the 
two major staples, wheat and rice. It achieves this from one sixth of the available 
arable land that is irrigated. 
Total food production from irrigation will need to increase by 12% by 2010. 

Is Irrigation up to The Task? 
In Australia's harsh, dry climate, evaporation is high and irrigation is commonly used 
to enable us to grow the wide variety of food crops which we enjoy, but irrigation is 
not without problems which require careful management if we are to avoid them. 
There is salt in irrigation water and even rain, and when water is applied to the 
ground, plants take up pure water as they grow and concentrate the salt in the soil. 
Unless this salt is leached below the rootzone, the land will become salty and be 
unfit for crop production. 

Drainage of the landscape is necessary, whether through a natural system (river, 
creek or stream) or a man made system. Drainage MUST be an initial part of any 
well designed irrigation system. Surface drainage may not be enough to drain the 
soil adequately. Sub-surface drainage may also be needed to lower the water table 
and remove the salt. 

) 



Traditional methods of dealing with salt export, accessions to deep aquifers or 
discharge to a watercourse, may no longer be viable. 
In the first case many of these deep aquifers now present high saline water tables 
which threaten the root-zone. In the second, public pressure for environmental 
responsibility, and consideration of downstream users, preclude its use. 

To recycle drainage water back onto the land drained is a short sighted, short term 
"solution". 
To manage LOW salinity water by evaporation in ponds, without, where possible, 
using the water for production is to waste a resource. 

One option for managing inevitable drainage, which overcomes many of these 
shortcomings, is to sequentially use and re-use the drainage water to grow crops 
whilst concentrating the drainage to a manageable mass, perhaps 0.5 - 1.0% of the 
original. 
This process known as "Sequential Biological Concentration also enables us to 
improve our overall water use efficiency. (figure 1.) 

When re-using drainage or waste water salinity again becomes an issue, as waste 
waters (such as sewage effluent and drainage) usually have a higher salt content 
than irrigation water. 

A Proposed Solution 
A novel system for land based treatment of secondary treated effluent, which is both 
environmentally and economically sustainable, the "FILTER" system (figure 2), has 
been tested for four years as a cooperation between Griffith City Council and 
CSIRO Land and Water. A full-scale Pilot system of 16 hectares has been operating 
for two seasons. 
"FILTER" has proved capable of overcoming the inherent problems with existing 
land based treatment systems. 
The system removes nutrients and other pollutants from the waste stream, meeting 
Environment Protection Authority discharge requirements, and at the same time 
concentrating salts whilst producing an economic crop. 

The sequential use of the FILTER modules will enable us to convert the drainage 
waste water containing a cocktail of pollutants, which threaten our environment and 
our productive base, into an economically viable and environmentally acceptable 
production system. 

A System To Manage Saline Drainage Water From an Irrigation Area 
The entire drainage from the Murrumbidgee Irrigation Area (MIA) is collected via an 
extensive net work of surface drains, which converge at a natural 3,200 hectare 
depression called Barren Box Swamp. 
The water from Barren Box is later used for extensive irrigation downstream in the 
Wah Wah Irrigation District. 
The present salinity of Barren Box ranges from 500-700 EC 
(drinking water = 100 EC, seawater = 50,000 EC). 

Downstream farmers in Wah Wah demand water at 450 EC. 



Winter drainage is saltier than summer as it contains a higher proportion of tile 
drainage and surface runoff from non irrigated areas. 
If we remove the winter drainage flow ( 9,000-35,000 ML at 1 200EC ) from the total 
flow entering Barren Box, the swamp water quality will improve which will assist 
managers in achieving downstream water user requirements. 

This winter flow will be stored en-route to the Sequential Biological Concentration 
system (SBC) 
Storage of this winter flow will enable subsequent re-use through the different cells 
of the SBC system. (figure 3) 

1,200 EC is 10 times saltier than the original irrigation water and 3 times saltier than 
downstream users will accept. 
However, in practice if we can maintain a 30% leaching fraction through the soil 
profile the rootzone will come into equilibrium with the salinity of the applied water 
(see figure 4 and Result 1 and 2). This will allow the production of more salt 
sensitive crops at any given applied water salinity than would be the case with a 
lower leaching fraction. (see Result 3) 

The drainage from cell one at 30% leaching fraction will have a salinity three times 
the applied water, i.e. 3,600 EC. 

This sequential process is repeated four times (see figure 3), with each of the four 
production cells having the potential of being economic in its own right. The fourth 
cell now approaching sea water salinity must also drain otherwise it will tend to 
hyper-salinity and be useless for managed aquaculture. 

The resulting drainage will flow through a series of sealed evaporation basins the 
first of which will be converted into a Salt Gradient Solar Pond which should produce 
enough electricity to power the entire site. 

As the drainage concentrates through the sequential evaporation basins it should be 
possible to recover different salts, some of which should be saleable. 



Figure 1: Showing the theory of Sequential Biological Concentration 
(Effective water use efficiency) 

Figure 2 Schematic representation of a typical filter bay 
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Figure 3. Schematic Representation of Possible Layout, Flows and Concentrations of SBC System 
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Relationship between salinity of applied water and soil salinity at different Ieochinq fractions 
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- 	Result 2 : Changes in soil salinity over time at the 3 applied 
salinities (Ec 1:5 * 4 = Ece) 
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Result 3: Crop yields at the salinity levels in the first three stages 

30 

Maize 1998 
25 

Kenaf 1998 
20  

I 

CL 
C) 

4- 
15  

C) 
C 
C 
0 10 

Sunflower 1999 

__ ft 
U 	(6OOec) 	UUc 	- 	'pp- 	( 1O8OOC) 1.UU-C)1('bO0ec) i(10800ec) 

, 	Biomass © 12% 111 Grain yield @ 12°k 

Salinity stages 



Eastern Murray (NSW) Groundwater Investigation and Monitoring 

Nimal Kulatunga and Stuart Lucas 
Department of Land and Water Conservation (DLWC) 

P.O. Box 829, Albury NSW 2640. 

Dryland salinity has been identified as an issue in several eastern Murray subcatchrflentS. 
Previous studies undertaken in West Hume and Holbrook Landcare areas (1989, 1991) 
revealed that groundwater pressure levels have been risen by 30-60 cyear. The objective of 
the current study is to raise awareness of rising groundwater levels and related problems 
among all 11 Landcare groups in the eastern Murray dryland catchments. This has involved 

up to 130 landholders m
onitoring bores and piezometerS regularly and DLWC preparing depth 

pressure level maps, trend assessment and also groundwater salinity and 
to watertable and 
recharge assessment maps. 

INTRODUCTION 

Dryland salinity in the eastern Murray catchmentS has been identified as a major issue with 

increase areas 0f waterlogging and soil salinisation. Landholders lower in the catchmentS have 
losses to the agricultural productivity in some areas. These 

been affected with significant  
production losses and the adverse effect on the environment have made the community more 
aware of such a situation and seek remedial measures to combat them by action plans for the 

catchmentS. 

Previous studies undertaken in West Hume and Holbrook Landcare areas (1989, 1991) 

revealed that g
roundwater pressure levels have been risen by 3 0-60 cmlyear. Subsequently, 

EM3 1 surveys were done in seleeled subcatchment5 to establish baseline soil salinity levels. 
These two landcare areas are ahead of other landcare groups in the eastern Murray catchmentS 
in this regard and have embarked to develop Land and Water Management Plans. In the West 
Hume study, extensive waterlogging and land salinisatiOn were predicted with up to 230 km

2  

affected by 2020 in the 'do nothing' scenario. The West Hume landcare group in particular has 

recognised rising g
roundwater and salinity as the number one issue in their plan. The 

Department of Land and Water Conseryation successlly obtained Salt Action nding for a 
groundwater project to raise awareness of groundwater related salinity issues among all 
landcare groups in the eastern Murray catchmentS and to provide groundwater levels, salinity 
hazards and recharge information to their catchment planning process. The current study 

covers 	area of about 9000 
j2 in West Hume, Culcairn, Doodle Coomer, Mullengandra, 

Tumbarumba 
Bown, Bungowannah 	 g Fowlers Wara, Holbrook, Jingellic, Tooma and  

landcare areas. 

Dryland salinity occurs where g
roundwater outcrops (or near suace) at the land suace and 

due to the processes of evaporation and transpiration salts are concentrated. This occurs when 
groundwater levels rise and mobilise salts previouslY stored at depth in soil and weathered 
rock regolith. of principal concerns to Murray Darling Basin Commission is the effect of 

increased baseflow and salt load to surface streams. 

1. 
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OBJECTIVES OF THE STUDY 

Raise awareness of groundwater related salinity issues in dryland catchments, and establish 
a partnership between DLWC and the community for a bore monitoring program 

Provide technical information in relation to watertable levels, salinity hazard and recharge 

potential to assist landcare groups in their catchment plans 

Establish a groundwater monitoring network consisting of bores and piezometers for 

continuous monitoring 

PROJECT OUTCOMES 

Depth to watertable maps 
Groundwater pressure level maps 
Groundwater levels and pressure level trends 

Groundwater salinity maps 

Salinity hazard maps 
Recharge potential maps 
A monitoring network and continuous water level monitoring by community groups 

OVERVIEW OF GEOLOGY AND HYDROGEOLOGY 

There are two broad groups of geological formations where groundwater occurs. 

Alluvial and other superficial deposits of clay, silt, sand, giavel and hill wash 

sediments: These material occupy the valley floors and are concentrated in the lower parts of 
the catchments along or close to the present creek systems. Thickness of these sediments is 
fairly low (few meters) in the project area except in the Billabong Creek where the thickness 
can be as deep as 60m. In general, permeability is relatively high and transmit water easily in 

sand and gravel layers but flow is retarded in clay and silt. 

Rock Formations: These are hard rocks mainly granites, quartzites, slates, phyllites, 
schists and igneous rocks. They occur throughout the area, with granites and slates being 
more extensive but are commonly obscured by soil or unconsolidated material. Granite is a 
massive rock with less fissures and fractures and is oflen heavily weathered and overlain by a 
thick regolith cover. In contrast, slates consist of more fractures and fissures and have a 
potential for high recharge. Also a relatively thin regolith cover overlies fractured slates. In 
hard rocks, water can move through an interconnecting network of fractures towards low 

areas. In general hard rock permeability (fractured) is less than that of the alluvium cover. 

The water levels generally follow the surface topography. As a consequence of the difference 
in permeability of the rock aquifers and unconsolidated deposits, and the relative position they 
occupy in the landscape, the latter act as a drainage system for water in the area. 
Groundwater drains from the rock aquifers in the upper part of the catchment into 
unconsolidated material in the lower part of the catchment which provides a path out of a local 
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system. However, when the recharge in the upper area is higher than the volume that the flow 
system can handle (e.g. prolong wet periods, lack of deep rooted vegetation) obviously the 
groundwater system is imbalanced and therefore rising watertables and waterlogging can 

occur. 

GROUNDWATER MONITORING 

The approach 

The study is based primarily on monitoring undertaken by landholders measuring their own 
private bores/wells As there are very few government bores in the Eastern Murray, the 
project sought the support of landcare network and interested landholders to obtain regular 
readings across the landscape. The project reports to a Community Reference Group twice a 
year. The Group consisting of DLWC Project sta a community representative from each 
landcare area and LWMIP area, the Regional Landcare Co ordinator (Chair), and all landcare 

co ordinator as observers. 

Monitoring Network 

The monitoring network consists of: 
Any sites landholders have been willing to measure, 
A relatively smaller number of piezometerS installed during the project, also measured by 

landholders. 

Landcare groups were contacted and supplied with maps of their areas showing registered 
bore/well sites. Groups were asked to encourage landholders to participate in monitoring 
(registered or unregistered sites) and to confirm the availability of sites for the network, and 
some site details including bore depth. When this information had been collated, monitoring 

needed to be filled. Sites were classified as deep 
sites were plotted to determine where gaps  
(measuring pressure) or shallow (measuring watertables). 

Piezometers were located in catchmentS with the aim of enhancing the private monitoring 

network, and then extrapolating this site data across the landscape with the preparation "depth 
to watertable" maps. Piezometers were sited with the assistance of geology maps, SCS land 
capability mapping (pseudo terrainlslope), existing private sites and easy access. Piezometer 
locations were then fine tuned by again approaching landcare groups determining the 
availability of interested and supportive landholders. Ninety-one (91) piezometrS were 

installed on this basis building a shallow bore site intensity of 1 sitel3-5,000 ha. 

Monitoring 

Site monitoring recommendations were quarterly for all sites, and monthly for wells and 
piezometers between April and October, for the 1998 calender year. Spreadsheets were 
provided to each landcare/subcatchmeflt area collating site information and landholder contact 
details. A calendar highlighting recommended monitoring times, readings collation dates and 

the feedback periods were provided to each participating landholder. 	
Measuring 

tapes/ploppers were made available to all landholders at a subsidsed cost. 
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Data Collation 

Data collation has been left primarily the responsibility of landcare members. 	During 
consultation with landcare groups in setting up the monitoring network, landcare co-
ordinators, and some areas, subcatchment landholder contacts, became very committed to the 
project. The benefits of this local ownership has been recognised and encouraged by 
implementing a reward system for groups achieving set target of number of readings. 
Appropriate background information and monitoring readings for depth and salinity (EC) 
have been entered into a custom designed MicrosoftACCESS database. 

Extrapolation of Site Data 

The main physical project outcome is the "depth to watertable" map for each sub-catchment. 
Previous reconnaissance bore studies have been criticised for being inaccurate and over 
estimating the future risk of high watertables and salinity as they did not take account of 
topography 

In the Eastern Murray study, topography and geology have been an integral part of using site 
data to prepare maps. To facilitate this, site data for watertable depth and EC has been 
printed on plastic. The hydrogeologist and the land resource officer then laid these prints over 
appropriate mapping of terrainlslope, geology and existing salinity, and together draw in by 
hand particular contour lines for depth to watertable and EC., for each sub-catchment. 

Feedback to the Community 

One of the foundations of obtaining community support for the project has been our 
commitment to provide regular and timely feedback to the community and individuals 

involved. This has involved: 
maintaining close links and providing support for the landcare co-ordinators and 

subcatchment contacts 
regular six monthly meetings of the Community Reference group 
nominating feedback periods on the monitoring calendar, and delivering on time 

providing individual hydrographs of sites to landholders 
presentations to each group of trends and "depth to watertable" maps. 

Current State of the Study 

The project remains in the data collection phase. Although the project set out to monitor and 
report on just the 1998 season, most of the Eastern Murray received less than 50% of the 

annual average rainfall during our monitoring year. Consequently DLWC and the community, 
decided to continue the monitoring over the 1999 season and assess those results. 

However several statistics and trends evident from the 1998 (drought year) study are worth 

noting here. 

in October 1998, up to 130 landholders measured 200 sites for water depths in the Eastern 

Murray (NSW) 
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deep bore pressure trends appear stable in some catchment but, continue to rise in others at 
up to 0.6 mlyear (1989-98), 
shallow watertable depths and groundwater salinity appears to vary significantly between 
and within sub-catchments (eg Doodle Cooma- no watertable within 10 m, but Major's 
Creek sub-catchment - watertable is shallower than 2 m for around 15% of the total area. 
Salinity (EC) of groundwater measured in piezometers (no surface expression of salinity) 
varies from 0.1 to 14.9 ds/m). 
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Ecologically Sustainbie Opportunities for the 
Lower Murray Darling Area 

Mazib Rahman, Coordinator, Murray Darling Water Management Action Plan 
P 0 Box 363, Buronna, NSW 2739. E-mail: mrahrnan@dlwc.nsw.gov.au  

Introduction 

The community of the Lower Murray Darling area of South Western NSW has been 
working together with the State and Federal government agencies in developing the 
Murray Darling Water management Action Plan (MDWMAP). The aim of the Plan is to 
achieve a sustainable water use industry for the Lower Murray Darling area. This paper 
describes an integrated research process that identified significant sustainability 
enhancement and development opportunities. 

Murray Darling Water Management Action Plan Area 
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The Area of the Plan and Land Use 

The Plan includes the parts of the Lower Murray Darling area that are currently under 
irrigation or have the potential to be irrigated in the future. It does not include the 
Western Murray Irrigation area or the Lake Victona area as separate plans are being 



developed for these areas. The Action Plan area is about 885,600 ha, of which 91% is 
under native vegetation, parks and rangeland. 76,800 ha is cleared and used for dryland 
cultivation. A total of 28,000 ha of land are irrigated, of which 14,000 ha are intensively 
irrigated. Crops of the intensive irrigation areas are citrus, vines, stone fruits, vegetables, 
cereal and cotton. Cotton (5,000ha) is grown on one property at Menindee. 

3. Studies of the Plan 

A number of studies have been conducted to determine the extent and importance of 
issues identified by all interested parties. These studies are: 

Flora and Fauna survey and assessment of the conservation status of species in the 
Plan area 
Agricultural ResoLirces 
Water Resources and scope for water savings 
Drainage impacts and options for effective management 
Hydrogeological investigations and opportunities for the future 

Best management practices 
Identification of Sites of cultural heritage and their protection 
Economic Profile of the area and the scope for improvements, and 
Regional land use study 

Most of the above studies are interdependent. Hydrogeology, drainage, flora and fauna 
studies and the agricultural resources study formed the basis of he Plan. This paper 
addresses the findings of the Hydrogeology and Land use studies. All study outcomes 
are stored in a GIS format for the implementation of Plan options. 

4. Hydrogeology Study (Extracted from reports prepared by SKM, 1999) 

The groundwater of the Lower Murray Darling area is generally saline. The salinity 
varies from about 300 EC to more than 50,000 EC. Generally the groundwater salinity is 
low near the River. Mobilisation of this saline water has the potential to cause salinity 
impacts to the River, crops and vegetation. To assess the current groundwater condition 
and its flow and impacts, a groundwater modelling study was undertaken in two stages. - 

4.1 Stage I 

Stage I determined the future impacts over periods of 30, 50 and 100 years under a no 
intervention scenario (ie if the current management and land use continue). The Stage II 
predicted the impacts over periods of 30 and 50 years for various scenarios of imgation 
development. The 100-year time frame was not considered useful for the Stage II 
assessment due to the lack of data required for such a long term prediction. 
Groundwater models were developed for each of eight sections of the Plan area. The 
groundwater flow modelling package MODFLOW was used for the development of the 
models. The results were reported in terms of increase in the Murray River salinity in EC 



units at Morgan in South Australia (table I below) and rise in watertables in the model 

area. 

Groundwater Model Areas of the Action Plan 
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Table I. Estimated Salinity Impacts to the River Murray (No Intervention Scenario) 

Model No. Salinity Impact 
at the end of 
calibration 
period 

Increase in 
Salinity impact 
in 30 years, 
(EC units) 

(EC units)  

Increase in 
Salinity impact 
in 50 years, 
(EC units) 

Increase in 
Salinity impact 
in 100 years, 
(EC units) 

1 0.53 0.01 0.02 0.02 

2 3.8 3.6 4.0 4.2 

3 2.05 0.01 0.03 0.06 

5 7.3 0 0 0.1 

6 <0.1 - - - 

7 <0.1 - - - 

8 <0.1 - - - 

9 2.01 0 1  0 0 

Note: the sign 	has been used Instead of any value. This is due to the fact that the estimated impact was less than 0.1 

and the difference from the no Intervention scenario (which was reported as <0.1) could not he calculated. 

Model areas I to 5 and 9 are along the River Murray, and model areas 6 to 8 are along the 
Darling River. 



The rise in watertables varies from model to model and is between 0.5 and 3m in most of 
the model areas after 100 years. At present, watertables are between 5 and 20 metres 
below the surface, so a rise of 2 to 3 metres is not considered to be of threat to 
agricultural crops and vegetation. However, this rise can have impacts in the model 9 

areas lagoon system. 

4.2 River Regulation 

Groundwater flow in most of the model areas has been found to be away from the nver 
and is attributable to weir pools created by the River regulation. This can be easily 
proven as bores at some distance from the River show fluctuations with the flood levels 

and there is a gradient of observation bore water levels away from the river. The rise of 
watertables in areas near weir pools has been predicted to affect vegetation in the 

floodplain of some model areas. 

4.3 Calibration of models 

The developed groundwater models were calibrated using the trend of water level 
changes in observation bores and matching the predicted water levels with the observed 

data. 

The Action Plan Steering Committee wanted to use some form of standard calibration 
technique. This was to make the developed models comparable to others already 
developed and used in various catchments of the Murray River. This is important as salt 
enters the River from the groundwater system. Unfortunately, such a standard was not 
available. Therefore, the Steering Committee set the calibration criteria in consultation 
with the hydrogeologists and modellers of the Department of Land and Water 
Conservation (DLWC) and the consultant who undertook the study. The need for a 
formal peer review process and modelling standard documentation became evident 

through the consultancy. 

DLWC is now working with experts of different States and the Murray Darling Basin 
Commission to develop calibration standards for groundwater modelling and a peer 	- 
review process: This can help the industry and community to better understand and 
manage the groundwater and surface water resources. 

4.4 Stage 11 

The outcomes of the Stage I Hydrogeology Study and the Flora and Fauna studies were 
used in Stage II to predict the future environmental impacts for different management 

scenarios. 

Irrigation development scenarios of 1,000 ha, 5000ha and 10,000 ha were tested for a 
number of model areas. In addition, a scenario of reduction in depth of weir pools was 



considered. The weir pooi scenario assumed a level of a metre lower than the normal 
operation levels during four months in the winter (May to August) when the irrigation 
demand is low and all other recreational activities are also limited. 

The above-mentioned scenarios were tested for model areas where land is already under 
dryland cultivation. The salinity impacts to the Murray River after a period of 50 years 
are presented in Table 2 as the difference between the impacts for a development scenario 
and a "no intervention scenario" for the same time frame. 

Table 2. River Salinity Impacts Under Various Irrigation Scenarios Over 50 years 

Model No. EC impacts, Change in Change in Change in Change in 

no EC impacts, EC impacts, EC impacts, EC impacts 
intervention 1000 ha 5000 ha 10,000 ha for a metre 
scenario irrigation irrigation irrigation change in 

development development development weir pool 
scenario scenario scenario level 

1 0.5 0 0.1 0.3 0.2 

2 7.8 0 0 0 6.0 

5 7.3 0 0 0.1 -1.1 

6 <0.1 0 0 0 0 

7 <0.1 0 0 0 0 

9 2.0 - - - 1.1 

With up to 5,000 ha of new irrigation development in all areas except model 1, the rise in 
watertables has been predicted to remain around 0.5m in a 50 year time frame. In model 
a rise of up to a metre would occur in 50 years with 5000 ha development and 0.3 m with 
1,000 ha development. All models have been calibrated to the accuracy of +1- 0.3m of 
water level predictions. Therefore, a rise in watertable by 0.5 m can be considered 
manageable with the implementation of Best Management Practices. On the other hand 
there will not be enough water to undertake up to 5,000 ha of development in every 
model area and the community believes that the practical development scenario is 
between 1,000 ha and 2,000 ha for each model area. 

A soil and land, suitability study for the Lower Murray Darling area has been undertaken 
for potential development areas as indicated by the 1-lydrogeology Stage II study. 

5. Land Capability 

Soil suitability assessment is essential to maximise production and minimise 
environmental impacts. This paper describes a method used in the determination of soil 
suitability and land capability for perennial horticulture in the MDWMAP area. Best 
management practice in land use has lead to the determination of soils that are suitable 
for different crop types. Knowledge of soil physical and chemical characteristics used in 
suitability assessment is useful in deciding management practices to maintain its 
productivity and sustainability. 



5.1 Method of suitability determination 

There are many methods of determining soil suitability. Due to the vastness of the Action 
Plan area a non-intensive method was required to be used. The use of electro-magnetic 
or remote sensing methods needs to be supported by good ground-truthing results. In 
some cases, remote sensing methods do not provide accurate outcomes where 
assessments are needed for soils of greater depths in the profile. To select a method 
acceptable to all parties, the MDWMAP Steering Committee conducted a workshop with 
CSIRO, local experts from NSW and Victorian State agencies, and the Community. A 
rule-based method was adopted in the workshop. A method of study was then determined 
and the criteria for soil suitability assessment were decided. 

The method used for the Murray Darling Water Management Acton Plan was a two-stage 
process. In Stage I, Anderson et al (1998) conducted a desktop soil assessment using the 
Soil and Landform Association of Eldridge (1985) and Walker (1991). In the Aeolian 
landscapes of South Western NSW, the presence and form of carbonate layers limit the 
choice of horticultural crops, Wetherby (1992). The depth of soil between the surface and 
the carbonate layer, determines the type of crop that can be grown. This is shown in table 
3 below for some perennial horticultural crops. 

Table 3. Topsoil depth suitability for horticultural crops 

Cr01) 	 Depth of Top Soil 

Almonds 40-60 cm 
Avocado 80 cm 
Citrus 50 cm 
Grape vines1  30 cm 
Stone fruit' 30-40 cm 
Olives' 30cm 

The other criterion used for this assessment is the presence of clay. Clay topsoils restrict 
infiltration and drainage and were not considered suitable for development. Also the 
presence of medium and heavy clay within a metre from the soil surface represent 
drainage hazard. 

Lime tolerant crops 



An analysis of soil suitability and land capability is given for the map units in table 4 

Table 4 A typical Land Capability and Soil Suitability assessment 

Map 
unit 

Land 
Unit Text 

% 
Ass 

Principal 
Soil Profiles 

Unit 
Cap Soil 

characteristics 

Soil 
Suitability Comme 

 nts 

Al Parallel I 40 Uci .13 Y 2%CO3 at 0.38m, y all crops 
Dune loamy-coarse 

sand 
Ucl .23 no 003 y all crops 
Uci .11 light soils, mild y all crops 

003 
Uc5.12 light soils, 2% y all crops 

003 
Uc5.13 no 003 y all crops 

Al Swale I 55 Gn2.13 Y light clay 0.55m - n 
drainage concern 

Db4.53 heavy soils n 
Dbl .53 heavy soils n 

Al Depressio I 5 Gn2.13 N light clay 0.55m - n 
n drainage concern 

Gc1.12 high 003 above y lime tol. 
0.3m oossrbly 

D Flood plain V 90 Ufl .33 N heavy 003 n 
Uf6 heavy clays n 

D Plain IV 10 Gn2.13 Y light clay 0.55m - n 
drainage concern  

Findings of the desktop analysis were groundtruthed in the stage II (NRE, 1999) of the 
study. Other land suitability factors were taken into account in Stage II. These are areas 
of low conservation value and low cultural heritage significance. Survey sites were 
selected at an approximate rate of a site for every 50 to 100 ha. Samples were also 
collected for lab analysis, and the following assessment was conducted to determine the 

land suitability for different crops. 

pH, salinity and boron content. 
Soil texture and structure 
Carbonate class of the soil and reaction to acid (IN HCL) 
Assessment of relative recharge risk (hydrogeological assessment) 

The above soil assessment was conducted to facilitate regional planning. More intensive 
soil surveys will be required for soil suitability determination for crop selection and 
irrigation system design at the development stage. 



6. Conclusion 

The above studies and the planning process have created enormous interest in the 
community for sustainable management of natural resources and to invest in 
environmental management. This community enthusiasm will need to be utilised for 
environmental and river health benefits by allowing an efficient process that will allow 

transfer of water from low value enterprises in high impact areas to high value 
enterprises in low impact areas. 

ii 	commitment to use best management practices as a part of licensing agreement 
iii 	development taking place in areas away from the floodplain and other high impact 

areas 
iv 	wool producers that are suffering a cost-price squeeze, to diversify 
v 	economy of scale for community infrastructure (supply system and drainage reuse 

facilities) to minimise environmental impacts. 
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Murray-Darling Basin 
Groundwater Workshop 

1999 

ABSTRACT 

Policy Implications for COAG Water Reforms on Groundwater 
Mike Smith 

Executive Officer, High Level Steering Group on Water 

The COAG Strategic Water Reform Framework, agreed by all jurisdictions in 1994, applies 

equally to groundwater as it does to surface water. In addition, a suite of 12 recommendatlofls 

specifically dealing with groundwater issues were formally incorporated into the extended 

COAG Strategic Water Reform Framework in 1996. 

The paper outlines the origins of the initiative, summarises the 1994 COAG water reforms and 

discusses the 12 specific groundwater reforms agreed in 1996. 
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National lnter- governmental 
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- - - - - - - - - - - - - - - - - - - - - 
So What I*s "COAG"? 

4 Council of Australian Governments 

4 Prime Minister, Premiers & Senior 

Ministers from all States and Territories 

Highest forum in Australia 

Broad agenda but WATER is major 

component 



COAG Water Reform Agenda 

Comprised of two parts: 

+ 	COAG Strateaic Framework - defines 

specific water industry reforms 

(Report of the Working Group on Water 

Resource Policy, 1994) 

:• 
	National Competition P 	defines 

non industry specific reforms 

(Hiliner Report) 
CO  - - - - - - - - - - - - - - - - - - - - - 



- - - - - - - - - - - - - - - - - - - - - 
National Competition Policy 

Reforms 

* Extending competitive conduct rules to all business activity in 
Australia (including Government businesses) 

Third party access to significant infrastructure 

Introduction of competitive neutrality 

no unfair advantage for government businesses 

Extending prices surveillance of monopolies 

Restructuring of public sector monopolies 



4 



- - - - - - - - - - - - - - - - - - - - = 
Objective of COAG Reforms 



E 

The COAG Strategl*c Framework 
for Water Industry Reform 

Five 

- - - - - - - - - - - - - - - - - - - - 



- - - - - - - - - - - - - - - - - - MMM 

Element 140 

: 

Cost Recovery and Pri*ci*ng 
+ consumption based pricing 

full cost recovery 
cross subsidies removed or made transparent 

identifying Community Service Obligations 
(CSO's) 
new/extended irrigation schemes required to 
be both economically viable and 
environmentally sustainable 

+ consistent pricing and asset valuation to 
facilitate trading 



Element 2*0 

Institutional Reform 

Institutional Separation 
' Separate roles/functions of service providers 

from regulators, natural resource managers 
and standard setters 

Performance Monitoring and Best Practice 

Commercial Focus for Water Services 

4 Devolve Irrigation Management 

- - - - - - - - - - - - - - - - - - - 



- - - - - - - - - - - - - MMMMM  - - - 

Element 3 : 
Water A-11ocati*on and Tradi*ng 

Allocations and Entitlements 
+ water allocations separated from land title 

+ environment is a legitimate user or water 

Trading 
+ water transferred to highest value end-uses 

to ensure maximum benefit 

Groundwater 



Element 40 : 
Envi*ronment and Water Quall*ty 

4 Integrated Resource Management 

4 National Water Quality Management 

4 Wastewater/Stormwater Management 

- - - - - - - - - - - - - - - - - - - - - 



- - - - - - - - - - - - - - - - - - - - - 
Element 5: 

Public Consultation and Educati*on 

4 Public Consultation 
agencies and service deliverers to consult with the 
public when change is proposed 

4 Public Education 
+ jurisdictions to develop programmes in relation 

to water usage and benefits of reform 

+ water agencies to work with schools 

+ water agencies to explain the total water system 

+ water agencies to provide level of service that 
provides best value for money to community 



Implementati*on 

State and Territory Governments are 
responsible for implementing the 
COAG Water Reform Agenda 

Progress has been made by all 
jurisdictions in implementing the key 
elements of the reforms 

cc - - - - - - - - - - - - - - - - - - - - 



- - - - - - - - - - - - - - - - - - - - - 
That ubiquitous "someone" 

once saido 

"We are conti*nually faced 

with OPPORTUNITIES 

brilliantly disguised as 

1 inso1uble PROBLEMS 119 



WI*11 the Reforms Produce Results .1 

+ YES!! 

+ WHY 09 09 

+ States demonstrating will to 

achieve reforms 

F .~ 
CD - - - - - - - - - - - - - - - - - - - - - 



- - - - - - - - - - - - - - - - - - - - 
For Example. • Institutional arrangements (separation, 

corporatisation, privatisation) 

Trade Ontra and inter state) 

Better allocation process (WAMP, MDBC Cap) 

Clearer definitions of Water Property Rights 

Education & Community Involvement 

Pricing Reforms (IPART, MDBC Water 
Business) 

Third Party Access 

Benchmarking 
4 etc etc etc 



1994 COAG FRAMEWORK* 

Clause 3 (e) Groundwater: 

- (i) that management arrangements relating 

to groundwater be considered by 

ARMCANZ ... and advice from such 

considerations be provided to individual 

jurisdictions and the report be provided to 

COAGS 

- - - - - - - - - - - - - - - - - - - - - 



— — — — — — — — — — — — — — — — — — — — 

ALLOCATION AND USE OF GROUNDWATER 

A National Framework for Improved Groundwater 
Management in Australia 

12 Key Reforms: 

SUSTAINABILITY 
employ the principles of ecologically sustainable development and should 

be directed at achieving sustainable use of the resource. 

DRILLING 
adopt the National Drillers Licensing system for water production wells 

and should seek to expand the system to all drilling. 

GROUNDWATER/SURFACE WATER MANAGEMENT 
Groundwater and surface water resource management should be better 

integrated, including approaches to pricing ..., water allocations and 

trading... 



12 Key Reforms:(cont) 

6. SUSTAINABLE YIELD/ALLOCATION/USE LINKAGE 
In developing groundwater management plans, ... those plans include 
identification of the sustainable yield and the levels of allocation and use of 

the aquifers. These plans should also include an identification of 
environmental water provisions .... Where allocations exceed the 
sustainable yield, ... develop strategies to reduce abstractions to sustainable 
levels within timeframes that minimise permanent damage to the resource. 

4. INEFFICIENT WELL DESIGN 
- In preparing groundwater management plans, policies and strategies, 

States should ensure that the effective utilisation of groundwater resources 
is not compromised by protection of existing users with inefficiently 
designed or constructed wells. This particularly applies to domestic and 

stock wells. 

I — — — — — — — — — — — — — — — — 



- - - - - - - - - - - - - - - - - - - - - 
12 Key Reforms:(cont) 

5. WATER MARKETS 
groundwater plans (should be) based on a sound understanding of the 

resource. These plans should be the primary support for the development of 

groundwater allocation and property right systrems to support intra- 

aquifer trading both within the States and across State borders. 

AVAILABILITY OF WELL CONSTRUCTION DATA 

- ... provision ... of well construction data for all wells should be a 

mandatory requirement 

INFORMATION FROM HIGH YIELDING WELLS 

high yielding wells ... should be monitored to ... ensure adequate 

information is available to manage the resource sustainably... 



12 Key Reforms:(cont) 

PRICING 
full cost of groundwater management should be identified by the States. 
cost of direct management ... should be recovered from the users 

apportionment of indirect costs be given consideration. ... remaining 
subsidies should be transparent. Public communication on these matters 
will be important. 

FEDERAL GOVERNMENT EXPENDITURE 
The Federal Government should identify its full costs of involvement in 
groundwater activities to assist the negotiation of priorities for 
Commonwealth funding of groundwater management activities. 

ii. INSTITUTIONAL ARRANGEMENTS 
- State and Federal agencies should ... eliminate conflict of interest situations 

in groundwater assessment and management. 

12. EDUCATION 
SCARM should assess the opportunities for increasing public awareness of 
the value of groundwater, its vulnerability ... and the need for groundwater 
management ... and to develop appropriate awareness proorams.  



- - - - - - - - - - - - - - - - - - - - - 

1996 COAG FRAMEWORK* 

Clause 3 (e) groundwater - 
- management arrangements for groundwater 

relating to sustainability of the resource, 
licensing of drillers, better integration of 
groundwater and surface water 
management, inefficient well design, 
environmental allocation, data availability 
and pricing are to be implemented by 
jurisdictions taking guidance from the 
recommendations at Annex A 

-'I 
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PERSPECTIVES ON SUSTAINABLE DEVELOPMENT OF WATER 

RESOURCES: A USA GREAT PLAINS OUTLOOK 

Marios Sophocleous 
Kansas Geological Survey, The University of Kansas 

Lawrence, Kansas 66047, USA 
E-mail: marios@kgsukaiis.edu  

Abstract 

This paper concentrates on the hydrologic fundamentals of the sustainability concept of safe yield and 
points out its shortcomings. It also indicates how these hydrologic underpinnings can be used for developing a 
sound water-use planning policy for stream-aquifer systems. The paper also addresses the more general concept of 
sustainability from the systems perspective and outlines our still-evolving ideas on environmental sustainability. 
The Kansas water resources management experience and its evolution towards sustainability are then outlined. 
Misguided "safe yield" rules, such as pumping the natural recharge, will not lead to a desirable economic or stable 
level of ground-water development. Because of the interdependence of surface water and ground water, 
operations on any part of the system have consequences for the other parts. Therefore the importance of integrated 
resource planning and management is stressed. The paper concludes by stressing the need for long-time education 
supported by research and technical assistance, as well as improved communications, so that people become more 
conscious of the complexities and constraints involved in water-resources management. 

Introduction 

The time has passed when abundant supplies of water were readily available for development at low 
economic, social, and environmental cost. According to Hufschmidt (1993), now we are entering the period of a 
"maturing water economy," with increasing competition for access to fixed supplies, a growing risk of water 
pollution, and sharply higher economic, social, and environmental costs of development. It should be well 
understood that most of the developable water in the western U.S. states, including Kansas, has been developed, 
and future water management is going to be heavily dependent on obtaining more mileage out of existing 
supplies. The great challenge facing the world today is how to cope with the impact of economic growth on 
environmental processes. The World Commission on Environment and Development (1987), better imovn as the 
Brundtland Commission, defined sustainable development as "development that meets the needs of the present 
without compromising the ability of future generations to meet their own needs." 

Water is not only essential to sustain life, but it also plays an integral role in ecosystem support, 
economic development, community well-being, and cultural values. How all these values, which sometimes 
conflict, are to be prioritized, which are to be sustained, and in what fashion, are still unresolved questions (Gleick 
et al., 1995). The concept of sustainable development is intended to provide a framework within which the 
environment can be properly managed to support economic development while providing adequate resources for 
the future. This has lent weight to arguments for proactive rather than reactive environmental policies. However, 
although progress has been made in defining the goals of sustainable development, the mechanisms to bring alx)ut 
these changes are still a matter of debate. The challenge of our times is to turn the principles of sustainable 
development into achievable policies that lead to concrete change. Science can assist by exploring the 
implications of different interpretations of sustainability. Although science cannot say that one particular 
interpretation is the "correct" one for society, sustaining solutions will have to be based on fundamental 1;. sound 
hydrologic analyses and related technology. 

Hydrologic fundamentals underlying safe yield and ground-water depletion 

To protect ground-water supplies from overexploitation, state and local agencies in Kansas and other 
states enacted regulations and laws based on the sustainability concept of "safe yield" (Sophocicous. 199h. Site 
yield is commonly defined as the attainment and maintenance of a long-term balance between the :u:,ount of 
ground water withdrawn annually and the annual amount of recharge. 

Therefore, safe yield allows water users to pump only the amount of ground water that is reF. itishcd 

naturally through precipitation and surldce water seepage, generally known as natural recharge. But over c bug 
term under natural or equilibrium conditions, recharge to an aquifer results in an equal tunount of \vaer being 
discharged out of the aquifer into a stretun, spring, or seep. Consequently, if pumping equals rcch:re, the 
streams, marshes, and springs eventually dry up (Supluocleous and Sawin, 1997). Continued pumping iii :.ecss 
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recharge also will eventually deplete the aquifer. This is what happened in several locations across the Great 

I 	
Plains of the USA (Sophocleous, 1998c). Probably the best-known example is the Ogallala or High Plains 
aquifer, where declines of more than 30 in are common in parts of Texas, New Mexico and Kansas (Gutentag et 
al., 1984). Maps comparing the perennial streams in Kansas in the 1960's to those of the 1990's show a marked 

I 	
decrease in kilometers of streamfiow in the western third of the state (Sophocleous, 1998a). 

To better understand this depletion, a thorough knowledge of the hydrologic principles (concisely stated 
by C.V. Theis in 1940) is required. Under natural conditions, prior to development by wells, aquifers are in a state 
of approximate dynamic equilibrium: over hundreds of years, wet years in which recharge exceeds discharge 

I 	
offset dry years when discharge exceeds recharge. Discharge from wells upsets this equilibrium by producing a 
loss from aquifer storage; a new state of dynamic equilibrium is reached when there is no further loss from 
storage. This can only be accomplished by an increase in recharge, a decrease in natural discharge, or a 

combination of the two. 

I Consider a stream-aquifer system such as an alluvial aquifer discharging into a stream. (Please note that I 
use the t ertn "stream" in the broadest sense of the word; the issues, approach, and results also apply to rivers, - 
lakes, ponds, and wetlands.) A new well drilled at some distance from the stream and pumping the alluvial aquifer 

I 	
will cause a cone of depression to form. The cone will grow as water is taken from storage in the aquifer. 
Eventually, however, the periphery of the cone will arrive at the stream. Then a difference will be produced 

between the head of the water in the stream and the head just inside the edge of the cone of depression. \Vater 
will either start to flow from the stream into the aquifer or cease to flow from the aquifer into the stream. The 

I 	cone will continue to expand with continued pumping of the well until an equilibrium is reached in which induced 
recharge from the stream balances the pumping. Because the stream is the source of recharge, the cone will 

expand until its periphery along the stream is long enough, and the head gradient is sufficient, to cause flow from 

I 	
the stream into the cone that is equal to the rate of pumping from the well. 

The length of time, t, before an equilibrium is reached depends upon the aquifer diffusivity, which is a 
measure of how fast a transient change in head will be transmitted throughout the aquifer system (and is expressed 
as the ratio of aquifer transmissivity to storativity, T15'), and upon the distance from the well to the stream, a. 

I
Once the well's cone has reached an equilibrium size and shape, all of the pumping is balanced by flow 

diverted from the stream. Eventually there is no difference between a water right to withdraw ground water from 
the well, as described, and a water right to divert from the stream at the same rate. A crucial point, however, is 

I 	
that before equilibrium is reached (that is, before all water is coining directly from the streurI), the two right are 
not the same (DuMars et at, 1986). Until the perimeter of the cone reaches the stream. the volume of the cone 
represents a volume of water that has been taken from storage in the aquifer, over and above the subsequent 
diversions from the river. It is this volume that may be called ground-water depletion. 

I
Thus, ground-water sources include ground-water storage and induced recharge of surface water. In 

contrast to natural recharge, which refers to water that moves through the ground water svstemn under the 
boundary conditions imposed by natural topography, geology, and climate, induced recharge is surface water 

I 	
added to the natural ground-water system in response to such artificial boundary conditions as those imposed at 
well-fields, drains, recharge basins, or reservoirs. The timing of the change from storage depletion (or mnining) to 
induced recharge from surface water bodies is key to developing water-use policy (Balleau, 1988). 

The shape of the transition curve from storage depletion to induced recharge for a two-dimensional. 

I 	
homogeneous and isotropic system is shown in fig. liii nondimensional form based on Glover's (1974) analytical 
solution and tabulation, where the percent of ground-water withdrawal derived from ground-water storage is 
plotted against dimensionless time. This general shape of the transition or growth curve is retained in s>stcms 

I 	
with apparently different boundaries and parametric values (Balleau, 1988). The rate at which dependence on 
ground-water storage (as shown at the left portion of the graph) converts to dependence on surface v. ater 

depletion (as shown on the right portion of the graph) is highly variable and is particular to each case. 
The initial and final phases of the growth curve (fig. 1), representing mining on the left and induced 

I 	
recharge on the right, are separated in time by a factor of nearly 10,000. This means that full reliance on indacct 
recharge takes an extremely long time. The distinct category of ground-water mining depends entirely upon the 
time frame. All ground-water developments initially mine water and ultimately do not (Balleau. 1988). 

I 
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Figure 1. Transition of sources of water to wells from reliance upon ground-water storage to induced 

recharge of surface water. Sec text for notation used. 

Liniitations of safe yield 

The concepts of safe or sustainable yield are often associated with a single-product exploitation goal—
the number of trees cut, the number of fish caught, the volume of water pumped from the ground or river, year 
after year, without destroying the resource base. But experience has shown, over and over, that a single-product 
goal is too narrow a definition of the resource, because other resources inevitably depend on or interact with or 
flow from the exploited product. We can maximize our so-called sustainable yield of water by drying up our 
streams—but when we do. we find that the streams were much more than just containers of usable water. 

The conventional safe yield approach is ambiguous, limited, and restrictive (Sonh(cieous, 1997). Anr 

change in conditions, such as changes in vegetation, land use, urbanization, location of pumping wells, or 
incorporation of new water supplies would require calculation of a new yield. Clearly, no unique and constant 
value can be attached to safe yield. The term is also limited because of its failure to address impacts of ground-
water exploitation on related surface water and on the aquifer's natural discharge areas, which might be outsmdc 
the area of development. 

The failures and unintended consequences of conventional and safe-yield approaches to watcr 
management provide some of the strongest incentives for retiring the concept. Such failures can ha' 
consequences ranging from local to global (Sophocleous et al., 1998). 

For example, ground-water pumping has dried up or threatened numerous reaches of haseflow-dependcit 
streams, wetlands, and suhirrigated land—with many examples found in Kansas along the fringes of the High 
Plains aquifer, and in other states. 

Irrigation has contaminated the land in many areas. Increases in consumptive water use leave behind tln 
salts dissolved in the water. For example, irrigation drainage water contaminated the ponds at Kesterson NationaJ 
Wildlife Refuge in California with toxic levels of selenium (NRC, 1989). Saline water from irngation return 110'. 
into the Upper Arkansas River basin now threatens the ground-water resources of the alluvial and Ogallala 
aquifers in Kansas. The Kansas Geological Survey (Whittemnore, 1995) is now embarked on a multi-year study a 
analyze the impact of Arkansas River salinity on the underlying alluvial and Ogallala aquifers in western KansaS 
resulting from irrigation return flow in Colorado. 

Part of water's role in the natural cycle is the transport of sediment, which it does best during flx)ds. A 
streamfiows are reduced and controlled, the sediment loads are not flushed; they gradually till reservoirs, seal Ott 

stream channels from the alluvial aquifers—arid starve the downstream deltas. 
Whole regional ecosystems change and disappear with large-scale water development—the Gulf 

California has changed from an estuary to it marine lagoon as the Colorado River has been dried up 	utric;t 

runoff from the central U.S. has changed the ecology of the area surrounding the moUth of the slississippt and L 

to 	the hypoxia problem in the Gull of Mexico we witness today ( Rabalao' ct al 	1 9i 

I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
Hvdro1oic basis for around-water planning polic 

The effects of ground-water development that concern policy-makers are primarily aquifer drawdown 
and surface-water depletion. Both are fundamentally related to pumping rate, aquifer dillusivity, location, arid 

I 	
time of pumpage. The natural recharge rate is unrelated to any of these parameters. Nonetheless, natural recharge 
is often used by policy-makers to balance ground-water use, based ostensibly on a steady state. As Balleau (1988) 
pointed out, public purposes are not served by adopting an attractive fallacy that the natural recharge rate 
represents a safe rate of yield. 

I
A suitable hydrologic basis for a ground-water planning policy aimed at determining the magnitude of 

possible development would be a curve similar to the transition curve we saw earlier, coupled with a projected 
pattern of drawdown for the system under consideration (Balleau, 1988). The level of ground-water development 

I 	
is calculated using specified withdrawal rates, well-field locations, drawdown limits, and a defined planning 
horizon. 

Since the 1980's, three-dimensional numerical models of the complete stream-aquifer hydrogeologic 
system have been used for water-rights purposes. These models provide a predictive tool explaining the 

I 	
connection between well-field withdrawal and surface-water depletion at particular sites. Ground-water models 
are capable of generating the transition curve for any case by simulating the management or policy alternatives in 
those terms. Specified withdrawal rates, well distribution, and drawdown of water levels to an economic or 

I 	
physical limit are used in the model to project the sources of water from ground-water storage and from surface- 
water depletion throughout the area of response. The area of response is not known in advance of such a 
projection. A planning horizon must be defined to assess which phase of the transition curve will apply during the 
period of the plan. The withdrawal rate selected in this way relies first on aquifer storage and secondly on the 

I 	
potential for induced recharge. The plan can contain explicit physical and economic limits on drawdown and 
induced recharge rates, but the analysis is unrelated to the initial natural recharge. 

I
Evolving Sustainability Concepts  

Over the past several decades, the concepts underlying management of water resources have gradually 
led to a recognition that nature is characterized by chance and randomness, that natural systems are inherently 

I 	variable, patchy, and often require disturbance to persist (Meyer, 1993). The management implication of these 
realizations is that we must manage for change and for complexity. This approach dictates management in the 
context of the ecosystem 

I
So, the next level of sustainable yield addresses the sustainability of the system 

the marin 	

- not just the fish, but 
e food chain; not just the trees, but the whole forest; not just the ground water, but the running streams, 

wetlands, and all of the plants and animals that depend on them (Sophocleous et al., 1998). Such an approach, 
although worthwhile, is fraught with difficulty. We cannot use a natural system without altering it, and the more 

I 	intensive and efficient the use, the greater the alteration. How much is too much? What are the central 
characteristics that must be preserved or sustained? And is there any way to answer these questions before it is 
too late? This is the crux of the sustainability problem—even if we care about the next generation, do we permit 

I 	
things that cannot be proven dangerous or forbid what cannot be proven safe? 

Science will never know all there is to know. Science is a process, not an end point. Rather than 
allowing the unknown or uncertain to paralyze us, we must apply the best of what we know today, while 
providing sufficient management flexibility to allow for change and for what we don't yet know. 

I eq

The need to manage ground-water resources as an integral part of overall available water resources and 
in recogn ition of their place in the uilibrium of the natural environment is better understood today by scientific 
experts and water-resource managers. Integrated resource planning has recently emerged as a tool for total water 

I 	
management, "assuring that water resources are managed for the greatest good of people and the environment and 
that all segments of society have a voice in the process" (AWWA, 1994). This concept of enlightened 
management, which in the past has eluded those directly or indirectly involved in the day-to-day management 
operations of ground water, is now taking hold in Kansas and other states. 

I Re-evaluation of safe yield policies in Kansas 

I
The "safe yield" water management program in Kansas attempts to balance ground-water appropriations 

in a pred elined area around a proposed point of diversion, such as an irrigation well, with an estimate of recharge 
for that area, which is delimited as a circular area of 3.2-kin radius around the point of diversion. If the total 

I 	
quantity of permitted and proposed pumpage within the 3.2-kin circle does not exceed the average annual 
recharge estimated for that circle, mid if some well-spacing requirements are satisfied, then a water appropriation 
permit is granted. Otherwise it is rejected. However, such policies did not stop ground-water-level arid sircauritlow 
declines. 

I 
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As a result of the failure of the so-called "safe yield" policies of the Kansas ground-water inaliageinelit 
districts (GMD's) to prevent declines in ground-water levels and sireamfiow, the central Kansas GMDs have 
recently (early 1990's) reevaluated their "safe-yield" policies. They have moved toward conjunctive stream-
aquifer management by amending their "safe yield" regulations to include baseflow (that is, the natural ground-
water discharge to a stream) as ground-water withdrawals along with regular water-permit appropriations when 
evaluating a ground-water permit application. 

The concept is to prorate the baseflow to a series of phantom wells, known as "baseflow or stream 
nodes" located on the stream centerline at 0.4-km intervals (the GMD's well-spacing requirement), each having 
an annual quantity of water assigned to it equal to its prorata share of the estimated baseflow. If there are such 
nodes in a standard 3.2-km circle from a proposed point of diversion, such as an irrigation well, they are each 
treated as water rights for purposes of determining whether or not a new application should be approved. 

The Division of Water Resources and the Kansas Water Office also are attempting to develop a 
comprehensive basinwide-management program in areas of Kansas with significant water problems. The 
approach taken is that of the watershed ecosystem, recognizing that streams are the products of their drainage 
basins and their associated aquifers (or ground-water basins), and that to understand and model such stream-
aquifer interactions, it is necessary to understand the flow paths within the surface- and ground-water basins 
associated with the stream. The Kansas Geological Survey was also involved in this program with responsibilities 
in developing and applying integrated watershed and ground-water models (Sopliocleous et al., 1999; Perkins and 
Sophocleous, 1999). Close consultation and cooperation with the local district, irrigators, and other interested 
parties are integral parts of this program. 

Concluding Comments 

Ground-water management cannot be conceived of separately from management of surface waters. 
Because of the interdependence of surface and ground water, operations on any part of the system have 
consequences for the other parts. The impact of ground-water development on streams is highly variable. The 
management category of minahie water may be a reasonable one to apply to well-field areas that would not 
progress beyond the earliest stages of the transition from storage depletion to induced recharge within a 
reasonable planning horizon. Thus, wise management of water resources needs to be approached both from the 
viewpoint of focusing on the volume and quality of water resources available for sustainable use, and from the 
impact of ground-water exploitation on the natural environment, including ground water, surface water, and 
riparian ecosystems. 

Our understanding of the basic principles of soil and water systems and processes is fairly good, but our 
ability to apply this knowledge to solve problems in complex local and cultural settings is relatively weak (NRC, 
1991). Communication is vital. We need people who can transfer research findings to the field and who can also 
communicate water users' needs to the researchers. Our education system has mostly failed to stress the 
importance of sustainability in water-resources management. As Balleau (1988) commended, "Hydrology as a 
science has not been markedly successful in communicating its basic principles, such as mass-balance," especially 
in stream-aquifer systems. A water-policy study team (DuMars et al., 1986) advising the New Mexico Legislature 
concluded that "This concept and its ultimate impact on the environment ... is little understood by hydrologists 
and lay people alike." A strong public-education program is needed to improve understanding of the nature, 
complexity, and diversity of ground-water resources, and to emphasize how this understanding must form the 
basis for operating conditions and constraints. Such long-time education program needs to be supported by 
research and technical assistance in order to resolve both local and regional problems. This is the only way to 
positively influence, for the long term, the attitudes of the various stakeholders involved. 
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I
ABSTRACT 

In accordance with the nationally adopted principles of ecologically sustainable development, the NSW Government 

I 	
is reforming the management of the State's groundwater resources. In the first instance, this has involved the 
development of a State Groundwater Policy. Policy principles relate to three core objectives: to manage the quantity 
of the resource sustainably; to protect its quality, and; to protect significant groundwater dependent ecosystems. The 
policy recognises the financial constraints on groundwater management activities, and as such adopts a risk 

I
management approach to prioritising management effort. 

This paper outlines the process of policy development, as well as the specific principles contained within the policy 

I 	
documents. It explores the mechanisms for the practical implementation of the policy principles, with particular 
emphasis on the role of local, community based "Groundwater Management Committees". It also describes a 
number of important tools used to assist both groundwater managers and the community to manage their local 
resources, including vulnerability mapping, and monitoring. 

I 1.0 INTRODUCTION 

I 	
In NSW, there is ample 'evidence that Aboriginal people used groundwater before Captain Cook and his crew 
stepped ashore at Botany Bay in 1770 and dug a well in the sand for drinking water. From the earliest European 
settlement until the middle of this century, groundwater extraction has primarily been for stock and domestic 

I 	
purposes. From the 1950s until the mid 1990s the emphasis changed to locating and extracting groundwater for a 
wider range of purposes dominated by the need to fulfil irrigation requirements. Management effort, therefore. as 
focussed on managing groundwater quantity. 

I 	
There are over 75,000 licensed bores in NSW, extracting some 1,000,000 ML of fresh water annually. Groundwater 
is an important resource for town water supplies (130 towns), irrigation, industry and stock and domestic purposes. 
The State's aquifers are coming under additional pressure now to meet increased development demands, as the 

I 	
capacity of surface water has reached its limit, in most parts of the State. 

The history of groundwater development in the State reveals a century of resource development, with a history of ad 
hoc and reactive policy formulation and implementation. Until the last decade, government had focused on 

I 	
managing groundwater abstractions, with little attention paid to groundwater contamination, or the impacts of 
groundwater management on dependent ecosystems. 

I

1.1 Legislation 
The right to control groundwater use in NSW is vested in the State under the Water Administration Act 1986. This 
means that the groundwater underlying land is not owned by the landowner. Groundwater is a resource managed by 

I 	
the State, on behalf of the community. 

The Minister's functions are largely exercised by the NSW Department of Land and Water Conservation (DLWC). 
The Department licenses private users and local councils to use groundwater under the Water Act 1912. The 

I

Department has the right under the Act to apply management charges to all groundwater extractors. 

The protection of groundwater from contamination is primarily governed by the Protection of the Environment 
Operations Act 1997, and the Environmental Offences and Penalties Act 1989, which make ifan offence to pollute 
waters, including groundwater. The Environment Protection Authority (EPA) administers these two Acts. 

I 
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2.0 BACKGROUND 

Many of the States aquifers have large volumes of water held in storage but only a relatively small amount of annual 
recharge. A policy decision was taken in 1983, after a decade or more of rapid groundwater development, to allow 
some limited mining of groundwater storage. One third of the volume of water held in storage was allowed to be 
progressively removed over a 30 year period. This would leave two thirds of the water held in storage in perpetuity. 
After the one third of storage was removed, groundwater extractions were to be reduced to the long-term average 
annual recharge of the system (called safe yield). This approach, although good for short-term development, has 
resulted in several major aquifers now being over allocated and requiring allocations be reduced to the sustainable 
yield (SY) of the system. 

Groundwater systems vary in their level of development around the State. Most, but not all, of the high yielding, low 
salinity alluvial aquifers, such as occurs in the Namoi, lower Gwydir, lower Macquarie, lower Lachlan, lower 
Murrumbidgee and lower Murray valleys, are extensively developed and require a high level of management. At the 
other end of the spectrum there are still many aquifers that are only lightly developed and require little active 
management other than applying licensing rules to regulate extraction and use. 

Figure 1 below shows that in management terms aquifers can be categorised into 4 types in relation to development 
and SY: 

Type I has a very small amount of water allocated and usage is smaller again 
Type 2 is under allocated and under used 
Type 3 is over allocated and but under used 
Type 4 is over allocated and over used 

Total 
Recharge 

nvironmental 
rO VISOfl 

Sustainable 
Yield 

Allocation 

Usage 0 

Type 1 	Type 2 	Type 3 	Type 4 

Managoment Effort 

Low 	
High 

01 

Figure 1 Relationship between Aquilèr Management Categories and sustainable yield 

3.0 POLICY CONTEXT 

In the 1990's important changes have been made to the way water policy was made in Australia. 
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3.1 National Water Reforms 
In 1994 the Council of Australian Governments (COAG) announced a Water Reform Framework Agreement for 
the management of the nation's water resources. The COAG reforms cover: 

Sustainable use of water resources; 
Provision of water for the environment; 
Pricing of water resources - to achieve full cost recovery by 2001: 
Establishment of water transfer markets; and 
Separation of operator and regulator functions in water resource management. 

COAG did not deal with groundwater in detail in the 1994 Agreement although there is a general acceptance that it 
was inferred in the agreement. It asked the Agricultural and Resource Management Council of Australia and New 
Zealand (ARMCANZ) to further investigate and report on groundwater. Two documents were prepared: Towards a 

National Groundwater Management Policy and Practice (November 1995), and Allocation and Use of Groundwater 
- A National Framework for Improved Groundwater Management in Australia (December 1996). This latter 

document makes 12 recommendations for groundwater reforms, against which each State/Territory will be audited. 

3.2 State Water Reforms 

Water reform initiates in NSW, announced in 1995 and in 1997, have focused on delivering the COAG 
recommendations. Particular attention has been paid to pricing of water resources, environmental provisions, the 
development of transfer markets, and the establishment of community/government partnerships to guide water 
resource management decision making 

Below is an outline of the groundwater initiatives foreshadowed in the reform announcement. 

3.3 Groundwater policy 

State Groundwater Policy 
Framework Document 

(released 1997) 

I 'Groundwater (<)i'.alitv 
l'rotection lo1icv 
(re1eaed 199$) 

iroundwa1er Quantity 	Groundwater Dependent 
Management Policy 	 Ecosystems Policy 

(draft stage) 	 (research stage) 

The NSW State Groundwater Policy Framework Document provides a clear NSW government policy direction on 
the ecological sustainable management of the State's groundwater resources. It guides the decision-making of State 
and local governments, as well as landholders in their management and use of groundwater. It sets out management 
objectives and principles which should be followed to achieve the State's goal for groundwater management: 

To mwiage the State's groundwater resources so that they can sustain environment, social and 
economic uses for the people of NSW. 

The quantity and dependent ecosystems policy are expected to be finahised by end 1999. The following draft 
principles for groundwater quantity management are still being negotiated. When finahised the Quantity 
management Policy will guide key groundwater licensing,entitlement and allocation management decisions. 

Groundwater quantity should be managed in such a way that the availability of the resource is 
sustained for future generations, and that ecological processes remain viable. 

2 Where necessary, in systems which are currently over allocated, entitlements will be adjusted to 
match total entitlements to the sustainable yield 

3 All works which access groundwater, including bores and wells used for stock and domestic 
purposes, are required to be licensed. 
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I 
4 In systems that are not fully allocated,within sustainability limits, groundwater entitlements will 

be granted once the water needs of the proponent have been fully accessed. 
5 Groundwater entitlements, other than for low yielding stock and domestic purposes, will be 

specified an as annual volume available for extraction. 
6 All groundwater extractions, other than those authorised under low yielding stock and domestic 

licenses, are required to be metered 
7 No further conjunctive use licenses will be issued. Existing conjunctive use licenses will be split 

into separate groundwater and surface water licenses. 
8 Sufficient monitoring of groundwater levels and quality will be undertaken to provide the basis 

for confirming or adjusting entitlement and usage management strategies. 
9 Permanent and temporary transfer of groundwater will be permitted within sustainability 

constraints. No inter-aquifer transfers will be permitted. 
Groundwater allocations and extractions should be managed in such a way that they do not cause 

0 unacceptable local impacts, but allow the resource to be utilised optimally. Unacceptable impacts 
will be defined for individual groundwater systems on advice from the relevant groundwater 
management committee. 
Water quality changes resulting from groundwater pumping should not cause a change to the 
beneficial use of the groundwater system. 
Significant groundwater dependent ecosystems should be protected, and the interrelationship 

2 between surface and groundwater managed to achieve this 

3.4 Aquifer risk assessment 	 I A risk assessment and classification of the State's major aquifers was completed in 1998. Each aquifer was 
classified as being at "low", "medium" or "high" risk of over extraction and/or contamination, based on a number of 
assessment criteria. 	 I 
This process established a basis for setting management priorities, so that limited resources could be directed to 
systems where they can do the most good. The assessment identified 36 "high" risk aquifers - 32 at risk from over-
allocation and 4 from contamination. 

Aquifer classification will be re-evaluated every five years to give a State wide indication of the success and 
appropriateness of management strategies. 	 I 

3.5 Management committees 
Groundwater management committees have been established for the aquifers which are most stressed from over-
extraction. These systems are mostly inland and associated with the major rivers. The committees are working in 
partnership with government to develop a groundwater management plan, which will be the basis for aquifer 
management over a 5 year period. 

Where there is a high degree of connectivity between surface water and groundwater, joint river/groundwater 
management committees - 'water management committees' - are being established. 

For aquifers which do not have committees, an upper limit to development will be determined and licensing, 
monitoring and other measures put in place to ensure that they do not creep into the high risk category. 

4.0 SUSTAINABLE GROUNDWATER MANAGEMENT 

In practical terms sustainable groundwater management means managing the groundwater resource at two scales, 
regional and local. Regional scale management requires that total water allocations do not exceed the SY of the 
aquifer. Local management operational rules are equally important and are required to limit groundwater pumping 
impacts to an acceptable level. Groundwater management committees have a large role to play in negotiating an 
adequate environmental provision and thus the proportion of recharge available for extraction from an aquifer and in 
also determining what is acceptable pumping impacts between the different user groups (including the 
environment). 

I 
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4.1 Environmental provision 
A policy decision was made as part of the 1997 Water Reforms to set a default SY at 70% of long term average 
annual recharge for all groundwater systems in NSW, thus making an environmental provision of 30% of recharge. 
A proviso was added that the size of the environmental provision could be modified by a groundwater committee. 
Likewise the government may vary from this default value in aquifers where a committee is not operating, when 
there are special environment circumstances. 
Figure 1 shows the relationship between recharge, environmental provision and sustainable yield. 

4.2 Conjunctive Use licenses 
The original intent of conjunctive use licences was to provide drought security to water users in regulated river 
systems. When there is a reduction in surface water allocation, which is normally during dry conditions, conjunctive 
users make up the shortfall with groundwater. The make-up amount varies from system to system. 

With further restrictions on surface water extractions in the Murray-Darling Basin, there has been an increasing use 
of conjunctive groundwater to make up the shortfall in surface flows - a problem in groundwater systems where 
usage equals or exceeds sustainable yield. It was untenable to allow a continual creep in access to groundwater, 
particularly in management areas where groundwater allocations and usage have to be reduced to achieve 
sustainability. 

In 1997 it was decided that no new conjunctive licences would be issued and existing conjunctive use licences 
would be replaced with separate surface and groundwater licences. 

A methodology is proposed for splitting existing conjunctive licences into separate surface and groundwater 
entitlements. It is intended that this methodology be applied statewide. 

It is proposed that users will keep their full surface water allocation, and that the amount of groundwater they 
receive will be equivalent to their long- term average annual groundwater access under current levels of 
development and environmental rules. 

4.3 Volumetric Conversions 
High yielding groundwater licenses issued prior to 1972 were issued in perpetuity and were not restricted in the 
volume of water that could be extracted. From the period 1972 to 1983 renewable licenses were issued (generally 5 
years) and irrigation licenses were restricted in the area that could be irrigated. After 1983 all high yielding licenses 
issued were renewable and had a maximum annual extraction volume written on the license. 

Conversion of all old licenses to a volumetric basis coupled with metering of all water use, other than for stock and 
domestic purposes, is required so that the groundwater budget can be balanced. 

4.4 Reductions in allocation 
In groundwater systems that are over allocated, reductions in water entitlements will have to be made. 
Groundwater management committees will try to find a local solution to this issue through discussion and 
negotiation with all parties. If the issue is not resolved then government will decide how reductions are to 

be made. 

The splitting of conjunctive use licenses and conversion of area based licenses to an annual volume 
should occur prior to any reductions so that all types of users are treated the same during the reduction 

process. 

After lengthy discussions with groundwater pumpers there are essentially two methods for making 

I 	reductions 
1. 	Treat all license holders the same and apply across the board reductions or 

I 	
2. Give positive weighting to those who have a large history of use. 

Any reductions should ideally be phased to allow groundwater purnpers time to adjust to the changes and 
be accompanied with flexible carryover and borrowing rules in addition to trading rights. 

I 
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I 
4.5 Access Restrictions 

There will be circumstances when additional restrictions over and above the annual amount of water that 
can be taken will is necessary. Situations may include but not be restricted to; severe droughts, pollution 
events, emergencies or the 	protection 	of existing groundwater users (including the environment). 
Responses will vary depending on the circumstances but may include restrictions on the amount of water 

that can be pumped daily if at all. 

5.0 TOOLS FOR SUSTAINABLE GROUNDWATER MANAGEMENT 

5.1 Licensing 
All water supply bores and monitoring bores are required to be licensed under the Water Act. A volumetric 
allocation is assigned to each bore. All new licenses and water transfer applications are subjected to environmental 
assessment as defined in the Environmental Planning and Assessment Act 1979. 

5.2 Embargoes I Once the sum of all allocation entitlements in a groundwater management area (GWMA) reaches the SY, an 
embargo on the issue of further entitlements is announced so as to prevent over allocation occurring. The embargo 
should cover the whole of the GWMA. Figure 2 shows the location of embargoed areas in NSW. 
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Figure 2 Embargoed areas in NSW 

5.3 Trading rules 
In groundwater systems, which are embargoed, new or expanding users will need to pLirchase entitlements from 
existing users if they wish to access groundwater. 

A set of transfer rules have been developed and are currently under consideration. It should be emphasised that the 
proposed rules are interim. 	Fhe Iroposed  rules are not intended to provide a mature and efficient market system. 	It 
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is envisaged that more definitive market rules will be established once a final decision is made on the form and 
content of any new water access and use rights system. In this regard, the interim rules need to be as simple as 
possible, so that they can be adapted if and when a new access and use rights system emerges, without establishing 
any fundamental inequities. 

The interim permanent transfer rules will only apply until management committees decide upon and implement a 
preferred approach to the treatment of unused entitlements and develop more robust trading rules. 

5.4 Water charges 
Groundwater management charges have been in place since 1995/96. The level of charges is set by the Independent 
Pricing and Regulatory Tribunal (IPART) to reflect the level of management that occurs in an aquifer. It is the 
intention to have full cost recovery by 2001. The government exempts stock and domestic users from charges. 

5.5 Groundwater vulnerability maps 
Regional mapping of groundwater vulnerability to pollution is well advanced with 4 regional maps complete and 
full state coverage due for completion by 2003. These maps will provide a planning tool to be used by local 
authorities when making landuse planning decisions that have the potential to contaminate groundwaters. 

5.6 Property plans 
Property plans are an important tool in accessing water use efficiency and potential environmental impacts 
associated with new entitlements or water transfers. 

6.0 CONCLUSIONS 

There appears to be general agreement in the community that managing groundwater for both the present and future 
generations and providing some water for the environment is the basis for sustainable resource management. There 
is not however agreement on the fairest way to reduce allocations in those systems that are over allocated. The 
partnership approach between government and the local community to find solutions through groundwater 
management committees is a process where all stakeholders can input to the solution. 

The technical validity of sustainable yield calculations is a concern to some stakeholders as it is derived in part from 
a relationship to long term recharge of the aquifer. It is not possible to accurately determine recharge without long 
term monitoring of groundwater behaviour, research into recharge processes and using predictive groundwater 
models. It is necessary therefor that all groundwater management plans are adaptive to new information and put in 
place a process that collects the necessary information to reduce knowledge gaps. 
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Prioritising Management Directions, Determining Sustainable Yields 

and Implementing Sustainable Management Practice I 
of Groundwater Resources in New South Wales, Australia 

Joseph Ross and Nicholas Gartrell 1 NSW Department of Land and Water Conservation, Australia 

Abstract 
Water resource management in NSW has undergone a rapid change in recent years. The State has moved beyond its 
development phase and has been set on 	a course toward 	sustainable 	use of all 	water resources. 	including 
groundwater. with explicit provision of water for the environment. 	The capacity of surface water to meet usage 
needs has reached its limit and increasing pressure is being placed on the State's aquifers. 	In the past. policy 
promoted groundwater development and allowed over-extraction in some systems. 	For example. in the Namoi. a 
policy decision was formulated with the water users to exceed the long term average recharge. but for a finite terni. 

Clearly. groundwater management responses in areas of over-extraction must 	include bringing use 	back 	to 
sustainable levels. In other areas, groundwater management has to adapt to working within the finite limits set by the 
goal of sustainability. 	Applying a comparatively rapid shift in management style to an area as large as New South 
Wales, where the use of groundwater is widespread, requires a careful and strategic approach. 	"How to prioritise?" 
and "how to establish acceptable entitlement and usage limits on aquifers in a relatively short period of time?" are 
two questions that most characterise the exercise. 

The NSW Government has initiated the process of change with two linked projects. 	The first of these has involved 
classifying major aquifers (or groups of aquifers) within the State according to risk. 	This risk was assessed through 
the consideration of volume of entitlements and usage, water quality and threats, and the perceived presence of 
significant groundwater dependent ecosystems. This first project has then been used to prioritise management effort 
in making groundwater extraction sustainable. In the estimation of sustainable yield (the second project). those 
aquifers classified as "high risk" were given the highest priority and have been determined first. 

The sustainable yield of a groundwater system has been calculated as a percentage of the long term average annual 
recharge. 	A default value of 70%  of this recharge has been assigned as the sustainable yield figure where a more 
scientifically 	derived 	value 	is 	not available. 	This figure can be 	reassessed 	to 	reflect 	better 	information 	on 
environmental requirements. or changing community priorities, as expressed through Groundwater Management 
Committees. 

In recognition that full scientific understanding of the State's groundwater resources may take years or decades to 
achieve, and that management needed to change relatively quickly, the approach taken has been to do a rapid 
analysis based on existing information. 	This has established an effective starting point and framework for the 
assessment and adjustment of resource allocation that supports the principle of sustainable management. 

This paper outlines these rapid assessment methodologies, their benefits and limitations. 	It also proposes a pathway 
and actions to develop more robust estimates of sustainable yield over time, within the context of a risk assessment 
and risk management approach for the groundwater resources of NSW. 

1. INTRODUCTION 
The NSW Government followed its August 1997 Water Reforms announcement with a systematic 

assessment of the State's aquifers. This was a two stage process: stage one being categorising aquifers 

according to risk (DLWC, 1998): and stage two, the calculation of sustainable yields (DLWC, 1999). 

The risk classification prioritised groundwater systems according to the need for active management 

responses. The second stage directed management responses (in this case, sustainable yield 

determinations) in line with the prioritised list (ie. high risk aquifers first.). 	 I 
As groundwater's contribution to the maintenance of particular ecosystems has become more apparent, 

the necessity to consider environmental requirements has become a reality. This substantially 

complicates groundwater management. Although an ecosystem's dependence upon groundwater might 

be able to be established, the dynamics of this dependence and its quantification is difficult to ascertain. 

Additionally, a dramatic increase in extractive use of the resource has occurred in recent history and this 

further increases the necessary level of management. 



I 
The style of management applied in an early "development" phase is not appropriate for when the level 

I 	
of resource usage (or commitment) approaches the limits of sustainability. As limits approach, a much 
more thorough knowledge of the resource is required for effective management. This comparatively 
quick shift in both the usage / allocation pattern of groundwater resources and management philosophy 
has required a corresponding rapid implementation of policy changes. Any delay in moving toward 

I 	sustainability in the present will create future problems in the management of the State's groundwater 
resources. 

This approach is seen to be the most timely and effective way of attaining sustainability in management. 

I 	However, the increasing demand for groundwater and the accompanying change in the style of 
management necessitate close attention to the issue of equity, both within areas and between areas. 
Development of a consistent statewide approach to assigning priorities and establishing a single set of 

I 	interim development limits is important in trying to achieve this equity. The periodic review of 
sustainable yield estimates and the prioritising of core Departmental activities (eg. monitoring and 
metering) ensure the statewide approach does not overlook reflect local needs. 

I 	Completing the risk assessment and initial sustainable yield investigations for high priority aquifers in a 
short period of time in an area as large as New South Wales presented many challenges. Whilst rapid 
assessment is adequate to offer immediate protection to the resource in 'high risk' areas, the approach is 

I 	
dynamic and iterative, with ongoing refinement built in to the process. As subsequent, more thorough 
investigations are carried out, more finely tuned management constraints are applied to each groundwater 
system. Establishing reasonable estimates for sustainability is imperative. Establishing the precise 

I
boundaries of that sustainability can come with time. 

2. AQUIFERS AT RISK 

I 	As already mentioned, the aquifer risk assessment process classified groundwater systems according to 
their assessed level of risk from factors such as over-extraction and contamination, as well as the 
presence of groundwater dependent ecosystems. This classification guides both the management 

I 	
priorities and the application of policies, and recognises that not only environmental circumstances but 
also economic, social and equity factors vary significantly for each aquifer. It provides water users and 
the local community with clear information on the issues pertinent to each aquifer. A key outcome of the 

I 	
aquifer classification analysis is the prioritisation of aquifers for immediate management attention. This 
allows limited government resources to be directed to the areas where they will have the highest return. 

2.1 Methodology 
The methodology for the risk assessment was developed by the Department of Land and Water 
Conservation (DLWC) in close collaboration with the Environment Protection Authority (EPA). Advice 
was also sought from the NSW Groundwater Policy Working Group which includes farmer. 

I
environmental, local government and government agency representation 

2.1.1 Risk Assessment Criteria 

I
A key part of the process involved the establishment of criteria to be used to evaluate the risk level of 
each aquifer. Eight criteria were used to define the total risk to an aquifer system - see Table I. The 
criteria were given weightings to reflect the perceived relative importance of each. 

I 
2.1.2 Analysis Techniques 

I 	
The central tool used in the analysis is multi-criteria analysis computer software which allows the 
quantitative assessment of qualitative data. This is critical as much of the information available to 
complete the classification is based on scientific and technical judgements rather than numerical analysis. 

I 	
This approach is considered appropriate for a desk-top analysis such as this. As more quantitative data 
becomes available. Groundwater Management Committees will be able to re-evaluate the classifications. 
Figure 1 gives an overview (by area) of the results of the NSW aquifer risk assessment. 

I 
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Table I: Risk Assessment Criteria 

Criteria Comments Weighting 
(max 10) 

I 	Relationship between licensed This is an indicator of the risk of over-extraction of the 10 
water entitlements and the groundwater. It is most appropriate for the major alluvial 
sustainable yield of the aquifer aquifers and confined systems, but not as good for upper 

catchment alluvial aquifers which are free-draining, nor fractured 
rock aquifers. 

2 Local interference caused by This is an indicator of current stress of an aquifer caused by high 8 
pumping levels of extraction. 

3 Small or large flow systems This will reflect the ability of the aquifer to cope with stress - 4 

large flow systems that occur over many kilometres have greater 
capability to assimilate stresses. 

4 Vulnerability of the aquifer to This is an assessment of the physical characteristics of the aquifer 4 

pollution and its susceptibility to land use changes. 

5 Land use threats This reflects the actual land use threats in an aquifers catchment - 10 
from urban development, agriculture, ane industry. 

6 Proximity of poor quality water This reflects the potential for the aquifer to be polluted from 6 
that could be drawn in by over adjacent aquifers and connections between aquifers. 
pumping  

7 Water level rise and salinity This assesses the risk of an aquifer to rising watertable levels and 6 

trends salinity increases and is most applicable to surface aquifers. 

8 Dependence of surface This reflects both the potential for surface ecosystems to be 10 

ecosystems on groundwater contaminated by deteriorated groundwater quality and the 
flows potential for water losses from over-extraction 

2.1.3 Multi Criteria Analysis 

Multi-criteria analysis is a process to help rank a set number of options according to a defined set 
of criteria. It provides a structured, yet flexible approach to decision-making, using techniques 
that range from simple graphical methods to sophisticated mathematical programming. A 
significant outcome is that by systematically structuring the decision-making process, it makes the 
results clear and justifies the actions taken. 

1 	3. SUSTAINABLE YIELD DETERMINATIONS 

I 	
One of the most basic pieces of data required for sustainable management of a resource is the quantity of 
input to a system or "recharge". In the past, the quantity of recharge to an aquifer was accepted as an 
amount equivalent to the "safe yield" or quantity of water that could be removed from an aquifer on a 
sustainable basis. We now understand that the "sustainable yield" of an aquifer is almost always a 

I 	quantity that is considerably less than recharge to allow for adequate provision of water for the 
environment. Nevertheless, a sustainable yield figure is derived from a recharge determination and any 
sustainable yield study will usually involve the determination of recharge as a first necessary step. 

I 	Recharge calculations with "sustainability factors" applied to them act as interim sustainable yield 
figures. These "sustainability factors" are some proportion of long term annual average recharge. In line 
with the precautionary principle, sustainability factors are chosen according to the level of knowledge of 

I
an aquifer system, the level of resource use, the magnitude of perceived risk to that aquifer system and 
the environment, and the reliability of recharge to that system. "Sustainability factors" offer protection to 
the integrity of the groundwater system itself and ultimately all groundwater users including the 

I 	
environment and ensure that neither temporary nor permanent damage to the aquifer system results from 

overuse. 

I 
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Initial sustainability estimates are intended to be conservative as it is easier to adjust values upward than 
downward. Sustainable yield values can - and indeed will - change over time: firstly, as our technical 
understanding of the dynamics of individual groundwater systems is enhanced as a result of more 
rigorous investigation: and secondly, in response to changing community attitudes in natural resource 
management and economic realities. In short, this is a commencement of a continuous process of 
periodic "review and adjustment" of sustainable yield estimates. it follows therefore that a set of 
sustainable yield figures will reflect a level of understanding that exists at a point in time, and that 
Groundwater management committees may choose to change the sustainable yield factor to suit local 

conditions. 

3.1 Methodology 

Where rigorous numerical models have been developed and have resulted in the generation of acceptable 
recharge figures for high risk aquifers, these values have been adopted as acceptable for use in 
sustainable yield determinations. 

Most other high risk aquifers have not however been extensively modelled. In those systems, estimations 
of recharge have been developed from both rainfall and river sources. "Throughflow", "underfiow" and 
"irrigation returns" have in most cases been omitted from calculations in the interest of both simplicity 
and conservatism. More rigorous assessments were not within the scope, resources or timeframe of the 

exercise. 

3.1.1. Recharge and Sustainable Yield 
Rainfall recharge was calculated simply according to assessed rainfall, area and proportion of rainfall 
accessing the aquifer. This represents the total recharge to the system where the only input is thought to 
be sourced from rainfall. 

River recharge was assessed using a modified form of the "Darcy" equation that is used in the assessment 
of river recharge in the "Modflow" software package that models groundwater flow. The equation used in 
this calculation follows, where VrI is the theoretical" contribution of the river to overall recharge.: 

V11 =K*L*W *Afl 

M 
K = Hydraulic Conductivity; 
L = River reach; 
W = River width; 
M = Bed thickness (impedance factor; in practice 1,2, or 3); 

AH = Positive head driving flow. 

An additional factor "P" is applied to this result and is an "adjustment" factor intended to reduce the 
theoretical river recharge and is set as a) the fraction of the year and/or b). fraction of river reach - that 

is considered as a losing stream ". In this way an actual river recharge component is produced: 

Vr = VrI * P 

P = "the fraction of the river that is a losing stream": 

Vr is the volume taken as contribution of the river to aquifer recharge. 

Total recharge to systems that have both rainfall and river components to recharge is given by: 

Total recharge = rainfall recharge + river recharge 

The approach taken is sometime referred to as the 'expert panel approach', and is appropriate where 
detailed natural resource knowledge is lacking. It is important to keep in mind that assumptions have 
been made, and there is an error band associated with the results. Subjectivity and the choice of arbitrary 
terms of assessment is not new and indeed is very much a part of computer groundwater modelling. 
However, it must be remembered that the precise results produced by the modelling can have a degree of 
inaccuracy built in through assumptions and the choice of these arbitrary terms of assessment. 

Coastal Sands and Fractured Rock aquifers were assessed on rainfall input only. Most alluvial systems 
were assessed on both rainfall and river recharge components. The exceptions are those systems that 
have been modelled and where recharge figures derived from those models are considered acceptable. 
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I 
All recharge figures have subsequently had "sustainability factors" applied to them in the derivation of 
corresponding sustainable yield determinations. 

It is important to bear in mind the purpose of this exercise was not to produce figures that represent an 
absolute value for sustainable yield. It was rather, to offer initial reasonable estimates that provide 
protection to the resource without delay and form a good starting point from which to refine sustainable 

yield determinations over time. 

4. BENEFITS AND LIMITATIONS OF APPROACH 
As in any exercise of this nature, there are advantages and disadvantages to the approach applied. The 
NSW Government has adopted the principle of Ecologically Sustainable Development, and this requires 
that priorities be set and the determination of Sustainable Yield estimates be made so management of 
groundwater resources can reflect this change in policy. Additionally, a number of aquifers in the State 
are critical in terms of over allocation or potential to soon become over allocated. A fairly rapid response 
method was required so the process of managing to sustainable yield could commence as soon as 
possible. It is believed that the strengths of adopting this rapid assessment approach outweigh the 
weaknesses. 

4. 1. Method Strengths 

Increases likelihood of statewide consistency; 

Relatively simple to carry out; 

Can be applied in areas of low data coverage; 

Offers an easily established reference point from which ongoing refinement of sustainable yield 
determinations can occur; 

Documented to facilitate future revision; 

Effective as a trigger mechanism for initiating a higher level of investigation into the understanding of 
an aquifer when allocation nears the sustainable yield. 

4.2. Method Weaknesses 

Subjective and results have an unknown error band 

In using a relatively simplistic approach there is a danger that non-technical interested parties might 
accept these results as final and "definitive" and not the "estimates" and evolutionary figures that they 

are intended to be. 

Results are open to technical and social debate, for which there are no correct answers, owing to gaps 
in the knowledge base. 

5. IMPLEMENTATION AND FOLLOW UP 

I

A number of comments can be made with regard to the sustainable management of groundwater 
resources and the steps that can be taken to ensure that the aims of sustainability are met: 

I. The Sustainable Yield determinations once developed and agreed upon should be adopted as 

I 

	

	allocation ceilings for the associated aquifers and applied without delay within the licensing system to 
prevent the occurrence of further over allocation. Moratoria and embargoes should be applied as 

appropriate; 

I 	2. The tracking of entitlements is essential for sustainable groundwater management and should be kept 
up to date with data readily available through a licensing system data base; 

3. All high yielding bores should be metered. Usage statistics should be collected and maintained on an 

I

appropriate licensing data base. Allocations should be strictly enforced; 

4? 
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Maximising the accuracy and the timeliness of both allocation and usage data should be a priority for 
effective sustainable groundwater management; 

The amount of monitoring for groundwater behaviour should be proportional to the stresses (both 
quantity and quality) on the aquifer; 

When aquifers move into a higher stress category , appropriate regional triggers should be in place to 
instigate higher level management responses. Such triggers might be for example, when allocation 
exceeds 80% of sustainable yield or usage exceeds 50% of sustainable yield. Alternatively, a trigger 
might simply be a trend of rapidly increasing development interest. These triggers will be the criteria 
for identifying systems that require more detailed and rigorous analyses. At that stage a refinement of 
sustainable yield determinations should be completed and will require investigation of greater detail 
than has previously been carried out; 

Accepting that all aquifer systems will one day be highly valued for abstraction or environmental 
maintenance, management bodies should anticipate the information requirements (particularly 
historical data) of future investigations that will be initiated by stress triggers. Groundwater models, 
for example require good historical hydrogeological data for effectiveness. 

It is envisaged that the sustainable management process will be one of continued monitoring, analysis. 
prioritisation, assessment and changed management. Such assessment will be applied to existing 
sustainable yield values which are intended to be regularly reviewed and adjusted as appropriate. The 
"evolution" of "sustainable yields" is intended to be built into the system. 

SUMMARY 
Responsible resource management requires numerous components that operate together to promote 
sustainable use. The effectiveness of the overall effort can only be as strong as the weakest link. This 
exercise has produced a rapid risk assessment for the State's groundwater resources, and what are 
believed to be an acceptable working set of allocation (sustainable yield) ceilings as a first pass in a 
continuing assessment of sustainable yield. This alone however cannot achieve the sustainable use of our 
groundwater resources. Adequate monitoring, good data management, and ongoing investigation in 
partnership with Sustainable Yield assessments are mutually dependent and supportive of the concept of 
sustainability. 

Sustainable Yield determinations are concerned with 'macro' resource management. It is an exercise that 
sets the boundaries or limits of a system. It is not a substitute for the 'micro' management that is 
concerned with the specific and higher resolution features and issues within a system. The sensible 
zoning of a groundwater system and management within zones is the next step in the interest of 
sustainable resource management. 

The sustainable yield determination is an essential tool for sustainable groundwater management. It is 
designed to be applied at a large scale and through a coherent licensing system that ensures groundwater 
resources are not over committed and are also maintained for the continued future benefit of all users. It 
is important to re-iterate that this is not intended to be final and definitive but a starting point from which 
ongoing refinement of these determinations will occur. They reflect an understanding of the resource as 
it exists at present. 
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Title:

Transferable Groundwater Entitlements 

Author: 	 Vanessa O'Keefe 
Organisation: 	NSW Department of Land and Water Conservation 
Conference Theme: 	Policy Directions 

I 	
This decade has seen development of many groundwater systems in NSW reach . or exceed. its 
capacitY Embargoes on the issue of further entitlements have been declared. This is posing a 
significant problem for proposed new developments, or existing developments looking to expand. 

I 	
particularly in areas where there is little or no access to surface water supplies. A system of 
transferable groundwater entitlements would appear to be one mechanism for overcoming this problem. 
This paper outlines the national and state drivers for the introduction of a system of transferable 

I 	
groundwater entitlements. It explores the principles governing such a system. particularly in relation to 
the obvious constraints on any market that the physical nature of the resource imposes. Finally, some 
practical transfer management rules designed to ensure such a system does not adversely impact on 
other users, the aquifer or dependent ecosystems, are described. 

I 
I 

THE FULL TEXT OF THIS PAPER WILL BE AVAILABLE AT THE CONFERENCE 
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THE LOWER MURRtJMBIDGEE GROUNDWATER MANAGEMENT 
PLAN 

T. Riley. Department of Land and Water Conservation. NSNV 
Murnimbidgec Groundwater Management Committee 

Introduction 

The Lower Murnimbidgee Groundwater Management Plan is one of several currently being developed in NS\V to 

achieve ;in integrated approach to groundwater management. 	The-, will ensure consideration of interactions 

between groundwater quality. quantity and dependent ecosystems as well as possible impacts of groundwater use on 

soils. vegetation and surface water systems. I 
The goal of the Lower Murnimbidgee Groundwater Management Plan will be to manage the resource in a w aN 

which balances the sometimes competing demands of human uses and the environment. 

To achieve this goal the plan will rely on the integration of four basic objectives. 
to slow and halt. or reverse any degradation of the groundwater resource. 

to provide for long term sustainability of the resource: 

to provide for equitable sharing of the resource: and 
to sustain economic efficiency in the use of the resource. 

These objectives will be achieved through application of the following resource management principles. 

encouragement of optimal beneficial water use: 
management of the groundwater resource in such a was' as to maintain the water quality and protect it 

from potential contaminatioIL 
ensuring development is within environmentally acceptable guidelines. 
integration of the management of groundwater with other natural resources such as soil and \ cgetation. 

reduction of groundwater pumping to sustainable levels where lack of recharge is causing unacceptable 

long term water level declines: 
facilitation of equth of access to groundwater supplies: 
consideration of the social, cultural and economic impacts of management options. 

The location of the Lower Murniinbidgee Groundwater Management Area. and occurrence of low salinity 
groundwater in deep aquifers. is shown in Figure 1. Proposed Groundwater Management Zones. to assist in 
applying variations in management options such as announced allocations and conditions on transfers. arc show ii 

in Figure 2. 

I 
Policy and Water Reform Background 

In 1994 the Council of Australian Governments developed a National Water Reform Agreement which provides a 
strategic national framework for water reform. As part of this strategy the States gave a commitment to implement 
management policies for natural resources based on Ecologically Sustainable Development principles. The NS\V 

Government announced the First stage of its Water Reforms in 1995. 	 1 
in August 1997. the second stage of Water Reforms was announced. including the establishment of groundwater 
management committees to advise the Minister and Government on resource management issues. These 
committees consist of representatives of groundwater users. local government, conservation groups and agency 

personnel. 

The NSW State Groundwater Policy Framework Document xNas also released as part of the August 1997 Water 
Reforms This Polic sets the scene for the inamiagement of groundwater across the State of NS\V. 

I 
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AStatewidc Aquifer Risk Assessment program underiaken in April 1999 identified the Lower Murniiiibidgec 
Groundwater Management Area as a "high risk" groundwater system. with the main risks identified being over-

allocation. local drawdownlinterfercnce and invasion of aquifers by saline groundwater. 

I The Lower Murrumbidgee Groundwater Management Area 

The Lower Murrumbidgec Groundwater Management Area has a total area of 32 000 km (3 20() 000 ha). and is 
situated within the eastern Murray Basin. mainly between the towns of Narrandera. Booligal. Balranald and 
Jerilderie It consists of a layered sequence of unconsolidated clay, silt, sand and gravel deposits that generally 
extend to depths of 100 to 200 in in the east and deepen westwards to over 400 in near Balranald. Large reserves 
of low salinity groundwater occur in the eastern areas. where recharge occurs mainly as leakage from the 

Murniinbidgee River. 

The first irrigation bores in the Lower Murnimbidgee were drilled in the late 1960's. 	Since then. groundwater 

entitlements and usage have continued to increase, especially throughout the 1990s.  	Total entitlements now stand 

494 000 ML. while usage in 1997/98 was 241 000 ML. The estimated annual recharge to the Lower 

at 
Murnimbidgee aquifers is only about 25() 000 ML. clearly indicating that the groundwater s'stem is o er-allocated. 

A groundwater moratorium was introduced in 1997 and prevents the issue of any additional groundwater 

entitlement for irrigation use. 

Progress of Plan Development 

The Miirrumbidgee Groundwater Management Committee was fonned in 1998 to develop a Groundwater 
Management Plan for the Lower Murnimbidgee. The Committee has met regularly since August 1998 in various 
locations throughout the Lower Murrumbidgee and have discussed the issues and their management options 
relevant to the area. Local community input has been sought and used in the development of the 20 issues outlined 
below Issues 1 -4 relate to dependent ecosystems. 5 - 9 to groundwater quality. and 10 - 20 to groundwater 
quantitY Further details on these issues and possible management options are provided in a Discussiomi Paper 

released in July 1999 Submissions from the community are now being sought to assist the Committee in 

developing the Groundwater Management Plan. 

Groundwater management issues 

ISSUE 1 The need to maintain a proportion of the groundwater flow for dependent ecos stems 

ISSUE 2: Minimise the effects of water balance changes on ecosystems 

ISSUE 3 Provision of groundwater onto the landscape and its possible effect on biodm ersmt 

ISSUE 4 Impacts of applied groundwater on soil structure and watertable depth 

ISSUE 5: The need to maintain appropriate water quality for required uses 

ISSUE 6 Ensuring effective bore constniction and abandonment techniques to avoid water quality impacts 

ISSUE 7: Avoiding contamination of aquifers 

ISSUE 8: Reduce migration of shallow watertables. both laterally to adjacent areas and downwards into deeper 

aquifers 

ISSUE 9 Ensuring compatibility of applied water with soil to avoid salmnmsation and soil structure decline 

ISSUE 10 Establish the sustainable yield for the Lower Murnmmnbidgee Groundwater Management Area 
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ISSUE 11: Groundwater entitlements exceed estiiiiated long term average recharge and thus are not sustainable 	I 
ISSUE 12: The need to establish the relationship between Lower Mtirnimbidgee River flows and groundu aler 

rccharge 

ISSUE 13: To provide for flexible management of groundwater by utilising Groundwater Management Zones 

ISSUE 14: Determining and measuring interference between groundwater users. includiiig the enviromneni 

ISSUE 15: Setting guidelines to reduce interference between bores 

ISSUE 16: Is compensation appropriate for interference? 

ISSUE IT. Mechanisms for groundwater transfers 

ISSUE 1 : Encouraging efficient use of groundwater 

ISSUE 19: Separation of groundwater and surface water entitlements 

ISSUE 20: Dealing with anomalies created by the Water Reform Process 

P1 
References 

Murnimbidgee Groundwater Management Committee. (1999). Discussion Paper - Management of the Aiim mal 

Groundwater Resources of the Lower Murnimbidgee Valle. NSW. 

Lawson. S. and Webb. E. (l99). Review of Groundwater Use and Groundwater Level Behaviour in the Lo\er 
Murnimbidgee Valley. DLWC Murnimbidgee Tech Report 91/05 

I 
I 
I 
11 

I 
I 
I 
I 



55 

I 
Environmental Provisions in Determining Sustainable Yield for 

I
Groundwater Management Plans in the Lower Namoi Valley, NSW 

Phillip Kalaitzis, Rob Brownbill, Michael Jamieson 

I
Department of Land and Water Conservation, NSW 

u

Abstract 

The NSW approach to groundwater management is that groundwater quantity and quality should be managed in 

I 	
such a way that the current beneficial uses of the resource are sustained for future generations, and that ecological 
processes remain viable. Application of this principle requires that a Sustainable Yield be established for each 
groundwater system or management zone. This principle states that the long term average annual recharge minus a 
volume set aside for environmental purposes will determine the Sustainable Yield of the management zone. 

I 	Effectively, this puts a ceiling on groundwater abstraction by extractive users (ie. the quantity of groundwater that 
can be abstracted from the aquifer on a sustainable basis.) For groundwater systems that are still in their 
development phase (that is, where allocations are significantly less than the estimated recharge), total allocations 

I 	should be capped at 70% of the long term average annual recharge as a first approximation to prevent over 
allocation occurring. This will allow an investigation and determination to be made of the environmental provisions 
before setting the level of Sustainable Yield. For groundwater systems that are in a mature water economy (that is 
where allocations and usage are close to or exceed the recharge) environmental provisions should not be made in 

I isolation from the consideration of economic and social provisions and will need to be phased in over time. 

The Lower Namoi Valley is one such "mature water economy" where significant socio-economic considerations 
mustbe addressed. There is a need therefore to help reduce the severity of impact on extractive users that a large 
groundwater allocation reduction will cause. This paper puts forward special case arguments to re-allocate 
groundwater in the Lower Namoi Valley in a two staged, 10 year allocation reduction process. This will see the 

I 	
allocation reductions phased in over the next two management periods (years 1-5 and 6-10) for those zones that are 
over allocated. This involves a reduction from the current 202,000 ML/yr Base Allocation to 100% of the annual 

average recharge rate currently estimated at 76,200 ML/yr for these zones. At the same time new allocation will not 

I 	
be issued in the under-allocated zones. This will allow groundwater users to adjust to the re-allocation process, 
without further exacerbating the socio-economic impacts associated with the significant allocation reductions. 
During the first management period, an investigation into groundwater discharge processes and the degree of 

I 	
ecosystem dependence on groundwater within the valley will be undertaken and the Sustainable Yield set. 

Following this investigation, a decision will be made to phase in further reductions (or increases) in allocation to the 
Sustainable Yield of the valley during the second management period which represents the second stage of the re-

I
allocation process. 

1 	Introduction 

The demand for irrigated agriculture in the Namoi Valley has expanded substantially over the last 30 years. The 
valley has entered a period of a 'maturing water economy' with increasing competition for access to fixed 

I 	
groundwater supplies, a growing risk of aquifer contamination, and higher economic, social and environmental costs 
of development. Until recently, these demands have been managed with little consideration given to the long term 
consequences of over- exploitation of groundwater resources, or the impacts of groundwater abstraction on 
dependent ecosystems. The groundwater management strategies of the early 1980's allowed access to groundwater 

I 	in excess of recharge so that water users had time to recoup their large establishment costs. It was anticipated that 
the allocation ceiling would not be reached because wet years would recharge the aquifer system and replenish any 
decline in storage and water level decline would stabilise with time, albeit at a lower level. 

I It was not anticipated however, that the price of cotton would remain buoyant and therefore lead to increased 
groundwater development and that average use in some zones would surpass the average recharge on an annual 

I 	
basis. The drought years of 1992/93 - 1994/95 had a significant impact on water levels when abstractions increased 
to almost twice the recharge rate. Long term rates of decline increased from <1 rn/yr prior to the drought to more 
than 4 rn/yr in some areas during the drought. Fortunately, the return to non-drought climatic conditions and changes 
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I 
to groundwater management have returned this decline rate to pre-drought levels or better. The challenge today is to 
reduce groundwater allocation to a sustainable level whilst maintaining a viable economic and social framework 
within the limits of acceptable environmental changes. 

2 	The Policy Framework 	 I 
It is not the purpose of this paper to discuss the definitions of groundwater sustainabihty, suffice to say that there is 
no universally accepted definition. However, since the development of the National Strategy for Ecologically 
Sustainable Development and its subsequent adoption by the Council of Australian Governments (COAG) in 1992, 
three features that are important in any defmition, and pertinent to this paper, are identified: 

the need to consider the wider social, economic and environmental implications of decistons; 
the need to take a long-term rather than short-term view when making decisions; and 
the need for considerable community input in the judgement of what is sustainable. 

Furthermore, for the purposes of sustainable groundwater management over the long term, equating the annual 
abstraction of groundwater with the annual recharge in any management zone, is widely considered to be no longer 
sustainable ( Bredehoeft, 1997; Sophocleus, 1998; Sharp, 1998; Evans et al, 1998). In recognition of this principle, 
the Lower Namoi Valley is considered to be a special case. 

2.1 	The NSW Approach to Groundwater Sustainability 

Application of the above principles require a Sustainable Yield (SY) to be established for each groundwater system 
or management zone. Initially, for the purposes of groundwater management in NSW, SY has been defined as 
follows: 

"Sustainable Yield is that proportion of the long term average annual recharge which can be 
extracted each year without causing unacceptable impacts on groundwater users or the 
environment." 

This means that the average annual recharge (AAR) minus a volume set aside for environmental purposes will 

determine the SY of a groundwater system. Given the technical difficulty in assessing the recharge and 
environmental requirements, there may be considerable errors associated with these assessments. SY should not 
therefore be considered a fixed volume, but rather a target that will evolve over time. It may vary as social, 
economic and environmental values change and better knowledge is gained about the recharge processes and rates. 

The size of the environmental provision will vary, according to the unique characteristics and dynamics of each 
system, the value of the groundwater-dependent ecosystems (GDE), and the socio-economic reliance of existing 
extractive users on the groundwater resource. On a State basis, where detailed mformation on environmental 
requirements is lacking, total allocations for a groundwater system (that is, the total volume that can be abstracted 
under all licences), should not exceed 70% of the long term AAR as a first approximation. In some areas it may be 
necessary to reduce this percentage, particularly where there are significant GDEs present. In other areas, this 
percentage can be increased depending to a large extent on the presence or significance of GDEs and the socio-
economic framework. The intent of the default value is to ensure that as aquifers develop, consideration is given to 
any GDEs that may be present. 

Once this default value is reached in groundwater systems that are still developing, a detailed investigation of GDEs 
should be carried out and a review of the locally appropriate SY value should be undertaken through a 
community/Government collaboration process. For groundwater systems that are in a mature water economy, such 
as the Lower Namoi Valley, where allocations and usage are close to or exceed the AAR, environmental provisions 
should not be made in isolation from the consideration of economic and social provisions. 

3 	Quantification of Average Annual Recharge 

In order to set the environmental provisions, the AAR of the management zones must be quantified. The first 
estimates of recharge in the Lower Namoi Valley were carried out by Williams et al (1987) following 
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I 
hydrochemical and isotope studies by Calf (1978) who showed there was substantial pre-1954 groundwater 

I 	

recharge. Williams et al (1986) derived recharge estimates from model calibrations for the periods 1969-1981, 1981- 
1986, 1981-1994. In 1998, the model was recalibrated to undertake zone water balances for the period 1980 - 1994 
(Merrick, 1999). This water balance was modified to account for recharge sources not included in the model, such as 
higher frequency flooding over the long term, losses from irrigation, on-farm storages and ephemeral creeks. This 

I 	
determined the AAR for each of the 7 management zones and reconfirmed the valley-wide 95,000 ML/yr AAR. 
More importantly, the 1998 modelling incorporated a cumulative probability distribution for total recharge in the 
calculations. Basically what this means is that there is an 80% confidence that the modelled AAR will fall between 

I 	

65,000 and 85,000 ML/yr for the valley. With allowances for the extra recharge sources, there is an 80% confidence 
that the long term AAR will be between 86,000 ML/yr and 103,000 ML/yr, with a mean of 95,000 ML/yr. 

I 	

Groundwater pumping occurs mostly in the eastern part of the aquifer between Narrabri and Burren Junction (Zones 
1, 3, 4, and 5). There is little pumping in the part of the aquifer west of Burren Junction (Zones 2, 6, and 7). An 
average water balance for present conditions is shown in Figure 1 for the eastern and western zones of the aquifer. 

I 	

This covers the area east of Cryon and excludes the part of the aquifer between Cryon and Walgett that is not 
pumped for irrigation. The balance includes inflow from the Upper Namoi (1,500 ML/yr) and outflow to the west of 
Cryon (8,800 ML/yr), which is thought to contribute to natural groundwater discharge. 

I 21,400 ML/yr AAR 	 73,400 MLJyr AAR 

WESTERN ZONES 	 EASTERN ZONES 

I (zones 2, 6, 7) 	 (zones 1, 3, 4, 5) 

8.800 ML/yr 	 4,400 ML/yr 	11 	 1,500 ML/yr Inflow 

1 
	

outflow to 	average storage 	Average 	I average storage 	from Upper Namoi 
the west of 	gain 13,500 MI/yr 	Throughflow 	loss 7,200 ML/yr 

I 	

Cryon 

V 	 V 
3,500 ML/yr Av Pumping 	 77,700 ML/yr Av Pumping 

I 	

(Maximum Allocation 	 (Maximum Allocation 
9,500 ML/yr) 	 202,100 ML/yr) 

Figure 1: Average groundwater balance for present conditions in the Lower Namoi Valley. 

The eastern zones experience a storage loss due to pumping in excess of recharge. This is offset by storage gams in 

I 	

the western zones. These gains are due to enhanced recharge from stream and weir leakage and above average 
rainfall. The eastern zones contain the majority of the allocation and usage. 

I

Tt is possible to allow usage in the eastern zones and Zone 2 in the west, to reach 100% AAR and still mamtain the 
outflow to the west. This would involve limiting allocations in Zones 6 and 7 to their present level to mamtain the 
environmental outflow. The likely long term water balance resulting from such a strategy is shown in Figure 2. The 
average pumping for the whole aquifer is maintained at it's present level. Outflows to the west and groundwater 

I 	

discharge are also maintained while the eastern zones pump 100% of AAR. Total average pumping from the aquifer 
is decreased slightly to 80,000 ML/yr. 

I 4 	Quantification of Sustainable Yield 

Quantification of SY is very difficult. As mentioned previously, AAR minus a volume set aside for environmental 

I 	

purposes, will determine the SY of a groundwater system. It is argued in this paper that environmental provisions 
cannot be assigned in isolation from the consideration of economic and social provisions in a mature water 
economy. This means that at one extreme, if we allocate a large proportion of the AAR to the environment, we can 

I 	

potentially eliminate the agricultural base of a region that would result in unacceptable social and economic impacts. 
At the other end of the spectrum, if we do not provide sufficient water to the environment, we can arguably maintain 
a socio-economic base for some time in the future, but eventually the environment (groundwater) will degrade to a 

5? 

I 
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I 
point where the socio-economic framework is also destroyed. There is in reality only one path to take, and that is to 
achieve a realistic balance between the environmental requirements and the socio-economic expectations and to 
achieve long term sustainability within an acceptable timeframe. 

2i 400 ML/yr AAR 73,400 ML/yr AAR 

I 
WESTERN ZONES ASTERN ZONES 

(zones 2,6,7) (zones 1,3,4,5) 

loss I storage 
oufflow equilibrates 

16,400 ML/yr 	 1,500 MLIyr becomes zero as 	1,500 ML/yr Inflow 
with enhanced 

outflow to 	 Average 
recharge Throughflow the west of 

pumping captures 	from Upper Namoi 

[ 	throughflow I 
Cryon 

V V 
6,500 ML/yr Av Pumping 73,400 ML/yr Av Pumping 
(Allocation 6,500 ML/yr) (Allocation 73,400 ML/yr) 

Figure 2: 	Likely long term average water balance for the Lower Namoi Valley given allocation equals 100% AAR in Zones 1, 2, 3,4, and 5, 

and allocation in Zones 6 and 7 is kept at its present level. Groundwater discharge to the west is maintained. 

5 	Environmental considerations 

groundwater throughflow 
Groundwater flows from east to west in the Lower Namoi Valley alluvium. This throughflow has been reduced by 
about 80% due to groundwater pumping for irrigation in the areas east of Cryon. Water balance calculations based 
on modelling of the aquifer suggest that the outflow from the irrigation area, whilst dramatically lower than it was 
before pumping commenced, is now relatively stable, and will not fall below the present level, provided long term 
annual average groundwater pumping is stabilised. If average pumping increases, this throughflow, and ultimately 
groundwater discharge, will be further reduced. The environmental impacts of such a scenario are presently not fully 
understood however current allocation reductions and other management initiatives to reduce consumptive use will 
prevent large development increases. 

groundwater discharge 
The groundwater discharge processes for this aquifer are not fully understood. Natural discharge is thought not to 
occur in the area between Narrabri and Cryon. Most discharge is thought to be occurring west of Cryon, an area with 
little monitoring data. Possible GDEs include stream baseflow, wetlands, and terrestrial vegetation. The volume of 
groundwater discharge is estimated to be about 10,000 ML/yr. This could be partly contributing to the baseflow of 
part of the Barwon River and the extreme western part of the Namoi River, as well as terrestrial vegetation in this 
area. 

stream losses 	 I 
Bore hydrographs show that groundwater does not provide baseflow for most of the Lower Namoi Valley. The 
surface water system that crosses this part of the flat alluvial plain is mostly a losing stream system. This means it is 
providing water to groundwater from river recharge. The rate of river recharge decreases in a westerly direction 
across the valley. Modelling has shown that river leakage to groundwater is not significantly affected by 
groundwater pumping. Further declines in groundwater levels are unlikely to further increase the rate of river 
leakage because this rate is thought to have reached its maximum limit. It is expected that average annual stream 
losses will now remain constant over the long term. 

Wetlands 	 I According to Green and Dunkerley (1992), the Namoi Valley does not support any extensive wetland complexes. 
They define wetland as an area of land that is permanently or temporarily inundated by shallow water. Floodplain 
and riverine woodlands dominated by species dependent on infrequent inundation have been mapped as wetlands. A 
study on the physical and biological condition of the Namoi River system (Thoms, 1998) has shown that all the 
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I 
habitats recognised, including the small wetlands, are related to the geomorphic processes occurring within the 

I

stream. These studies however concentrated on geomorphological processes and did not investigate groundwater. 

terrestrial vegetation 

I 	

The presence/absence of groundwater-dependent terrestrial native vegetation has not been identified in this valley 
and a trial is currently being investigated in the Upper Namoi Valley to investigate the potential of falling water 
tables to impact on tree health. Tdentification of this relationship may require an adjustment to local pumping 
scenarios but will not affect the value of AAR or SY on a zone basis. 

I • Subsidence 
Large groundwater pumping has caused some minor subsidence (70mm - 210mm) in part of two management zones 

I 	
due to the dewatering of the shallow aquifer and aquitard above the main productive aquifer (Ross and Jeffery, 
1991). Management strategies adopted to date have been aimed at restricting further subsidence in these zones. 
There is no direct evidence of subsidence, or the potential of subsidence in any other zone although this can only be 

I

substantiated by accurate ground surveys. 

6 	Initial reallocation to 100% AAR, final allocation to SY 

I Current Base Allocation (BA) in the Lower Namoi Valley is about 212,000 ML/yr with an Aimcunced Allocation of 
65% BA. AAR is 95,000 ML/yr and average use is 81,000 ML/yr. Whilst the valley-wide average use is less than 
the AAR, that is not the case on a management zone basis, with two zones being 514% and 617% over-allocated and 

I 	
requiring massive re-allocation to sustainable levels. This paper argues that the reallocation process should aim at 
reducing allocations in the over allocated zones (Zones 1, 2, 3, 4, and 5) to 100% AAR over the next two 
management planning periods (years 1-5 and 6-10). Allocations in the under allocated zones (Zones 6 and 7) should 

I 	
not be increased. During the first planning period, investigations will be carried out to ascertain and quantify the 
groundwater discharge processes and the extent of environmental dependence on this discharge. This will define the 
SY of the system. Further allocation reductions that may be necessary to achieve sustainability should occur over the 

I 	
second planning period (years 6-10). This process will allow the re-allocation process towards long term 
sustainability to occur without exacerbating, perhaps unnecessarily, the socio-economic impacts by allowing water 
users to adjust to the reallocation process within a reasonable time frame. 

6.1 	Socio-economic considerations of 100% AAR 

I 	

Reallocation to 100% AAR over the first 5 years at least, followed by a review, is a management strategy with low 
environmental risk on a valley scale. Although maximum use in the early 1990's drought rose to almost 169,000 
ML, average annual usage remains about 81,000 ML/yr with the last three years at about 50,000 ML/yr. The current 
re-allocation processes will limit future increases to such drought levels because of the following management 

I 	
strategies: 

. 	amendments to the conjunctive access; 
reduced announced annual allocations; 
restrictions on transfers; 
embargoes on additional bores; and 
change to the Water Year 
continuing embargoes on issuing new allocation within the under allocated zones. 

Average annual usage is expected to remain at similar levels under current climatic conditions which means that at 
the valley scale, 100% AAR should not be pumped on a continuous basis. This also means that throughflow and 
groundwater discharge west of the Valley will be maintained at about the present level (Fig 2). The re-allocation 
process will ensure that under expected drought conditions some time in the future, usage levels such as those 
experienced in 1994/95 will not prevail. It is expected however, that pumping in excess of recharge may occur 
during a drought period when water users activate their carry over. This is considered acceptable in systems such as 
the Lower Namoi Valley with a very large storage and an extensive bore monitoring network. 
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7 	Conclusions 

Sustainable groundwater management depends on the understanding of groundwater processes and its interaction 
with dependent ecosystems, consistent quality and quantity monitoring, matching allocation to the SY and the 
recognition of indicators of unsustainable practices. Groundwater usage must be sustainable on a long-term basis to 
provide water users with long term security and to ensure that any groundwater dependent ecosystems are not 
degraded to unacceptable levels. 

Hydrogeological principles, and NSW Groundwater Policy, state that to achieve long term groundwater 
sustainability, the rate of long term average annual abstraction should be less than the long-term average annual rate 
of recharge to provide for the environment. This principle should be adopted early in developing groundwater 
systems to avoid social and economic disruption inherent in allocation reduction programs. In the Lower Namoi 
Valley, this principle is the main goal for groundwater management. However, adherence to this principle will 

require account to be taken of the significance of groundwater dependent ecosystems, the socio-econoimc 
framework, the planning period and community input to enable fair adjustments to allocations to be made within a 
reasonable time scale. 

The Lower Namoi Valley is the most developed groundwater system in New South Wales and should be considered 
a special case. Over the next two 5-year planning periods, 100% AAR should be adopted as the reallocation target to 
allow water users to adjust to the process without exacerbating, perhaps unnecessarily, the severe socio-economic 
impacts inherent in the reallocation process. Proper identification of GDEs during the first planning period will 

require the SY to be set as the target for the second planning period. 	
I 

Perhaps the most important strategy for sustainability, is the transfer of knowledge and understanding of 
groundwater systems to groundwater users so that consensus-driven, sustainable management plans can be achieved. 
In reality, the primary management tool for assessing grOundwater sustainability is the knowledge gained from 
understanding and observing the past behaviour of the resource and its response to pumping stresses. The Lower 
Namoi Valley contains one of the most sophisticated and longest-serving groundwater monitoring networks in 
Australia from which predictions can be made on future resource behaviour with a high degree of confidence. This 
allows the DLWC to continuously monitor resource behaviour and adopt management strategies that will take the 
resource along the path to sustainability. 
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Abstract 

National reform of water management has involved, amongst other things, the requirement to identify 	
I environmental needs and to make specific provisions for them in the allocation and management of 

water resources. Groundwater-dependent environments or ecosystems have received little attention in 
past management or research. Examples of groundwater-dependent ecosystems in NSW, Australia, 
include wetlands, streams, red gum forests, limestone cave systems, mound springs, and hanging 
valleys and swamps. In addition to these, there are also ecosystems within the aquifers themselves, 
about which very little is known. Groundwater-dependent ecosystems are technically difficult to 
characterise, vary dramatically from groundwater system to system, and may change within systems 
with variations in climate conditions. The NSW Government is developing a "Groundwater 
Dependent Ecosystems Policy" which attempts to address some of the issues and processes associated 
with dependent ecosystem protection in the relative absence of firm scientific information. This paper 
discusses that policy and some of the tools it will include for protecting and managing them. 

Background 	 I 

Groundwater can sustain important ecosystems. Wetlands, for instance, often have very close 	
I connections with a groundwater system. Some ecosystems, such as the Great Artesian Basin's mound 

springs, depend entirely on groundwater for their survival. 

National water policy reform requires the states to identify environmental needs, and to make specific 	 I 
provisions for them in the allocation and management of their water resources. 

NSW has been set on a course aimed at ensuring that groundwater is used sustainably and that water is 
specifically provided for its dependent ecosystems. 

What are groundwater-dependent ecosystems? 	
I 

Groundwater dependent ecosystems (GDEs) are ecosystems which have their species composition and 
their natural ecological processes determined by groundwater. They are found both on the coast and 
west of the Great Dividing Range in NSW. In their recent report on the dependence of ecosystems on 
groundwater in Australia, Evans and Hatton (1998) classified GDEs into four types, namely: 

I. Terrestrial vegetation - shallow groundwater can support terrestrial vegetation, such as river red 
gums in the Murray-Darling Basin. The groundwater quality must be sufficiently high to sustain the 
vegetation. 	

I 
Wetlands - groundwater plays a role in many of Australia's wetlands. The mound springs of the 

Great Artesian Basin, which have beenextensively studied, are also included iii this group. 

Stream base Jlows- stream flow is often maintained partly by groundwater providing base flows long 
after a rainfall event. This base flow may be crucial for in-stream and near-stream ecosystems. Many 
streams originating in the Great Dividing Range are highly dependent on groundwater discharge. 	

I 
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I 
Aqutèr  and cave ecosystems - Life exists in the tiny spaces between the grains within aquifers and in 

I 	
underground caves. The fauna living within aquifers are entirely dependent on groundwater. Micro- 
organisms are especially important because they consume organic matter, including contaminants, so 
can exert a direct influence on water quality. There are a number of cave systems in the Murray-
Darling Basin. Limestone caves, for instance in the Lachlan Fold Belt, support fauna such as ancient 

I crustaceans which have evolved within a unique, dark environment. 

Other ecosystems: The Evans and Hatton classification system is largely vegetation-based. They 

I 	also recognised that there is a fifth category of GDEs - fauna directly dependent on groundwater - 
which is more difficult to identify and characterise. 

Scientific and community understanding of GDEs 

I 	Groundwater dependent ecosystems (GDEs) have, over time, adapted to the natural variation in 
groundwater levels and quality, including severe drought and flood conditions. The general level of 
scientific understanding of the role that groundwater plays in maintaining ecosystems in Australia is 

I 	
very low (Hatton & Evans 1998). Likewise, general community awareness of their values is fairly 
low. They have received little attention in past management or research. They are technically difficult 
to characterise, vary dramatically from groundwater system to system, and may change within systems 

I 	
with variations in climate conditions'. 

If we are to better manage GDEs, prioritised research is needed into groundwater and dependent 
ecosystem relationships. 

I 
Groundwater policy 

For groundwater-dependent ecosystems in Australia the most important policy is the 'National 
Principles for Provision of Water for Ecosystems'. The twelve principles in this policy were adopted 
in 1996 by the Commonwealth Government and all state and territory governments. These principles 

I 	are aimed at sustaining and, where necessary, restoring ecological processes and biodiversity of water 
dependent ecosystems' 

I 	NSW is now developing a policy specifically for the management of its groundwater-dependent 
ecosystems. Figure 1 shows how this policy fits into the overall policy framework for rianaging 
groundwater: 

I State Groundwater Policy 
Framework Document 

- released 1997 

I 	I 

Groundwater Quality 

	 Groundwater Quantity 	Groundwater Dependent 

Protection Policy 	 Management Policy 	 Ecosystems Policy 

-released 1998 	 - draft stage 	 - draft stage 

Figure 1: NSW Groundwater Policy Framework. 

I Aquifers and caves, however, provide relatively stable environments. They are buffered from the effects of climate change. 
Some of the fauna that exist within aquifers and caves in NSW are quite ancient eg the Syncarida, a group of crustaceans. have 
existed since before dinosaurs inhabited the continent, at a time when south-eastem Australia was covered in lush, wet. 
rainforest. They have undergone very little evolutionary change in the last 250 million or more years. Like all fauna found in 

I 

	

	
caves and in the tiny spaces in aquifers. they are entirely dependent on groundwater. Wellington Caves, in the Murray-Darling 
Basin, is one of the richest in NSW in fauna, in terms of both biodiversity and abundance of species (Serov. 1995: P. Serov, 
pers. comm. 1999: A. Spate. pers. Comm. 1999). 
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I 

The NSWState Groundwater Dependent Ecosystems Policy' is due for release as a draft within the 
next month. The policy will discuss the different types of groundwater dependent ecosystems found in 
NSW. It will address issues and processes associated with dependent ecosystem protection in the 
absence of firm scientific information. 

What's valuable about groundwater-dependent ecosystems? 	
I 

GDEs have a number of values. For example: 
some are rare or unique eg the Great Artesian Basin's mound springs: 
the age of life in the aquifers themselves - these ecosystems may be among the oldest on 
earth, so have significant scientific value; 
there are water quality benefits - some fauna in groundwater assists in the 'clean up' of 
contaminants; 
they have biodiversity value; 
they add to the ecological diversity of a region; 
they are likely to be connected to other non-groundwater dependent ecosystems and thus 
integrated into the broader regional environment; 
they have social and economic values eg recreation and tourism;. 
they can be bio-indicators, ie indicators of biological health of an overall system; 
they can have cultural significance. 

GDEs are under threat, especially on the coast where both the quality and the quantity of groundwater 
is highly vulnerable to both existing activities and further development. 	

I 

Groundwater quantity issues 	
I 

Pumping large amounts of groundwater for human use can cause local water table levels to fluctuate 
over a larger than normal range and, in some cases, water tables may be permanently reduced. This 
can create a significant threat to GDEs. 

Ecosystems vary dramatically in the degree of their dependency on groundwater, from having no 
apparent dependence through to being entirely dependent on it. Some ecosystems, such as the Great 
Artesian Basin's mound springs, depend entirely on groundwater for their survival. Others are less 
dependent, but changes to the water availability or water quality still impacts on the ecosystem. 

The amount of water assigned to the environment will vary according to the characteristics and 
dynamics of each system, the value of any groundwater-dependent ecosystems and the reliance of 
extractive users on the groundwater. 

The starting point for assigning water to the environment, where detailed information on its 
requirements is lacking, is that total allocations to consumptive users from a groundwater system - ie 
the total volume that can be extracted under all licences - should not exceed a percentage of the (long 
term) average annual recharge. Many groundwater systems in NSW have an assigned sustainable yield 
of 70% of average annual recharge. For systems which are over-allocated to consumptive users, 
however, the process for bringing allocations back to sustainable yield levels will need to be negotiated 
and phased in over time. 

Groundwater quality issues 

Too much groundwater can also be a problem. Rising saline groundwater levels are causing many 
ecosystems to suffer. This has been brought about by excessive tree clearing over large parts of NSW, 
or intensive irrigation, especially in the south of the State. 



Groundwater can also be contaminated by the activities that occur on the land above it. Groundwater 
moves and can carry contaminants to a location where it may affect the ecosystems that depend on it. 
On the coast, especially, increasing urban development is putting pressure on many of our 
groundwater-fed wetlands. 

It can be impossible - or extremely difficult from a technical point of view and costly - to restore 
groundwater and any dependent ecosystems once degradation has occurred. Preventing damage to 
valuable GDEs is the approach taken to their management in NSW. 

Tools for managing GDEs 

There needs to be recognition by resource managers, including land users, of the importance of GDEs, 
both at a local and State-wide level. 

There are a number of of tools which can be used to manage these ecosystems. These tools can be 
adapted to local conditions. They include: 

Identifying GDEs and developing objectives and strategies for managing valuable ones at the local 
level in management plans. For the Gnangara Mound, north of Perth, this has been achieved for 
terrestrial vegetation, mainly Banksia woodland, and some wetlands (Water & Rivers Commission, 
1997). 

Establishing minimum distances, ie buffer zones, between bores and groundwater- connected 
wetlands or streams. These distances would vary according to the proposed pumping regime, the 
depth of the bore, local hydrogeological characteristics, the degree of groundwater dependency and 
the significance of the ecosystem. It may be necessary, for example, to exclude all groundwater 
extractions within, say 200m of a significant wetland or stream. For extractions of greater than 
20ML/year this distance might be much greater. This can be implemented through a condition on a 
groundwater extraction licence. It will require water level and compliaice monitoring. For 
Jandakot borefield, south of Perth, criteria have been developed for distances between bores and 
significant Banksia vegetation and seasonal wetlands (Kite, Lavery & Pound, 1992). 

Ensuring there are distances between contaminating industries in the groundwater flow path to a 
GDE. 

Specifiing maximum limits to which water levels can be drawn down where there are dependent 
ecosystems. These limits might vary because of seasonal variation in ecosystem needs. This has 
been achieved in Western Australia; in 1988 statutory environmental water provisions were set for 
a number of wetlands around Perth (Kite, Lavery & Pound, 1992). In NSW, under current 
legislation, implementation can be achieved through a condition on all licences in the area which 
requires pumping to stop when a particular groundwater level is reached. This will require water 
level and compliance monitoring. 

Establishing education programs. These would be aimed at raising awareness in the general 
community of the importance of GDEs. 

Establishing and maintaining a register of groundwater dependent ecosystems. 

Establishing research, monitoring and modelling programs to improve our knowledge of these 
ecosystems. Priority should be given to the systems: 

which are highly dependent on groundwater and 
most at risk from development or other human activities; and 
where there is a lack of information. 
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It is proposed that the policy will be finalised in 1999, then reviewed in five years' time when it is 
expected that our knowledge base will be improved. 	

I 

Role of water management committees 

Groundwater management committees have been established for the aquifers which are most stressed 
from over-extraction. These systems are mostly inland and associated with the major rivers. 

Where there is a high degree of connectivity between surface water and groundwater, joint 
river/groundwater management committees - called 'water management committees' - are being 
established. 

Where a groundwater management committee is preparing a management plan, suitable environmental 
provisions should be debated and negotiated. 

Conclusion 

Groundwater-dependent ecosystems have some important values. Ensuring that groundwater is 
provided to meet their needs is a complex task. The lack of both scientific knowledge and community 
awareness of GDEs presents a major challenge. 

Only in recent years has the need to make specific provision for environmental requirements been 
adopted at a national level. NSW is the first state in Australia to develop a specific policy aimed at 
ensuring that this objective is met, although statutory environmental water provisions have been set in 
Western Australia. 

A range of both regulatory (licence conditions) and non-regulatory strategies are proposed to 
implement the NSW policy. It is expected that the policy will be revised within five years of its 
completion as our knowledge base is improved. 
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Title - An Identification Methodology for Groundwater Dependent Ecosystems 

Authors - Jolui Ross (Principal Hydrogeologist). Graham Hawkes (Hvdrogcologist) and Susan 
Calvcrt (Senior Environmental Scientist) 

Organisation - PPK Environment and Infrasinicture P/L. Sydney NSW 

Sustainability of all groundwater systems in Australia is a key objective under the COAG Water 
Reform agenda and management initiatives being iniplemented across Australia. Nowhere is the 
pressure on groundwater systems so intense as in some of the low salinity - high yield alluvial 
aquifers of the Murray Darling Basin. To achieve sustainability for all beneficial uses. it is 
important that environmental requirements are identified and thus component is taken into account 
for the calculation of sustainable yields. 

An understanding of environmental requirements for a Groundwater Management Area (GMA) is 
of fundamental importance in determining an allocation for the environment. The first component 
of this equation is to identify groundwater dependent ecosystems. The Nature Conservation 
Council of NSW has commissioned a study to provide it desktop methodology to focus attention 
on what ecosystems exist within a GMA. and to determine whether those ecosystems are 
groundwater dependent. 	PPK has developed an initial methodology that will assist 
lmvdrogeologists. environmentalists, groundwater management committees and other groundwater 
managers to identify groundwater dependent ecosystems for all area and then to assess the degree 
of dependency. vulnerability and uniqueness on an individual ecosystem basis. 

The methodology is based on a classification system developed by Hatton and Evans in 1997 and 
is presented at this workshop for information and further development. The approach. if 
considered useful for groundwater managers. will grow and evolve into all effective tool.. It will 
be used. not only for the initial identification of systems. but as a tool to evaluate whether we are 
closing the gap with our knowledge and understandmg of ecosystem groundwater dependence as 
areas are developed, the pressure on ecosvsteius becomes more intense, and GMAs are more 
tightly managed. 

THE FULL TEXT OF THIS PAPER WILL BE AVAILABLE AT THE CONFERENCE 
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KARSTIC GROUNDWATER ECOSYSTEMS IN THE MURRAY 
DARLING AND OTWAY GROUNDWATER BASINS 
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Andy Spate', Jane Gough' and Mia Thurgate' 
NSW National Parks and Wildlife Service' 
Southern Zone 
P0 Box 2115 
Queanbeyan NSW 2620 

ABSTRACT 

Jenolan Caves Trust2  
P0 Box 1495 
Bathurst NSW 2795 

Small, impounded, karstic aquifers are found widely on the western fall of the Eastern 
Highlands. Many of the aquifers support highly significant, but little studied, invertebrate 
faunas. Little is known about ecosystems in the Murray Group limestones underlying the 
Late Miocene to Quaternary sediments in the lower parts of the Basin. Based on 
geological considerations, the Otway Groundwater Basin is part of the Murray Darling 
Groundwater Basin. In the Otway Basin, around Mount Gambier and to the southern 
coast, there are very many groundwater dependent ecosystems evident. 

This paper discusses aquatic karst ecosystems within the impounded karsts of the NSW 
portion of the Murray Darling Basin and the major karst province of the Otway Basin. 
Some potential threats to these ecosystems are identified. 

INTRODUCTION 
Hatton and Evans (1998) have broadly surveyed the groundwater dependent ecosystems 
of Australia. However, they have significantly underplayed the presence of hyporheic and 
hypogean ecosystems (Spate and Thurgate 1998). This paper only notes the presence of 
hyporheic systems in passing and concentrates on those subterranean ecosystems 
associated with the solution of limestone - hypogean karst systems. Hyporheic 
ecosystems are those found within the interstial spaces between cobbles, gravels, sands 
and silts in the alluvium beneath and beside rivers. 

The Murray Darling and Otway Basins contain large limestone deposits. In the Murray 
Darling the limestones are found as Palaeozoic rocks outcropping about 300 above sea 
level and as the high porosity, Tertiary, Murray Group limestones which underlie the 
alluvial sediments in the south of the Murray Darling Basin. The Murray Group 
limestones are inaccessible but drilling shows the presence of cavities , which will 
contain life forms. There is considerable surface and near-surface expression of these 
rocks in the western portion of the Otway Basin and well-developed karst systems are 
present (Grimes et al. 1995). Aquatic flora and fauna dependent on karst waters are 
present in both surface and sub-surface environments, in the Mount Gambier region 
(Thurgate 1996, in press). 
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Why should we even mention the Otway Basin in a Murray Darling Basin Workshop? 
Smith (1988, p25) points out that the basins "are contiguous but the direction of 
groundwater flow, the geology and water quality are such that they are best considered as 
separate systems". The ecosystems present in the karsts of each basin are radically 
different in setting and biota present - yet there are zoogeographic and taxonomic 
affinities stretching back into Gondwananiines (Eberhard and Spate 1995, Serov and 
Eberhard 1995, Thurgate in press). 	 I 
The Palaeozoic limestone outcrops are mostly quite small; about 60 separate areas with 
caves can be identified within the Basin (Eberhard and Spate 1995). Many of these caves 
reach down to the watertable and a surprisingly rich aquatic fauna has been identified in 
these areas. Again the fauna has Gondwanan origins and significance (Serov and 
Eberhard 1995, Wilson and Johnson in press). 	 I 
The work of Andrew Boulton and colleagues in hyporheic environments in Australia 
(see, for example, Boulton and Suter 1986, Boulton 1999 and Boulton et al. 1998) is of 
particular importance. Such ecosystems will be found throughout the Murray Darling 
Basin and may be particularly important in maintaining the health of intermittent streams 
and of wetlands. Unfortunately hyporheic systems have been little studied. Some 
hyporheic systems may have close interactions with karstic groundwaters. 

MURRAY DARLING BASIN AQUATIC KARST ECOSYSTEMS 	 I 
The accompanying map and tables show the distribution and some statistics of the 
Palaeozoic limestone cavernous karst areas of the Basin. The survey referred to is that of 
Eberhard and Spate (1995). They examined at reconnaissance level the cave systems 
across the whole of NSW, revealing a previously unsuspected and diverse 
macroinvertebrate fauna with many new species and higher order taxa. Some areas were 
sampled intensively. About two-thirds of the State's cavernous karsts are found within 
the Basin and nearly half have caves, which carry streams, reach down to the watertable, 
or have perched pools - all of which may support stygobiont faunas. Those unsampled 
during the survey where thought to be of lesser interest from a biological viewpoint. 
However, some apparently "insignificant" sites have been demonstrated to have 
outstanding values - the precautionary principle needs to be applied. 	 I 
It should also be noted that karstified limestones may not exhibit caves enterable by man 
but will possess solutionally enlarged spaces which can only be sampled by drilling or 
through spring discharge. Thus many of the areas "written-off' above may contain 
groundwater dependent taxa. 
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CAVERNOUS KARST AREAS WITHIN THE NSW MURRAY DARLING BASIN 
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KARSTS AND THE PRESENCE OF AQUATIC FAUNA BY RIVER BASIN 
River Basin No, of cavernous 

karst areas 

No, with direct cave 
access to groundwater' 

No. containing 

aquatic species 

No, containing 

stygobionts3  

Mean altitude 

of areas (rn)4  

Macquarie 23 7 5 2 500 

MurrumbidgeC 22 9 6 3 650 

Lachlan 9 7 5 4 510 

Narnoi 2 1 no taxa seen none 425 

Macintyre I none none none 420 

Murray I 1 1 probable 1 possible 850 

Totals 58 25 16+ 9+  

1 Is groundwater accessible through caves? (Note: karstic groundwaters and dependent ecosystems may 
exist in cavities too small to be termed caves and may only be accessible through bores or via springs or 

through diffuse discharge into other aquifer systems - e.g. alluvial gravels). 
2  nls = not surveyed; nlf= none found during survey (Eberhard and Spate 1995). 

Stygiobionts include troglobitic and troglophilic aquatic, subterranean fauna dependent on subsurface 
conditions. 

Very approximate altitude of groundwater. 
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The survey revealed faunal assemblages dominated by crustaceans including amphipods, 
copepods, ostracods, asellote and phreatocid isopods and syncarids. Non-crustaceans such 
as snails, bivalves and various worm groups were also collected (Eberhard and Spate 
1995, Serov and Eberhard 1995, Bradbury and Williams 1997). Most appear to be cave-
adapted - blind and unpigmented - and are grouped under the general term "stygobiont". 
"These taxa represent groups which no longer exist in the surrounding epigean (surface) 
environment and are true distributional relics. Most indications are that each karst has its 
own complement of distinct species" (Serov and Eberhard 1995, p3). Most of the new 
taxa remain undescribed. 	

i 
AQUATIC KARST ECOSYSTEMS OF THE OTWAY BASIN 
The groundwater dependence of aquatic communities in the western Otway Basin has 
been recognised for some time. Eardley (1943) demonstrated the dependence of the fens 
along Eight Mile Creek - a short, totally spring-fed stream rising from the Murray Group 
Limestones. Many other fen communities have now been described in this general area 
including such well-known sites as Piccanninie Ponds. 

Recent investigations have revealed some highly interesting communities (Thurgate in 
press) including the presence of 21 distinct stromatolite types from cenotes (sheer-walled 
cave collapses exposing the regional watertable) and from karst waters in Blue Lake. 
Stromatolites are lithified, laminated, organo-sedimentary deposits, which are formed by 
complex ecological associations of algae, bacteria and other micro-organisms 
preferentially causing precipitation on the walls of the cenotes (Thurgate 1996). 

As in NSW, the diversity of the obligate cave-dwelling macroinvertebrate fauna is now 
being revealed in the karstic groundwaters (Thurgate in press). Again, crustacea and 
molluscs are the most important elements with many cave—adapted forms (stygobionts) 
being present. Again they have phylogenetic and relictual distribution significance with 
an ancient history. 

SIGNIFICANCE OF THE ECOSYSTEMS 
The significance of the groundwater dependent biota in each of the Basins is quite 
different but with some remarkable affinities. Only two aspects will be discussed. 

Bradbury and Williams (1997), Serov and Eberhard (1995) and Wilson and Johnson (in 
press) amongst others demonstrate how the area that is now the Murray Darling and 
Otway Basins (and some other areas of Australia) was covered by sea during the Middle 
Cretaceous (about 119-114 million years ago). The modern distribution of various 
stygobiont groups such as syncarids, amphipods and phreatoicidean isopods corresponds 
closely to the Middle Cretaceous sea. This suggests that the retreat of the sea forced many 
species into freshwater refugia. Stable conditions in groundwaters has allowed many 

I 



I 
I 

groups to survive and to continue to evolve so that there has been differentiation between 
these "living fossils" (many of which were first described from the fossil record). 

Thus, amongst the ancient syncarid group, for example, we now have the family 
Koonungidae restricted to southern Victoria, southeast South Australia and to Tasmania. 
The family Psammaspididae is restricted to NSW - with most records within the Murray 
Darling Basin. All except one representative of the family Psammaspididae come from 
karstic groundwaters - the other is a hyporheic species. Wellington Caves, on the Bell 
River, is a particularly important site owing to the diversity and abundance of the taxa in 
those groundwaters. 

Grey et al. (1990) suggest that an area has high stromatolite diversity if four to six forms 
are present. Thurgate (1996, in press) points out that there are some 21 extant forms 
within the Otway Basin limestones. In an Australian context, the stromatolites from this 
area are the largest, deepest and most diverse forms in fresh groundwater. On a global 
scale the diversity is unequalled especially as seven branching forms are present - 
branching types are very rare in living stromatolites. Stromatolites have an even longer 
lineage than, say, the syncarids (recognisable during the Late Devonian - 400-3 80 million 
years ago) as they have their origins as far back as 3.5 billion years in the Archaean Era. 

These two examples point to the significance of karstic groundwater systems. The 
significance lies in their extreme longevity with the consequent interest to science for the 
evidence they demonstrate of evolutionary process and of palaeoenvironmental 
conditions. The longevity is dependent on stable or slowly changing conditions, which 
allow for organisms to adapt to change. Rapid change is inimical to survival. Clearly 
there is also a high educational value and there may well be, perhaps unfortunately, a role 
for stygobionts in the monitoring of groundwater health. 

THREATS TO THE AQUATIC KARST ECOSYSTEMS 
Threats to aquatic karst ecosystems are similar in both groundwater basins. Threatening 
processes include (after Eberhard and Spate 1995): 

O deforestation and afforestation with non-native species 
O agriculture (including clearing, tilling and fertilising and biocide application) 

groundwater abstraction for irrigation and domestic water 

0 changes to water quantity regimes 

O sedimentation 

input of toxins and nutrient enrichment 

0 rubbish dumping 
0 factory and intensive agricultural effluents (dairy, feedlot wastes) 

0 activities of scientists including over-collection 

0 disturbance by cave visitors. 

I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
r1 

Obviously these threats are not mutually exclusive. Many can arise from agricultural 
activities (Gillieson and Thurgate in press). All of these processes have operated on the 
aquatic groundwater communities of both the Murray Darling and Otway Basins. In the 
latter Basin the problem is well recognised and many important improvements in land 
management practices have been introduced. However, watertable levels continue to drop 
exposing some forms of stromatolites. In the Murray Darling Basin many of the 
Palaeozoic karst systems are still exposed to impacts from a variety of processes. 	 I 
Of particular concern, whilst not a threatening process in itself, is the lack of knowledge 
of the fauna present and of ecosystem structure and function. The steadily decreasing 
taxonomic support available to the Australian community means that, even if taxa are 
collected, their affinities and significance may never be assessed. 

A further issue in the Palaeozoic karsts is the relationship between the karstic 
groundwaters and those of surrounding aquifers. This is especially so in the case of the 
interactions between karst and alluvial systems where abstraction of the alluvial 
groundwater may exert an influence on the adjoining karst system. Superficially this 
would seem to be simple but the Bell River near Wellington demonstrates that 
considerable complexity can occur. This area has a highly significant karstic groundwater 
fauna and adjacent alluvial aquifers utilised for irrigation. But the apparently simple 
relationship between the two aquifers is quite unclear and probably complex (Houshold et 
al. 1990) and thus the lack of understanding prevents appropriate management 
consideration. 

CONCLUSIONS 
There is an interesting and diverse fauna inhabiting the karst aquifers of the Murray and 
Otway Groundwater Basins including many "living fossils" and taxonomic groups such 
as stromatolites and syncarids, which reach back toward the beginning of life on Earth. 
The fauna and their ecological relationships deserve further study. This includes support 
for taxonomy so that the relationships between various taxa can be better understood. 	I 
We know virtually nothing about the ecological requirements of the various known taxa - 
which are not formally described in most instances. This is a very difficult field of study 
but one that must be addressed. Without this knowledge the management of these faunas 
depends on "first principle" approaches - with the dangers consequent on uncertain 
knowledge readily apparent. 

There is an urgent need for groundwater users and managers to recognise the existence of 
these faunas so that threatening processes can be avoided and impacts ameliorated. The 
"precautionary principle" must apply. 	 I 
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I 	
This paper reviews the physical processes leading to salt accumulation on the floodplain of the lower River Murray. 
with the aim of predicting trends and patterns in floodplain vegetation health. Salt accumulation has been shown to 
be the major cause of floodplain tree dieback caused by water stress. The understanding and spatial distribution of 

I 	
key physical processes can be used for broadscale vegetation health risk mapping. Key salt accumulation processes 
include regional groundwater discharge areas; natural or irrigation groundwater mounds; river regulation weirs: 
floodplain topography, soil types, groundwater depth and salinity. The tools are now available for assessing 
vegetation health, both instantaneously and incorporating the historical flooding and salinity regime. 

I 1. INTRODUCTION 
Currently, there are a number of initiatives to better assess the full range of impacts of salinity. These include the 
National Land and Water Resources Audit, the Murray Darling Basin Commission Salinity Audit and WA Salinity 
Action Plan. Environmental impacts of salinity are probably some of the most difficult to assess. It is only relatively 
recently that such impacts have been considered important and the tools developed to evaluate these and potential 
management options. 

In the Murray Darling Basin, one of the largest environmental impacts is the decline of riparian vegetation in the 
lower River Murray (South \Vestern NSW, North-West Victoria and SA). Salt accumulation has been identified as 
the major cause of floodplain tree dieback from water stress in the lower River Murray (Margules and Partners et at.. 

1990). Recent estimates of vegetation affected by soil salinisation have suggested that up to 26,000 hectares (of a 
total 100,000 hectares) of floodplain along the lower River Murray in SA have been affected by salt (Nichols, 1998). 

The intrinsic values of the riparian vegetation are what make the region unique. The wetland and floodplain 
vegetation of the lower River Murray is an important aspect for water-based activities, camping, bird watching and 
walking. The floodplains of the lower River Murray contain a high biodiversity of both flora and fauna; providing 
an important native fish nursery aiLd breeding area for water birds and aquatic invertebrates (O'Mallev and Sheldon. 
1990; Cunningham er at., 1981). The Chowilla floodplain has an UNESCO Ramsar Convention listing as a \Vetland 
of International Importance and as a habitat for migratory birds (National Environmental Consultancy. 1988). 

Sinclair Knight Merz (1999) evaluated the floodplain environment as part of the cost / benefit analysis of the 7,000 
hectare of floodplain influenced by the proposed Chowilla Groundwater Control Scheme. The environmental values 
considered as part of the benefits of the scheme included: 

use-values; benefits to users of the environment, e.g. for fishing, hunting, sightseeing, recreation, house boats. 
wildlife viewing, etc of $187 per hectare 
non-use-values; conservation values based on the satisfaction peoie derive from knowing some aspect ot the 
environment is to be preserved, even though they may never visit the area of $1390 per hectare. 

Crudely, this gives a value of between $5 M and $35 M to the 26,000 hectares of salt affected land. 

In order to better protect these floodplain environmental values in the lower River Murray, a good understanding or 

the processes causing the decline in vegetation health is required. This paper reviews a number of recent studies that 
dea1 with trends in floodplain vegetation health. Based on our present understanding, we discuss the likely success 
of various management options. The focus of this paper will be on issues directly related to floodplain tree health. 
particularly blackbox (Eucalyptus largifloren,r)  on the floodplains of the lower River Murray in South .Austr3lI 

Author to whom all correspondence should be addressed: 	Kate.Nicholls@adl.clvv.csiro.au  



2. PROCESSES AND CHARACTERISTICS LEADING TO FLOODPLAIN SALINISATION 

The floodplain environment has been affected by changes to river regulation in the lower River Murray, including a 
reduction in flooding frequency and duration; and changes to groundwater depth upstream of weirs. Intensive 
irrigated horticulture on the upland areas has raised groundwater levels, increasing flows of native saline 
groundwater towards the floodplain and river. Salt from the regional groundwater system naturally discharges lntc: 
the river. Increased saline groundwater flows affect salt loads to the river (Allison et al., 1990); floodplain saJ: 
accumulation and "egetation health (Bone and Davies. 1992, Jolly and Walker, 1995a); waterlogging: and salire 
seepage on the edges of the floodplain (Australian Water Environments, 1999; PPK Environment and Intrastructure. 
1997, 1998). 

The weirs and locks in the lower River Murray were constructed between 1920 and 1940, raising the river level br 

approximately 3 m upstream of each weir (Close, 1990) and form a series of stepped pools. These artificial weir 
poois, can extend for up to 70 km upstream of a lock (e.g. Chowilla, Jarwal et al., 1996), permanently raising water 
levels, as shown in Figure 1. This drowns trees on the edges of the river; increases groundwater pressures beneath 
the floodplain, and raises the watertable by 2-3 m to 1-5 m below ground level (Slavich et al., 1999a). 

Groundwater Flow Before and with Lock 6 

River Murray 	 Inlerrnittcnl 
Healthy Pedgrrrrr 	 Creek 	 Herltrr8 Black Box 

River Murray 	 Permanent 
Drowned Redgunr 	 Creek 	 Poor Black Box 

L.. 	Pc8 LevI Le8 8 

Flushed Zun 	, 	 ----------  

--- 

Figure I. Transect of typical floodplain vegetation, pre- and post-construction of Lock 6. Red gums line the creeks and blackbox grows on toe 
higher elevation areas. Lignum (not shown) tends to inhabit the low-lying, frequently flooded areas. Prior to the construction of the weir at 
Lock 6, groundwater flowed towards the river in times of low flow, however the creation of the permanent pool created a zone of low salinity, the 
'flushed zone'. The regional groundwater now discharges to the anabranch creeks and into the soil (Adapted from Chowilla Resource 
Management Plan, 1995). 

Major floods are very important for the long-term survival of blackbox overlying saline groundwater. Slavich ci ai. 

(1999b) demonstrated this in their modeling of the period 1970-1994. the major floods of 1974-1976 improved 
floodplain vegetation health for up to 12 years. The present reduction in flows is affecting vegetation health, mean. 
flows have been reduced by 37% and median flows by 80% (Close, 1990). The frequency of medium sized floods 
has been reduced by a factor of 3 (Ohlmeyer, 1991); minor to medium floods (up to I in 7 year return period) have 
been eliminated (Caidwell Connell Engineers, 1981). 

Irrigation mounds form due to increased recharge beneath irrigation areas. The mounds are several metres aboe 
river level, e.g. 18 in above river level at Loxton (PPK Environment and Infrastructure, 1997). The presence ane 
extent of several of these irrigation mounds have been modelled, showing increased water table levels and flows to 

the river following irrigation development (e.g. Bookpurnong, Woodward Clyde, 1998a; Ral Ral Creek, Woodarc 
Clyde, 1998b). The cross section in Figure 2 shows the relationship between the groundwater levels beneath in--

floodplain 

oe

floodplain and in the irrigated uplands. 

Soil type affects bank and floodplain recharge rates during floods, influencing the location of "green oases '. where 
sandy soils increase localised recharge. Irrigation disposal basins on the floodplain raise local water levels and st'c 
large quantities of salts in the floodplain, affecting local vegetation. Stock grazing and trampling affect vegetatl or 

health, particularly natural regenerants survival. Malice recharge is proiected to increase grounciwateL discflar.'c 
the river substantially over the next 100 years. current Work aims to quantify this increase. 
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Natural scale topography 

Bookprnng Lock 4 LWMPAre. 

1 	 e.acaoe.'ersc 	 CROSS SECTION A - A' 

Figure 2. Illustration of impacts of irrigation development on water table levels. Cross section of groundwater table levels benea. 
Bookpurnong Irrigation area and Clarks floodplain (Australian Water Environments, 1999). Note seepage of high salinity groundwater (up 
50.000 EC) at base of cliffs, and mounding beneath irrigation area. The following vegetation associations occur around each piezometer. 

Piezometers CFI and CF3 overlie a shallow saline water table, samphire is the dominant vegetation 
Piezometer CF5 is on an elevated bank of the river and is vegetated by blackbox and red gum mixed forest, 
Piezoineter CF6 surrounded by red gum forest on a sandy peninsular underlain by fresh groundwater. 

FLOODPLAIN VEGETATION OF THE LOWER RIVER MURRAY 
The fioodplains of the lower River Murray are typically vegetated by a mixture of river red gum (Eucalypras 

camaldulensis), blackbox (Eucal),ptus largiflorens) and lignum (Muehlenbeckia florulenta Meissner, formerly !I. 

cunninghamii). River red gums tend to grow in less saline, more frequently flooded parts of the floodplain, typicail 
adjacent to creekbeds. Blackbox is found at higher elevations away from the creeks, but with access to shallow 
groundwater (Slavich er al., 1999a). Lignum grows in the lower, more frequently flooded areas of the floodplain 

(Craig et al., 1991). Cooba (Acacia stenifolia) tends to co-occur with red gum. It is relatively salt and flooding 
tolerant, often replacing red gum in areas with shallow saline water tables. 

I 	Changes to the salinity and flooding regimes have altered the floodplain vegetation dynamics; the greatest impact is 
felt in the lower River Murray, due to naturally saline floodplain and groundwater conditions. Lignum grows in th 
more frequently flooded areas, almost independent of the shallow water table (Figure 3). Red gums have died out in 

I 	areas remote from creeks with reduced flooding frequency and in some areas affected by d gums. Samphire 
h

groundwater discharge 

(Figure id b   3). Blackbox has moved to some of the more elevated areas formerly occupey re g as 

replaced blackbox where health has declined due to shallow water tables and seepage. 

Groundwater depth and salinity are key indicators of blackbox health due to their effect on soil salinisation rates 
Blackbox tree health declines at infrequently flooded sites with high salinity groundwater (>40 dSm' EC) (Figure 
Red gums show a similar trend, surviving at sites with high salinity groundwater when subject to frequent flooding 
Lignum shows no relationship to groundwater salinity, preferring the more frequently flooded parts of the floodplain.  

The data presented in Figure 3 suggests a groundwater salinity of 40 dSm' EC is an important criterion for assessing 
blackbox health. Flooding frequency becomes important at higher groundwater salinities. 

ASSESSING VEGETATION HEALTH STATUS AND TRENDS 
Floodplain vegetation mapping usrng historical aerial photographs revealed trends in vegetation health aeci 
closely correlated with the timing of irrigation development in the Loxton and Bookpurnong Irrigation Distri: 
(PPK Environment and Infrastructure, 1997. 1998: Telfer and Overron, 1999). Vegetation health decline initi,  

occurred at the base of the cliffs and later at the edge of the river adjacent the Loxton Irrigation District groundwae: 
mound. The decline in vegetation health appeared to be independent of river regulation impacts. This indicates tr: 
the recent irrigation developments from traded water allocations, and uptake of sleeper water allocations may 

affect floodplain vegetation health for 10 to 20 years. 
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Figure 3. Relationship between flooding frequency, groundwater salinity and vegetation health (0 dead to 5 healthy). (a) The dashed line on th-
figure represents the division between blackbox vegetation generally in good health (<40dSm) and that in variable health. (b) Cntical value: 
for river red gum health appears to be associated with groundwater salinity (EC > 30 dSm') and flooding frequency greater that 1 in 2.5 year: 
(c) There does not appear to be a relationship between lignum health and groundwater salinity, however flooding frequency appears to be Ir< 
most determinant of lignum health. 

Vegetation, soil and groundwater associations used in conjunction with other models can predict managemenl 

outcomes and areas of floodplain vegetation likely to be at risk. A steady state soil salinisation model showed th 

effects of soil type on soil salinisation rates (Jolly et al., 1993, Thorburn et at., 1995). This model was extend 

using a dynamic soil, vegetation atmosphere transfer (SVAT) model to model the effects of vartous sot) typ 

groundwater and flooding regimes on the vegetation (Slavich et at., 1999a). Soil type and depth to groundwac: 

strongly influenced soil salinisation rates between floods; the sandier soils reacted more strongly to floods than th 

clayey soils. Most floodplains are underlain by Coonambidgal Clay, a fine alluvial clay which is relative1 

impermeable. Little localised soil profile leaching was observed at Chowilla during early 1990s   floods (Ackeroyci e: 

at., 1998; Jolly et at., 1993, 1994; McEwan et at., 1994). 

Tree xylem water potential can be used to quantify vegetation health in relation to water stress. as it pro'<ides 

instantaneous measure of how hard the tree has to work to extract water from the soil. The Grimes fieait. iflL 

ranks tree health on a scale from 4 to 20, providing an objective measurement of tree health (Jolly et a?,. 19u 

combination of measurements of soil and groundwater characteristics, modeling and historicai aerial assessmcni 

vegetation health, provide the necessary tools to assess and manage the floodplains of the iower RIVer Morn :  
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5. MANAGEMENT OPTIONS 
Regional groundwater discharge must occur either into the stream, causing river salinisation, or into the floodplain. 
causing floodplain salinisation. Management can only shift the balance towards either stream or floodplain, or 
change the pattern of floodplain salinisation. Local variations in floodplain characteristics (aquifer, soils, tloodintn 
determine the spatial pattern of discharge and hence floodplain salinity. 

One of the ways to decrease salinity is to improve irrigation efficiency. However, there are limits, typical modeling 
scenarios use a maximum of 85% irrigation efficiency, allowing for the necessary flushing fraction. The 20-year 
time lags observed at Loxton, suggest that the extent of salt affected land is yet to be observed, and that improvea 
irrigation efficiencies will not be observed for decades. 

I 	
Revegetation is mostly ineffective in discharge areas, as the salinity of the groundwater in the lower River Murray in 
South Australia is often 50-60 dSm". At these salinities. trees cannot remove sufficient quantities of water and even 
if they could, it would bring the salt to the surface more quickly. Trees adapted to saline areas transpire at a reduced 

I
rate. There is a limited niche for salt tolerant variants such as the blackbox green variant (Jolly and Walker. 1995b. 

Slavich et al. (1996) showed that environmental flows maybe ineffective at controlling salinity in the higher parts 01 

the floodplain inhabited by blackbox. Although floodplain soils are clayey and relatively impermeable, floods still 

U 	
play a part in providing both soil water and leaching, but for long-term health, large flood events are required. Given 
other restraints, releases of water from Menindee Lakes and Lake Victoria are restricted and would not be effective. 
On the other hand, large floods such as those of 1973 and 1974 provide sufficient leaching. 

I 	Groundwater interception schemes appear to be the most effective options available. The two operational schemes 
have shown they significantly reduce salt loads to the river, however vegetation benefits have not been quantified 
There is a growing trend towards the incorporation of groundwater interception schemes into new irrigation 

I 	
development in order to minimise salt loads to the river. The implementation of these schemes has the potential to 
also benefit large areas of salt affected floodplain vegetation. 

I 	6. CONCLUSIONS 
Soil salinisation and related decline of riparian vegetation have been identified one of the largest environmental 
impacts in the lower River Murray (South Western NSW, North-West Victoria and SA). In order to manage the 

I 	
floodplain vegetation, we need to have a clear understanding of the principal causes of the veg 
have developed the necessary tools to assess the causes of vegetation decline. To date, indivetation decline. We idual areas have been 

assessed with a range of methods, in a piecemeal manner. 

I 	This review has identified: 
I. 	the impetus for investigating vegetation health decline, both economic and ecological reasons. 
2. 	the processes causing a decline in floodplain vegetation health, 

I 	3. the methodologies or tools for assessing vegetation health, both instantaneously and incorporating the historical 
flooding and salinity regime. 
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Abstract 

To develop sustainable salinity control strategies, a number of studies have produced estimates of recharge under 
specific soil and vegetation conditions. Yet there has never been an integrated review of these studies in a way that 
allows general predictions. By reviewing and collating many of the recharge studies from across Australia, this study 
seeks to develop generic relationships for assessing the impact of landuse changes on recharge. 

Preliminary results indicate that for annual crops/pastures on sandy soils, Recharge = 0.20 * (Rainfall - 250). Large 
variation in recharge values for the loam and clay soils suggests that these two soil categories need to be considered 
more carefully to enable first order approximations of recharge to be made. 

Introduction 

Increased recharge is the cause of secondary dryland salinity. Quantifying this important term is necessary in order 
to assess management options, as well to provide input into groundwater models that assess the impacts on 
groundwater systems. While there have been several studies to estimate recharge for a specific area or groundwater 
system, there has never been an integrated review of these studies in a way that allows general predictions for sites 
elsewhere. This paper outlines preliminary efforts to develop generic relationships for assessing the impact of 
landuse change on recharge, by reviewing and collating information from many of the recharge studies from across 
Australia. 

In order to develop any general relationships it is important to understand the key factors affecting recharge. 
Numerous studies (e.g. Kennett-Smith et al. 1994) have indicated that the three key factors controlling recharge are 
land use, soil type and climate, and that there are often interactions between these three factors. There is a general 
understanding that recharge is increased by more permeable soils, shallow-rooted annuals and by higher rainfall in a 
Mediterranean climate. However, there has been no attempt to develop this knowledge into empirical relationships. 
If generic relationships using these three factors could be developed, this would enable recharge/change in recharge 
to be estimated at any point, without the need for extensive field measurements. Where spatial data for these factors 
are available, it should be possible to develop these relationships to be used over large areas. Since, however, there 
is likely to be significant error in such relationships, we need to assess whether the error is too large for any particular 
purpose, and hence the extent to which fieldwork is required. 

There are two main difficulties in completing such a task. Firstly is the problem that the wide spectrum of recharge 
estimation methods measure recharge at different depths and different scales, both temporal and spatial. For 
example, soil physical methods measure soil water drainage at a depth of less than one meter over the period of one 
year, while soil tracer methods measure vertical drainage over tens of meters over several years. Secondly, apart 
from the three primary factors controlling recharge, 'secondary factors' (e.g. aspect, slope, depth to watertable, 
preferential flow, impervious horizons and episodicity) can affect the amount of recharge, to varying degrees in 
different situations. 	

I 

Looking at recent work by Zhang et al. (1999), the recharge values were put into context with other components of 
the water balance. Zhang et al developed a variation on the Holmes and Sinclair relationship, the rational function 
approach to evapotranspiration. By studying over 240 catchments from many parts of the world, the authors showed 
that for a given vegetation type, there is a good relationship between long-term average evapotranspiration and 
rainfall. The authors developed a simple two-parameter model that related the mean annual evapotranspiration to 
rainfall, potential evapotranspiration and plant available water capacity. This simple water balance model can be 
used to describe the ef!èct of vegetation change on mean annual evapotranspiration. 
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The two parameters used in the above model are the plant available water coefficient (w) and the potential 
evapotranspiration (E0). The soil water storage coefficient represents the ability of plants to store water in the root 
zone for transpiration. Figure 1 illustrates the sensitivity of the ratio of the mean annual evapotranspiration to rainfall 
with respect to the soil water storage coefficient, where low values of w have a low soil water storage coefficient and 
high value of w have a high storage coefficient. 

Fitting the model to 240 catchments world wide, the best fit for forested catchments yielded E0  of 1410 nim for a iv 

value of 2, and for herbaceous plants E0  was 1100mm for a w value of 0.5. Using the resulting relationship between 
annual evapotranspiration and annual rainfall for different vegetation types, the annual non-transpired water (i.e. 
recharge + runoff) can be easily calculated. The relationship between the annual non-transpired water or excess 
water and annual rainfall is illustrated in Figure 2 and will be referred to as the rational function approach to excess 
water. 

1.0 	2.0 	3.0 	4.0 	5.0 

Eo/P 

Fig 1. Ratio of mean annual evapotranspiration to rainfall as a function of the index of dryness (E0/P) for different 

values of plant available water coefficient (w). (Source: Zhang et al. 1999) 
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Figure 2. Relationship between water yield and rainfall for different vegetation types (Source: Zhang et al. 1999) 
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Figure 3. The anticipated effect of decreasing permeability on recharge. 

In their present form, these curves act as an upper limit to the amount of water that can recharge underlying aquifers. 
To be useful in the estimation of recharge it will be necessary to partition the excess water into recharge and runoff. 
Runoff is generated when either or both the infiltration capacity of the soil or the soil water storage has been 
exceeded. One way to partition the recharge and runoff is to introduce two parameters, one based on the rooting 
depth of the vegetation and the second on soil texture. 

It is proposed that for a given vegetation type, as the soil texture becomes finer and the infiltration capacity and the 
hydraulic conductivity of the soil decreases, the gradient of the partitioning curve will decline. It is thought that 
increasing rainfall will also cause the curve to continually decline. This is because at higher rainfalls there are likely 
to be more events which will exceed the infiltration capacity of the soil and secondly the soil water storage is likely to 
be at capacity for greater periods of time. For a given increase in rainfall, at high rainfalls a greater proportion of the 
increase will become runoff than at lower rainfalls. At high rainfalls it is expected that the partitioning curve will 
asymptote to a maximum recharge value based on the soil hydraulic conductivity (Figure 3). 

In this study, data were reviewed and collated from across Australia. The data encompassed a wide range of 
landscapes, soil types, land uses and climatic zones. It is proposed that characteristic curves can be fitted through 
these data. These curves will enable estimates of recharge to be made and can be used to partition recharge and 
runoff in the rational function approach to excess water. 

Method 

This preliminary investigation is the summary of a review of over 30 recharge studies from across Australia. From 
these studies, the amount of recharge, method used, landuse, soil type and climate were all recorded. When 
presented, extra details (i.e. secondary factors) were added to the database. The inclusion of many different authors 
with a wide range of backgrounds meant that data were often presented in an inconsistent manner. This introduced 
an element of subjectivity when categorising or discarding data. To over come this difficulty a large emphasis was 
placed on maintaining consistentency in the decision making process on inclusion or rejection. 

Data were discarded only when it was deemed that there were extraneous circumstances involved, i.e. 'where 
secondary' factors were found to be markedly influencing recharge, or where vegetation was in its first year of 
growth. Recharge was occasionally expressed as a range of values, and in such cases the mid value was taken. 
Where recharge values were expressed as being less than or greater than value 'x', value 'x was taken to be the 
recharge. 

Soils have been initially divided into three textural categories, sand, loam or clay. These broad groupings meant that 
soil type was the most subjective factor. Where soils were described in terms of clay content: clay content of under 
10% was categorised as sand, clay content from 10-20% as barns and clay content over 20% as clay. Vegetation 
was also divided into three categories, annual crops/pastures, perennial pastures, and trees. Trees were categorised w 

annual crops/pastures until they reached an age of 5 years. 
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It should be mentioned that in this exercise existing studies were only reviewed where recharge had been physically 
measured. A separate, concurrent exercise is reviewing existing studies in which recharge values were svnthcsised 
using computer-modelling techniques. The spread of the recharge values from the two exercises will he analysed 
later. 

Results 

The data are presented according to soil type, i.e. sand (Figure 4), loam (Figure 5) or clay (Figure 6). A linear trend 
has been fitted through the data. In all three figures the rational function approach for excess water for herbaceous 
plants developed by Zhang et al. (1999) illustrates the excess water curve which serves as an upper bound for 
recharge (dotted line). In Figure 6, the rational function approach for excess water for trees is also illustrated. 
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Figure 4. Recharge versus Annual Rainfall for Sand Soils 
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Figure 5. Recharge versus Annual Rainfall for Loam Soils 
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Figure 6. Recharge versus Annual Rainfall for Clay Soils. 
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Discussion 
	

I 

The large majority of the recharge studies reviewed to date have attempted to estimate recharge under annual 
crops/pastures in low to medium rainfall zones and under trees in low rainfall zones. Few studies have been 
reviewed in which recharge has been estimated under perennial pastures. There is also a deficiency of recharge data 
for trees and annual crops/pastures in medium and high rainfall zones. For these reasons, much of the discussion 
here will focus on annual crops/pastures. 

The general trend of the data was that it moved away from the rational function approach to excess water curve as the 
soil texture became finer and as the rainfall increased. This suggests that higher rainfall and finer textured soils will 
have a greater runoff to recharge ratio. There was insufficient data to examine the effect of vegetation type, though 
initial results on clay soils (Figure 6) suggest that woody, deep rooted vegetation may also result in a greater runoff to 
recharge ratio. Despite having a greater runoff to recharge ratio, Figure 6 suggests that on clay soils the absolute 
runoff from landscapes covered in trees will be considerably less than the absolute runoff from landscapes planted 
with annuals. 

In all three Figures (4, 5 and 6), the rational function approach to excess water which forms the upper bound on 
recharge lies above the vast majority of the recharge data. The few data values that did lie above the upper bound all 
had a sand soil type and a low annual rainfall. This is consistent with expectations, as annuals planted on sandy soil 
in a low rainfall zone would be expected to result in very little runoff, with most of the excess water becoming 
recharge. It is likely that some of the variation about the curve developed by Zhang et al. (1999) is due to different 
soil types. Vegetation on sand, which has a high permeability (i.e. much of the soil water drains below the root zone 
before it can be used by the plant), could be expected to transpire slightly less than the 'rational function approach to 
excess water' curve suggests. Thus some recharge values slightly above the excess water curve for sands are 
consistent with expectations. 
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I 	Again consistent with expectations, the gradient of the linear trend fitted through the data decreased as the soil 
texture became finer, though the gradient of the trend through the clay data was only slightly less than the gradient 
through the loam data. Perhaps more importantly, the variation of values increased as the soil texture became finer. 

I 	
The distinction between the sand and the two finer textured categories was also more marked than the distinction 
between the clay and loam categories. This is thought to be attributed to the sand category being clearly defined, 
whereas the distinction between the loam and clay categories is less clear. At low clay contents it appears that the 
texture of the soil is important, whereas at higher clay contents (i.e. greater than 10%), there is little evidence that 

I 	textural change is important. It is thought that the considerable variation within the clay category can be partly 
explained by the wide spectrum of clay varieties, which (although clearly falling into the clay category) may have 
quite different properties, e.g. data from both red duplex soils and grey cracking clays were grouped within the clay 
category even though these two soils have very different properties. Sub-dividing the clay category may reduce some 

I of this variation, leading to a more robust relationship. 

Kennett-Smith et al. (1994) found a strong relationship between the percentage clay content in the top 2m of the soil 

I 	profile and potential recharge. However, many studies do not present information on clay content making this form 
of analysis impractical. Further more, this form of analysis does not allow the effect of textural change, or the depth 
at which textural change occurs to be assessed. 

I While difficulties in describing the soils may account for some of the variation in the results, the literature confirms 
that different techniques of measuring recharge and 'secondary factors' are also responsible. Such factors include 
aspect, slope, depth to watertable, preferential flow, impervious layers and climatic variations like summer versus 

1 	winter dominant rainfall. 

It is thought that trying to reduce variation in the data by incorporating secondary factors into the generic relationship 
would not be practical. This is because many studies do not present data on 'secondary factors', that there is 
insufficient spatial data for many secondary factors to enable their use in a generic relationship, secondary factors 
important at the point scale may not be important at a larger scale and finally, additional factors would add extra 
degrees of complexity to the task. 

Conclusions 

Preliminary study of the data reviewed indicates that, for each soil category, there are distinctly different trends in 
recharge between annual crops/pastures and trees. The data considered to date suggest that replacing annual 
crops/pastures with trees will bring about significant reductions in recharge. The confidence in these findings 
decreases as the soil texture becomes finer and as the rainfall becomes lower. The data show that landuse has by far 
the greatest influence on recharge. 

Data on perennial pasture are too few to exhibit any trends. From the data presented in Figures 4, 5 and 6 it is 
unclear whether replacing annuals with perennials will reduce recharge. The recharge under perennials at a site may 
be less than the recharge under annuals, but unlike trees and annuals, there may not be enough difference in recharge 
to prevail over the variation between sites. 

Preliminary results indicate that for annual crops/pastures on sandy soils, Recharge = 0.20 * (Rainfall - 250). 
Current data indicate that categorising finer textured soils needs to be done more carefully to enable first order 
approximations of recharge to be made for other soil types. 
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Catchment Categorisation: what is it and how does it work? 
Mirko Stauffacher, Ray Evans, Phil Dyson, Jane Coram*,  Glen Walker, Warwick Dawes+, 

CSIRO Land and Water. BRS5, Dyson & Associates* 

Abstract: The current annual cost of infrastructure, land and stream degradation by salinity is estimated at S3() 
million, not taking into account the invaluable loss of biodiversity. If large-scale land use changes are not 
undertaken immediately, the cost of salinity is estimated to increase at least five fold in the coming decades. These 
large-scale land use changes have to be underpinned by a good understanding of the biophysical processes driving 
salinisation and have to be implemented efficiently and rapidly, otherwise both funds and good will are wasted, with 
the long-term consequences mentioned previously. 

Lack of data is often blamed for the inability to deliver reliable management guidelines for salinity control 
within a reasonable time frame in large or/and poorly documented catchments. But is data the problem or the lack of 
solutions for porting results and understanding from well to poorly documented catchments? The Catchment 
Categorisation proposes a methodology of information and technologies transfer from well understood catchments to 
poorly or unstudied catchments across Australia. The application of the Catchment Categorisation concept is 
currently under way in the dryland salinity theme of the National Land and Water Resources Audit and will be 
pursued in the MDBC funded Catchment Categorisation project. 

Introduction 
In the last 20 years, extensive research in salinity has been undertaken. In 1993, the National Drvland Salinity 
Program (NDSP) was set up to finance and coordinate the scientific effort and collate the research outcomes to 
ultimately provide solutions for dryland salinity. Whilst a big step forward was made under the NDSP, there is now 
a strong need for a framework within which scientific outcomes can be efficiently translated into on-ground action 
and policy development. A National Catchment Classification system is proposed as an aforementioned framework. 
It should provide conceptual models for the various hydrogeological systems which permit identification of 
catchments and landscape units that will respond in a similar way to land use change. It should also provide a good 
basis for transferring understanding and methods from well to poorly documented catchments. 

The National Catchment Classification system 
Replacing native vegetation by less water efficient ('leaky") agricultural practices caused a hydrologic and 
hydrogeologic disequilibrium resulting in dryland and stream salinisation in which groundwater processes play a key 
part (salt mobilisation and redistribution). The nature of aquifers is described by attributes that include geology, 
physiography and weathering style (Coram, 1998). These three interrelated characteristics are found in an almost 
unique variety of combinations in each catchment but, at a broad level, some regional similarities can be recognised 
(Coram, 1998). These similarities can be expected to provide a credible base for the transfer of understanding from 
well studied catchments to poorly documented ones of the same type, which will help to prioritise research work for 
remedial options. 

In 1996, a group of hydrogeologists from all States proposed that the broad features of common 
occurrences of salinisation related to groundwater across Australia can be described by the fifteen hydrogeological 
models. The models are listed according to whether they represent local, intermediate or regional flow systems 
(Coram, 1998) primarily because these scales reflect the ease with which salinisation can be managed. However, in 
a number of instances, groundwater behaviour may be the result of several superimposed systems; for example. the 
specific area of discharge may be controlled by local hydrogeological features although the general region is 
controlled by regional processes. 

The local hydrogeological systems described below have shallow circulation depths and have recharge and 
discharge areas close together. They tend to occur in areas of higher relief, and are usually unconfined. The typical 
scale of a local flow system is in the order of one to three kilometres. 

The intermediate hydrogeological flow systems described below are intermediate in scale between the local 
systems and regional systems. They tend to occur in foothills and valleys, over a horizontal scale in the order of five 
to ten kilometres. Intermediate flow systems may be overlain by local flow systems. 

The regional hydrogeological systems described below have deep circulation depths, and recharge and 
discharge areas separated by considerable distances. The aquifers are usually confined, and groundwater residence 
times are long. The typical scale of a regional flow system is in the order of fifty or more kilometres. and regional 
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flow systems are likely to be overlain by local and intermediate flow systems. 

I The broad features of local, intermediate and regional systems are summarised below in Table 1. 

Local flow system 	 Intermediate flow system 	Regional flow system 

horizontal scale 	• 	1-3 kilometres 	 • 	5-10 kilometres 	 • >50 kilometres 

geonwrphologv 	• 	subcatchments in higher 	• 	alluvial and, occasionally, 	• 	broad riverine plains on 
relief areas on edges of 	glacial valley fill in 	dcpositional basins 
plateaus and ranges 	 foothills and valleys 

geology 	 • fractured metamorphic and • fractured metamorphic and • deep, interbedded marine, 
igneous rocks 	 igneous rocks 	 alluvial 	and 	aeolian 

colluvial sediments 	• shallow (<50 metres deep) 	sedimentary 	sequences 

aeolian sediments 	 alluvial 	and colluvial 	(several 	hundreds 	of 

sediments 	 metres deep) 

structural 	features 	• 	subsurface 	low 	hydraulic reductions 	in 	hydraulic reductions 	in 	hydraulic 

influencing 	 conductivity features such conductivity with distance conductivity with distance 

groundwater flow 	 as 	bedrock 	highs 	and from sedimentary source or from sedimentary source or 

dykes aquifer weathering associated 	with 	structural 

termination 	of aquifer at reductions 	in 	hydraulic deformation 	(faulting, 

erosional surfaces gradient 	or 	aquifer folding) 

thickness with shallowing reductions 	in 	hydraulic 
of the ground surface gradient 	or 	aquifer 

subsurface 	low 	hydraulic thickness with shallowing 
conductivity features such of the ground surface 

as 	bedrock 	highs 	and 
dykes 

Table 1: Summary of the broad features of local, intermediate and regional systems (from Coram, 1998) 

1 	3. Dryland Salinity Theme of the National Land and Water Resources Audit 
The NLWRA aims to develop a basis for evaluating land use changes and land management options for saiirniy 
reduction in key Australian landscapes by: 

I 	• 	developing a consistent analytical framework for evaluating costs, benefits and the recharge and salinisation 
response at the catchment scale for a range of land use and land management options; 
testing this framework for selected representative case-study catchments; 

I
. 	proposing methods for extrapolating the case-study results to develop Australia-wide land use change and land 

management implications, including the need for interventions and development of resource protection policies. 

For each case study catchment, the following will be determined: 

areas of the catchment where changes in recharge will most affect catchment salinity 
the magnitude of recharge reduction required in those areas to produce a given level of salinity management (eg 
% reduction in area of salt-affected land) 
land use and farming system options for producing recharge reductions of sufficient magnitude to achieve 
salinity management 
information on which to base an economic analysis of the costs, benefits and viability of the options for change 
constraints to achieving required changes 

When coupled with the economic analysis performed in Capacity for Change theme of the Audit (Theme 6), the 
outcome for each catchment will be: (1) an analysis of the costs and benefits of effecting a given decrease in 
salinisation in that catchment; and (2) provide a framework to develop trade offs between salinity control and living 
with salt options. 

A preliminary analysis of how the catchment-specific results may be extrapolated across key landscapes ;ill 
be carried out. The aim is to extrapolate understanding, methodologies and results with a level of confldenc 
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I 
adequate to provide (at a minimum) a first-cut assessment of the costs and benefits of land use change / land 
management options for reducing catchment salinisation and therefore a basis for prioritising works and management 
activities. 

This analysis will account for the influence on catchment-specific outcomes of factors such as catchment 
topography, geology, climate, land use, agronomy, and local economics, as well as the nature and community cost of 
the impacts of salinisation (such as on roads, wetlands, towns, water resources and agriculture). 

3.1 Australia-wide groundwater system mapping 
At the time of writing, the first version of an Australia-wide map of groundwater types distrihution was produced by 
the Bureau of Rural Sciences in a GIS using the following information layers: 

Bedrock Geology Coverage, 1976 BMRJAGSO Geology of Australia, 1: 2 500 000 
Regolith Terrain Map of Australia, BMRIAGSO (Reclassed) Regolith Polygons: BMR record 1986/27,1:5 
000 000 
Digital Elevation Model, AUSLIG, 1km cell size; derived from AUSLIG 250m 9 second DEM 

It has to be noted that no generic catchment classification system will ever be right at all scales, all of the time, nor 
will it be any more accurate than the data sets upon which it is based. The challenge is here to develop a system that 
is accurate enough to be a useful strategic and operational management tool (Coram, 1998). The product will be 
reviewed by the contact hydrogeologists from each State and updated until general agreement. 
Given that the spatial distribution of groundwater types is now known, the next step is to determine the range of 
processes leading to salinisation that occur within these types and develop or adapt biophysical modelling tools for 
each of these types. Within the time frame of this Audit theme (July 2000) it is not possible to cover focus 
catchments encompassing all 15 groundwater types. In the Audit, four focus catchments representative for four 
groundwater systems were selected and, in the future, more will be chosen for the MDBC Catchment Categorisation 
project. The Audit case-study catchments are: 

Wanilla, South Australia 
Lake Warden catchment, Western Australia 
Kamarooka, Victoria 
Upper Billabong, New South Wales 

For each catchment, the aim is to develop a strong conceptual framework for the biophysical processes involved in 
salinisation and develop and apply optimised modelling tools based on the conceptual understanding to evaluate 
management options. Ultimately, the lessons learned on a given catchment/groundwater type should be transportable 
to other similar catchment/groundwater types. To date, the first case-study catchment is close to completion and the 
methodology and results are detailed in the following sections. 

3.2 Wanilla catchment case study (South Australia) 
3.2.1 Site description 
Physiography: the Wanilla catchment is located in the southern part of the Eyre Peninsula, South Australia, 40 km 
north-west of the town of Port Lincoln. It covers an area of approximately 140 km2. Two major drainage lines are 
present, flowing from the Lincoln Uplands through the middle of the plains down to Kellidie Bay. This bay is on the 
south western boundary of the catchment, near the town of Coffin Bay. 

Climate: the annual mean rainfall is 550 mm, based on 100 years of daily rainfall recorded at Port Lincoln. Rainfall 
is highly seasonal, with the wettest period over the coolest months between May and September (mean monthl 
rainfall > 60 mm), and the driest period over the warmest months of January and February (mean monthly rainfall < 
20 mm). The mean annual class 'A' pan evaporation at Tod River (15 km north-west of Wanilla) is 1475 mm, based 
on approximately 20 years of data. Mean monthly rainfall values exceed evaporation only during the winter months 
from May to September. 

1 The niap was not included in this article for obvious readability reasons. 
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Geology: the following geological description is largely taken from Parker et al. (1984), except where otherwise 
acknowledged. The Wanilla catchment can be divided into three geological provinces. The first is comprised of the 
Early Proterozoic basement rocks, which consist of Hutchinson Group gneiss and Lincoln Complex granites in the 
Wanilla catchment. The Early Proterozoic rocks outcrop predominantly in the eastern highlands of the catchment, 
with small outcrops also in the north east, and south east of the catchment. Overlying the Hutchinson Group, 
Tertiary and Quaternary sediments outcrop in the Wanilla catchment in the plains to the west of the Lincoln Uplands. 
These include the Tertiary Uley Formation, a unit consisting of fluviatile-regolithic quartz sand, sandy clay, clay and 
rare gravel with abundant laterite nodules. This has a maximum thickness of 40 m in the southern part of the Eyre 
Peninsula (Barnett 1978). 	Thin veneers of Quaternary sediments overly the earlier rocks. These include the 
extensive Pleistocene Bridgewater Formation, which consists of caicrete and carbonate-cemented aeolianite and 
exhibits large dune size cross beds outcropping in the southern part of the Wanilla catchment. The younger Late 
Pleistocene-Holocene Wiabuna Formation consists of clayey sand which forms the cores of sand dunes, and outcrops 
in the north west of the catchment where it constitutes a minor topographical feature. Recent alluvium can be found 
along the drainage lines in the centre and east of the catchment. 

I 	3.2.2 Conceptual model: 
The conceptualisation of the Wanilla catchment involved both the identification of aquifer thicknesses, and the 
estimation of groundwater flow direction with a flow-net. Groundwater elevations from 38 surveyed observation 

I 	
bores at screened at depths of 3 to 38 m indicate that regional groundwater flow (Figure 1) is in a south-west 
direction from the Lincoln Uplands towards Salt Creek and Merintha Creek, towards Kellidie Bay (a direction 
coincident with that of surface drainage). Regional groundwater flow patterns suggest that a regional zone of 
groundwater discharge occurs to the north of the study area. 
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Figure 1. Groundwater flow paths (based on data collected in 1991 and 1992), and mapped salinity zones (from Henschke 1999) 

The flow directions indicate that the Wanilla catchment groundwater system is independent from the regional system 
to the north (Cummins system). Most of the flow is occurring from the basement highs in the east and the north east 
of the catchment, and some flow comes from the Wiabuna Formation in the north-west of the catchment. 
Groundwater flows out of the catchment through the Bridgewater Formation into Kellidie Bay. Groundwater 
gradients are high (1.82x10 2) in the east of catchment, as groundwater flows from the highlands of the relatively 
impermeable Proterozoic basement. It becomes lower (2.7x10 3) in the Tertiary Sands, and lower again in the 
Bridgewater Formation (1.5x10 3). Groundwater flows with a velocity of approximately 0.5 mlyr (assuming 
hydraulic conductivities of 0.1 m/day and 0.5 rn/day in the Proterozoic basement and the Tertiary Sands 
respectively). 
Groundwater discharge in the Wanilla catchment generally occurs along surface drainage lines and comparing the 
groundwater flow paths with the catchment geology and topography suggests that groundwater discharge is 
controlled by three main processes: 

convergence of groundwater flow lines from the uplands in the north east and the east of the catchment; 
local discharge of groundwater above bedrock highs in the north of the catchment, associated with the edge: 
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1 
changes in hydraulic gradient at the break of slope, as groundwater flows from the Lincoln Uplands to the 
plains. 	

I 
3.2.3 Groundwater modelling: 
3.2.3.1 Method 
For this study, Flowtube model was used. Flowtube is a simple groundwater model based on conservation of mass 
with fluxes calculated using Darcy's Law (Dawes, 1999). All flow is one-dimensional along a tube defining the 
aquifer of interest, with recharge and discharge able to be distributed both spatially and temporally. The model can 
also simulate a network of tubes, if required. 

The Wanilla catchment was modelled using two arms in the upper part, which merged to become a single 
lower arm for the lower part of the catchment (Figure 2). The main arm (Arm 1 & Lower Arm) was divided into 
22 sections, coinciding with monitored bore locations and surface water and boundary features. In addition, a 
second arm was modelled (Arm 2) for part of the upper catchment (8 sections). The derived ground and 
groundwater surfaces were smoothed using a 4th  order polynomial and the surface was described with 25 strips each 
1 km in length. 

The width of the aquifer was taken from the surface catchment boundary; aquifer thickness was estimated 
from cross-sections based on bore information, hydraulic conductivity and porosity values were extended from those 
reported by Richardson etal. (1994a,b) in the Pope's Catchment. 

To take the strong rainfall seasonality into account, the year was broken into two parts: 

a 3 month period when 20 mm of recharge (a rate of 0.21 mm/day) was distributed uniformly over the 
landscape, and 
a 9 month period when 20 mm of discharge (a rate of 0.07 mm/day) was distributed uniformly over the 
catchment. 

Figure 2: Simplified branch structure of the Howttihle model set up - Wanilia catchment. 

3.2.3.2 Results 
The discharge is assumed to be evaporated water in excess of rainfall sourced from the shallow aquifer. The area at 
the top of the catchment, known as Pope's Catchment has a very steep basement (c. 3 to 5%) and requires 
100 nmi/year of recharge to be placed in the upper-end to maintain a water table. Given this detail, the very low 
conductivity, and the observed heads, it is unlikely that an aquifer existed upslope of the swamp (between 13-17 km 
upsiope) under native vegetation. A good fit was obtained between smoothed observations and long term 
equilibrium (RMSE 3.6 m with n=24) with the largest differences of 5-7 m in the central swampy area where 
observation water tables were apparently 7-10 m below ground level. The predicted long-term heads are shown in 
Figure 3 for the scenario outlined. 

These results confirm that the wet area at break of slope (discharge) is a permanent feature of the landscape. 
Discharge in the break of slope area is not only due to the change in topographic gradient, but also to a lateral 
groundwater flow constriction coinciding with the merging of the two sub-catchments of the upper catchment 
(figure2, arms 1 and 2). Under native vegetation, both the upper and the lower catchments were underlain by deeper 
watertables, the surface wetting up seasonally in the lower part of the catchment. 
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Figure 3. Observed and predicted steady-state heads for Wanilla catchment. 

Conclusion 
The Australian-wide groundwater system types map is a good first-cut of the spatial distribution of the different 
systems. Feedback provided by the State hydrogeologists involved in the project will improve the product with time. 

The early case study results have shown each step of the work provides valuable feedback that can be 
turned into management recommendations. For instance, features like groundwater flow restrictions or flow 
convergence are common in a wide range of catchments and these areas are naturally prone to discharge and 
salinisation. At this stage, historical information can provide hints as far as the landscape evolution in response to 
land use change is concerned. If historical discharge features (waterlogging, salinity) due to flow restrictions can be 
identified, there is probably no biological option to "mop-up" the excess discharge water. These results inherited 
from the conceptual understanding of the groundwater processes can, if needed, be enhanced by groundwater 
balance modelling. In the case of the Wanilla catchment, a simple groundwater modelling approach (Flowtube) 
captured the main features related to salinisation like discharge in the middle part of the catchment and salinisation 
hinge line moving upslope with increased recharge. It demonstrated that under native vegetation, the upper part of 
the catchment was "dry", but that the lower part of the catchment was still seasonally affected by waterlogging. 
More fine-tuning of the model will give a range of acceptable recharge values for the upper part of the catchment to 
prevent the salinisation spread and that can be translated into management options. The next step, if needed, would 
the be to do some detailed water balance work for the upper part of the catchment to come up with the best socio-
economic land use options for the area, but this might well be superfluous because it has already been achieved in the 
previous step. 

The Wanilla example showed that a catchment study should be an iterative process focussing at each step 
on possible management options. Each step also involves an increase in data needs that translates into an increase in 
cost. The main purpose of the Catchment Categorisation framework is to prioritise the work and to help the 
professionals involved in a catchment study to ask the right questions and deliver answers at the level of complexity 
that is required to provide credible management options. 
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Eastern Murray (NSW) Groundwater Investigation and SIonitoring 

Nimal Kulatunga and Stuart Lucas 

Department of Land and Water Conservation (DLWC) 

Albury 

Drvland salinity has been identified as an issue in several eastern Murray sub-catchmcni 
Previous studies undertaken in West Hume and Holbrook Landcare areas (1989. 1'-l) 
revealed that groundwater pressure levels have been risen by 30-60 cmlvear. The objectne of 

the current study is to raise awareness of rising groundwater levels and related problems among 
all 10 Landcare groups in the eastern Murray drvland catchments. This has involved up to 13() 
landholders monitoring bores and piezorneters regularly and DLWC preparing depth to 
vatertable and pressure level maps. trend assessment and also groundwater sallnit\ and 

recharge assessnient maps. 

THE FULL TEXT OF THIS PAPER WILL BE AVAILABLE AT THE CONFERENCE 
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The Liverpool Plains ICSM Project: Lessons to be Learned 

I W. R. Dawes 
CSIRO Land & Water, GPO Box 1666, Canberra. ACT, 2601 

I 	Abstract. This is a personal view of the outcomes of a modelling project I worked on. The Integrated Catchment 
Scale Modelling Project (ICSM) determined the optimal land management system for dryland salinity aeted 
catchments in the Liverpool Plains, NSW, in terms of economic return to farm enterprises and minimising re.±arge 

I 	below the plant root zone. Alter defining the conceptual model of the groundwater systems and estimating the vater 
balance for the main aquifer, it became clear that surface agricultural management would have little impact c the 
deep flow system. The role of modelling became one of narrowing the possible outcomes from a short list. ather 

I 	
than exploring the sensitivity of the groundwater system to changed inputs. A major conclusion was that a new 
approach is required for these problems, so the minimum appropriate level of effort is expended to get an our.eme. 
Doing good science did not mean applying complex models and ticking off milestones, it meant gaining a clear 
understanding of the system so that management options could be evaluated easily and unambiguously. 

1 	1. Introduction 
The discourse here is a personal reflection of what the author learned, or thought he learned, after being invc ad in 

I 	
this very ambitious project. At the time this project was being put together, there were not many results from s:idies 
that went through the entire spectrum of catchment investigation. From hydrogeology, biophysical modelling. s-cio-
economics to policy on the ground, wasn't heard of. There were instances of several pieces being done at sialler 
scales, or single investigations at the catchment scale, but little or nothing that ran through the entire gamu: The 
available tools were limited, and often the province of a few groups, rather than being generally used or useabie 

Within this context, it was unknown what would be gained from this project, or even if the project would achieve its 

I 	
objectives. There could be several threads. Would we get better tools to answer the land degradation ques ens? 
Would these be operational or research tools? Would the models be transferable? Would land management e.elicy 
and outcomes be transferable? Would we get a clear understanding of the problems and solutions in taking a 

I 	
from go to whoa? It is this last aspect that I will concentrate on. 

Almost all the land degradation problems affecting catchments in Australia today have been blamed, at one L1C or 
another, on the consequences of clearing native vegetation and replacing it with European annual farming s'.s:ms. 

I 	
The major consequence is increased recharge to the groundwater systems of this wide brown land. Increased 
recharge leads to rising water levels that bring with them salts and other chemicals stored either in the soil colarin or 
the groundwater itself. When this cocktail is near to, or at, the soil surface, a variety of land degradation prcEems 
result. Dryland salinity is a serious land degradation problem, and Lovering (1999) estimated that 25,000 k: 	of 

I 	Australia has already been affected by it, and that up to 150,000 km2, a six-fold increase, may ultimately be lost. 
There is an expectation in Australia that by modifying cropping practices and applying better land manageme 	that 
the ultimate extent of dryland salinity can be reduced. The use of biophysical models in developing Vhole 

I 	
Catchnient Plans has been advocated to put rigour into the process of determining these best practices. The 

to help address these issues. The followi 	
e CSM 

project was desig ng 	 is a quote from the Executive Summary of E.ans 
and Johnston (1998): 

1 	"The ICSM Project ... was funded as part of the National Dryland Salinirc Program to provide a truly 
multi-disciplinary approach to the problem of catchinent and far.n scale planning to manage drvland 
salinity. The aim of the ICSM project was to assess the impact of a variety of land management 
options on water and salt balance at the whole-of-catchment scale, to better reflect the internalisation 
of all the costs (both on and off site) related to salinisation. ... The methodology specifically set out to 
test the use of existing knowledge and methods, with a minimum of additional data gathering or 
development of new methods or models. The project was undertaken in the Liverpool Plains (one of 

I 	the five focus catchments of the NDSP) by a team drawn from AGSO, CSIRO, ABARE, NSW DL V/C 
and LPLMC." 

This paper will detail the lessons that were learned by the multi-disciplinary team completing the ohiectives : the 
project. It was found that (1) preconceived "best bet" options would not work in this case, (2) an understanc 	of 
the sources, sinks and pathways for water and salt in the groundwater system was critical, (3) iterative deve1:T ient 
of the conceptual model with a simple groundwater model aided this understanding. and (4) differerT and 

' 	management options could he evaluated at various levels of detail that suggested an appropriate level of eff 	and 
amount of data required. Good science is more that just applying models. 
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2. Possible Options and Outcomes 
To labour an important point made in the Introduction, since we blame changed land management for most of our 
land degradation problems, specially dryland salinity, we expect that a change in land management will fix the 
problems. To this end there is a body of work related to farming systems that minimise recharge below the root zone 
to mimic native vegetation (Hatton and Nulsen, 1998). This is not the only option, and we can take a step hack to 
look at remediation in several ways. 

For any catchment affected by a land degradation problem, there are five categories of remediation work required: 
I. The catchment doesn't have now, and will not develop, any problems so no work is required, 

With minor biological or engineering action, future problems can be averted and current problems solved. 
With minor work problems can be stabilised, and with major work they can be solved, 
With major work catchment-scale problems can be stabilised, and locally the problem may be solved, 
The problem is so bad that nothing can be realistically (or practically) done to solve it. 

In socioeconomic terms, these categories relate to: 
Farmers can try to maxirnise profit with little effect on the land, 
Some careful management is required to prevent land degradation, but profits are not greatly affected, everyone is 

generally happy, 
In many areas better management will be required, and in others engineering measures will be needed to avert 

land degradation, those suffering off-site effects and reduced income from their property will be most active, 
Better and more radical land management including retirement of land for forests in concert with pumping of'  

groundwater is required with a catchment-scale focus, profits will be affected in many cases, the whole catchment 
community becomes involved, 

Any money the farmers can make is a bonus, large socioeconomic upheaval, the land is doomed for traditional 
farming practices. 

In management terms, these categories will entail: 
Doing nothing but making a good living, 
Planting mixed annual and perennial pastures to prevent excessive drainage during fallowing, fence off small 

areas to promote local regeneration of native species, 
Changing cropping rotations to include deep rooted summer active perennials such as lucerne to help dry the soil 

to a reasonable depth, maybe plant 10-25% of the catchment to trees or investigate agro-forestry, some land drainage 
may be required, 

Plant 33-50% of the catchment to trees, investigate best placement for groundwater pumping bores and enhanced 
surface drainage, 

Grow whatever you can, learn to love degraded landscapes, sell the farm if possible. 

Much of the focus of work during the Landcare Decade has been in Categories 2 and 3, with the expectation that 
better crop management will halt the spread of salinity, or ultimately reverse the trends. More recent work by Hatton 
and Salama (1998) has pointed to many parts of Western Australia being in Category 4, and they suggest radical 
catchment-scale intervention to prevent the disastrous spread of salinity reported by Lovering (1999). 

One of the conclusions from the ICSM Project was "a refinement of our research approaches." This entails gaining 
a detailed understanding of the system before starting a lot of work which may be unnecessary. So we might come 
into a catchment and look at the gross water balance terms for the groundwater system. If the best and worst case 
scenarios both indicate that the aquifer has sufficient flow and storage capacity to handle the recharge, then we are in 
Category I or 2 and may not need to do any detailed work. Similarly if both extreme cases show that land 
degradation is inevitable then we shift up to Category 4 or 5, and this suggests immediately what research work is 
required in the catchnient. It is when the best case scenario is in Category 1 to 3 and the worst case is in Category 3 
to 5, that detailed work to accurately determine the sensitivities of the system and the social and economic impacts 
of land management change is required. 

3. In the Liverpool Plains 

3.1 Importance of the Conceptual Model 
The first step in the ICSM Project was to understand the surface and groundwater systems that had led to crvlaiid 
salinity in the Liverpool Plains. This exercise is usually done at the same time as data collection and anal;. siS br 
parameterising a large complex model, used later to test management scenarios. Stauffacher etal. (1997) presented 
a detailed conceptual model of the groundwater flow systems in the Liverpool Plains, the sources and sinks of water 
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in the catchmcnts, and simplifying assumptions that could be used for any modelling, hut specially the 	:i:ple 

I 	
numerical modelling of the deep confined aquifer. 

The first revelation was that dryland salinity was not widespread in the catchment, and in fact was restricted :c twc 
sub-catchments with specific geological and surface characteristics. This immediately reduced the amount -. 

' 	 to be done looking at dryland salinity by reducing the number of sub-catchments to consider. It was expecte: t the 
outset that the five suh-catchments, or the entire 12000 km2  area, would need to be modelled in some detail. 

The second important detail was described by Zhang et cii. (1997) who quantified the amount of ',sater p0:: dalk 
enteringthe groundwater system from the various sources. The amount of runoff from the steep uolands tho: ould 
potentially enter the groundwater system through a gravel contact zone, was an order of magnitude larger toon the 
estimated vertical recharge below crops. It therefore appeared that the now standard approach of minimish crop 

' 	 rotation recharge, and the complex physical and economic modelling this usually requires, was not relevant :: these 
catchments, with respect to the deep confined aquifer. Far more could be gained apparently by reducing the .eount 
of runoff from the hills and ranges through reafforestation or engineering interception of runoff. 

3.2 Iterative Refinement of Conceptual Model 
An estimate of the partitioning of the vast amounts of runoff water produced in the Liverpool Ranges neede.c :: he 
made to complete the conceptual model, and to resolve the relative importance of the water from the hills cc : .. the 
plains. This process was an iterative refinement of the conceptual model through simple groundwater modell::c. 

Examination of the limited streamflow records for one of the salt affected suh-catchrnents, suggested that  
the catchment floods periodically, very little water actually leaves the catchment; around 5% of the runoff t: n the 
hills, see Figure 1. This is a very important point, since the approach used by Zhang er al. (1997) ssould suggo-so that 
around 20% of annual rainfall should become runoff or recharge from the high rainfall year. Estimar: : :is of 
groundwater flow through the constricted lower parts of the sub-catchment with a very simple flow modei s_gges1 
that around 5% of the hills runoff passes through the aquifer. From the few available bore hydroeaphs it .: flears 
that the deep aquifer is quite full but filling very slowly, so the amount going out must be very simtlar to the .000uni 

coming in. This leaves 90% of the runoff from the hills to disappear on the plains. 

I 
I 
I 
I 
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Figure I Monthly rainFill and runoff from Big Jacks Creek, one of the larger sub-catchments in the Liverpool Plains su1ici: Jr\ lanc 
Even in the wet year 1998. only 69t. of rainfall was gauged as runoff. 
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The conceptual groundwater model states that there is limited hydraulic connection from the shallow saline aquifer 
to the deep gravel aquifer, and little transfer of water between them; see Figure 2. These two water levels are 
currently hovering between 1.5 and 2 m from the soil surface. During a flood event the shallow water level rapidly 
comes to the surface, and the amount of available storage in the shrink/swell clays is close to 90% of runoff from the 
hills. The shallow water level slowly recedes over three months while the deeper aquifer rises and falls on a time 
scale of several years. 

This conclusion provides supporting evidence for the very low runoff measured from these sub-catchments, by 
creating a mechanism to account for the excess runoff water. When rainfall occurs on these very wet soils, anecdotal 
evidence suggests that flood up to 0.5 m deep can occur on the lower parts of the sub-catchments. 
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Figure 2 : Shallow and Deep Bore water level responses to a 1997 flood event, illustrating the limited hydraulic connection between the aquifers 
Thick line is a deep bore in the gravel aquifer, thin line is within the clay layer, and the dashed line in a shallow bore in the perched aquifer. 

With an estimate of groundwater flux and the assumption that negligible vertical recharge occurs, we can use our 
simple groundwater flow model to invert the current bore levels and gradients to generate the hydraulic conductivity 
distribution in each sub-catchment. Dawes etal. (1999) has performed these analyses and presented distributions of 
the state properties of the aquifers in the sub-catchments with dryland salinity. 

3.3 Evaluating Land Management Options 
At what stage could we evaluate the usual management options? 

From examination of the conceptual model, with no computer modelling performed, it seemed clear that crop 
rotation manipulation would not be a feature of dryland salinity remediation in these catchments. 

After some simple groundwater flow modelling, it was confirmed that the large gravel aquifer could only be 
greatly affected by reafforestation of the uplands parts of the catchment. However the magnitude of recharge 
component of the runoff from hills and ranges, and the likely change that could be made from total reafforestation 
from Zhang et al. (1997), makes this option not viable from either a hydrological or financial view point. 

The option of groundwater pumping does warrant further investigation, once more drilling is done for more punlr 
tests to evaluate sustainable water yield, possibly for export to catchments with dropping water levels due to 

pumping for irrigation. No complex modelling is required for this option. 
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Crop yield modelling associated with recharge estimation can be used in areas where water levels are stable. 
periodic flooding notwithstanding, to determine an optimised cropping rotation for maximum profit and minimum 
excess drainage to the shallow saline water table. 

It is clear from bore hydrographs, stream flow records, and anecdotal evidence that there is a large amount of 
storage space in the root zone, if the vegetation can empty it, which can be filled and flushed. It would seem that 
drainage minimisation would be useful at a local level to slow any immediate water level rise, rather than at the 
catchment level for controlling dryland salinity. 

3.4 Hierarchical Approach to Analyses 
The whole experience applying simple through to complex models in the ICSM Project has led to the conclusion by 
Evans and Johnston (1998) that we have "a refinement of our research approaches." The necessary steps to perform 
investigations of this sort in the future are clear, with an approach along the lines of the TOOLS Project (Anon.. 
1995) must be adopted. The TOOLS Project advocated performing investigations in a structured hierarchy of effort 
that applies the simplest approach first to determine if more detailed investigation is required. This means that a 
research tool, such as a highly parameterised detailed physical model, is not applied synoptically and perceived as a 
panacea, but used where and when it is appropriate to do so given the analysis provided by simpler methods. Such 
an approach leads to a set of operational tools and procedures that can either (1) evaluate different land management 
options directly, or (2) locate where extra data collection or complex modelling is required to evaluate an option. 
The main problem with research tools and complex models in general, is the time and effort required to process the 
data to run them, actually using the model, and the interpretation and presentation of results. Where available data 
and a clear understanding of the whole system can be used to give unambiguous answers in a timely manner, this is 
always preferable. 

4. Conclusions 
The ICSM Project sough to use existing knowledge and technology to determine optimal outcomes for farmers in the 
Liverpool Plains, in terms of maximising profits and minimising adverse environmental effects. Complex water-
balance and plant growth modelling was not required to determine the hydrological impacts of any revegetation or 
land management strategies. The conceptual model combined with desktop and simple groundwater flow modelling 
was enough to give unambiguous answers for the common land-use change scenarios. Best bet options would not 
work in these catchments. More complex modelling can be used to answer questions related to the profitability of 
cropping enterprises independently of the hydrology of the main aquifer. The project was a successful one, not 
because it ticked off all the project milestones on time, but because it was a solid scientific exercise that promoted 
understanding ahead of blanket solutions. As a result of this and other projects, and consistent with the direction of 
the National Dryland Salinity Program, our ability to assess and evaluate land management options has been 
elevated above a simple collection of models and users, purporting to address individual aspects of the greater land 
management issues afThcting this country. 
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GROUNDWATER MANAGEMENT DEVELOPMENTS IN 
CENTRAL WEST NEW SOUTH WALES. 

G. J Brereton Groundwater Manager Department of Land and Water 
Conservation Dubbo New South Wales. 

Introduction 
The Central West Region of New South Wales encompasses the Lachlan, Bogan 
Macquarie and Castlereagh Rivers and their tributaries. The rivers start in the Great 
Dividing Range and flow to the West and North West towards the Murray Darling 
River System. The groundwater aquifers that underlie these valleys are the subject of 
this paper. 

Since the mid 1990's, with access to surface water reaching its limits, water resource 	I development has moved towards groundwater. In 1997 the New South Wales 
government initiated the water reform agenda which set the framework for 
groundwater management in New South Wales. 	 I 
In Central New South Wales the water reforms committed the government to 
undertake an aquifer risk assessment and develop groundwater management plans in 
the aquifers at highest risk. This process outlined eight groundwater management 
areas where aquifers are rated as high risk. 

Hydrogeology of Central West New South Wales. 
The Central West Region of New South Wales comprises of four main groundwater 
systems; 

The fractured rock aquifers of the Lachlan Fold Belt which includes high yielding 
limestone, basalt and granite aquifers; 

The alluvial aquifers associated with tho current river valleys and paleovalleys of 
the Cudgegong, Bell, Taibragar, Castlereagh, Macquarie and Lachlan River systems; 

The Murray Basin associated with the Cainozoic alluvial aquifers downstream of 
Lake Cargelligo in the valley of the Lower Lachlan River; 
3) The Great Artesian Basin including the intake beds within the Coonamble 
Embayment. 	 I 
Lachlan Fold Belt 	 I The Lachlan Fold Belt has fractured rock aquifers and supplies only small quantities 
of water for irrigation, although in some areas useful volumes of water for irrigation 
are obtained. Bore yields of 1 to 20 litres per second can be obtained in the limestone 	I aquifers of Cudal, Molong and Mudgee and the basalt aquifers surrounding Orange. 
Within the granite aquifers surrounding Young, bore yields range from 1 to 5 litres per 
second. 	 I 

I 
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Cainozoic Alluvial aquifers. 

Macquarie Valley 
The highest yielding irrigation bores are found in the alluvial aquifer west of 
Narromine where bores can produce 10 to 25 Megalitres!day(Ml/day). A large alluvial 
fan occurs in this region that fill in a valley incised through a sandstone shale 
sequence associated with the Great Artesian Basin. Upstream of Narromine the 
aquifer narrows but bores yielding up to 10 Mllday can be found from Narromine to 
Geurie. Smaller alluvial aquifers with a close connection to the Bell, Talbragar and 
Cudgegong rivers have bores and wells producing 1 to 5 Ml/day. 

Castlereagh Valley 
The Castlereagh catchment main groundwater aquifer is the Pilliga sandstone of the 
Great Artesian Basin. In the upper reaches it encompasses part of the intake beds of 
the Great Artesian Basin. The lower reaches of the Castlereagh valley are in- filled by 
an unconsolidated sequence of sediments covering the Great Artesian Basin shales and 
sandstones. A deep alluvial aquifer system occurs downstream of Coonabarabran and 
extends to the North of Gilgandra. However bore yields are generally less then 10 
litres per second and often associated with salinity and iron water quality problems. 

Bogan Valley 
The alluvial deposits in the catchment of the Bogan River have limited groundwater 
potential. The aquifers that are known are usually thin, saline and have low yields. In 
recent times a large aquifer downstream of Dandaloo has been located west of the 
Bogan River. The water quality of bores drilled to date is generally brackish to saline. 
The extent and the water quality of this aquifer requires further investigation. 

Lachlan Valley 
The Cainozoic alluvial aquifers of the Lachlan valley are divided into the Upper 
Lachlan and Lower Lachlan groundwater systems. 

The Upper Lachlan System 
Cainozoic alluvial sediments are found upstream of Cowra and fill a paleovalley that 
follows approximately the course of the present Lachlan River down to Lake 
Cargelligo where the Murray Basin commences. Williamson W. H (1986) identified 
two main formations within the paleovalley the Lachlan Formation and the Covra 
Formation. 

The Lachlan Formation occupies the base of the unconsolidated sediments , sequence 
and includes gravel and sand aquifers made almost entirely of quartz. The gravels 
aquifers can be up to 30 metres thick and are found at of 80 to 120 meters. Bores in 
the Lachlan Formation generally yield from 5 to 20 Ml/day. 
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The Cowra Formation disconformably overlies the Lachlan Formation. The gravels 
and sands contain parent material from rock outcrops with some quartz. Where the 
valley is wide the Cowra Formation can be spread across the whole valley in a braided 
stream form. Yields from bores in the Cowra formation range from I to 8 Ml/day. 

Lower Lachian Groundwater System 
The Lower Lachian aquifer occurs downstream of Lake Cargelligo and evolves into a 
large alluvial fan to the West of Booligal and Mossgiel, with the town of Hillston, 
located near the centre of the aquifer. The aquifer is part of the Murray Basin which 
began to develop about 60 million years ago with the basin's subsidence. The Murray 
Basin was slowly infilled by large river systems. The alluvial fan deposited by the 
Lachian River comprises of three formations, the Renmark Formation deposited 
between 60 and 12 million years;, the Calivil Formation was deposited between 2 and 
6 million years ago; and the Shepparton Formation deposited over the last 2 million 
years. The last formation consisting of a series of clay and shallow alluvial aquifers 
(Evans R 1990). The yields of irrigation bores screened into the Calivil and Renmark 
formations range from 5 to 20 Ml/day. 

Great Artesian Basin 
The Macquarie Valley downstream of Geurie cuts through rocks of the Great Artesian 
Basin. The Pilliga sandstone outcrops in the Dubbo region and is a major source of 
recharge to the Great Artesian Basin. The Macquarie, Castlereagh and Bogan Rivers 
all drain into the Coonamble Embayment of the Surat Basin. Many of the artesian 
bores south of Coonamble and Quambone have now become sub-artesian due to the 
drop of pressure levels since the Great Artesian Basin was drilled for agricultural and 
water supply purposes. 

Water Reform Agenda 
In 1997 the New South Wales Government released the water reform initiative for 
both surface and groundwater management. The State Groundwater policy framework 
document (1997) was released with the aim of setting a basis for the development of 
policies in the state of New South Wales. 

Three sub component polices are proposed 

State Groundwater Policy 
Framework Document 

Groundwater Quality 	Groundwater Quantity 
otection Policy 	vIanagement Policy 

undwater Dependent 
systems Policy 
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The NSW Groundwater Quality Protection Policy was released in December 1998 and 
provides the framework of groundwater quality policies required for the development 
of groundwater management plans. The groundwater quantity management policy and 
Groundwater Dependent Ecosystems policy are currently being developed. 

The Water Reform agenda has set the framework for groundwater management in 
Central Western New South Wales. This includes setting up two Groundwater 
Management Committees for the Macquarie and Lachian respectively. These 
committees have the role of developing community based management plans for all 
high risk aquifers within each valley. The process for determining which aquifers are 
at high risk is outlined in the next section. 

I 	Aquifer at Risk Assessment 
In 1998 an aquifer risk assessment was undertaken on a statewide basis DLWC 
(1998). The assessment was qualitative and based on 8 criteria. The central tool used 

I 	in the assessment is a multi criteria analysis which allows the quantitative evaluation 
of qualitative data. 

I 	The assessment was based on eight criteria: 
1. Relationship between licensed water entitlements and the sustainable yield of the 

aquifer; 

I 	2. Local interference caused by pumping; 
Small or large flow systems; 
Vulnerability of the aquifer to pollution; 

l 	
5. Land use threats; 

Proximity of poor quality water that could be drawn in by over pumping; 
Water level rise and salinity trends; 

1 	8. Dependence of surface ecosystems on groundwater flows; 

Each criteria was given a weighting and the Department's regional hydrogeologists 

I 	assessed every aquifer system within the region. The assessment was undertaken on a 
state wide basis. 

I 
I 
I 
I 
LI 

I 
I 
I 
El 

1 	 108 



Table 1 illustrates the ranking's for Central West Region aquifers into High Medium 
and Low Priority. DLWC (1998). 

T2hle 1 Groundwater aouifers level of risk. 

High Risk Aquifer Medium Risk Aquifer Low Risk Aquifer 
Upper Lachlan GWMA 011. Bell River GWMA 020. Casterleagh alluvium. 
Belubula River GWMA 012. Orange Basalts 801. Lachlan 	Fold 	Belt 
Lower Macquarie GWMA 016. GAB Main (601). metasediments. 
Cudgegong 	Valley 	GWMA Upper Macquarie 009. Upper 	Tributaries 
010 Taibragar- alluvium. 
Molong Cudal Limestone. Coolaburragundy. Castlereagh Basalts. 
Young Granites. GWMA 019 GAB Shallow. 
Dubbo (within GWMA 009). Macquarie 	Lachlan 
Lower Lachlan 012. Granites. 

Crookwell Basalts. 

History of Groundwater Management Plans and Policies in 
Central West NSW 
In 1984 groundwater management areas for aquifers with high use or potential high 
use where gazetted throughout the state of New South Wales. (J Ross 1990) In the 
Central West Region a groundwater policy for the alluvial aquifers of the Lachlan and 
Macquarie and their tributaries was released in 1984. 

Subsequently individual groundwater policies were developed for the Cudgegong 
Valley alluvials, DWR (1987a); Bell Valley alluvials, DWR (1987b); Lower 
Macquarie, DWR (1992); Upper Lachlan, DLWC (1997); Belubula valley alluvials, 
DWR (1990); and Lower Lachlan, DLWC (1992). In addition, allocation rules were 
developed for the Young Granites, Orange Basalts, the Talbragar alluvials but no 
groundwater policy has been written for these groundwater management areas at this 
stage. 

Development of Groundwater Management Plans 
With the current resources the following groundwater management plans are being 
developed by the Groundwater Management committees. 

Lower Macquarie 
The Lower Macquarie Groundwater Management plan is being developed by the 
Macquarie Groundwater Management Committee. Keshwan and O'Shaughnessy 
(1998) have produced a status report for aquifers which divides the lower Macquarie 
area into four management zones. 
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The status report illustrates the current recharge estimates and usage for each of the 
four zones, as shown in Table 2. 

Table 2 Summary of Recharge estimate, allocation and usage for Lower 
Meiiric rniiifcr znnes 

Zone Average Annual 
Recharge (Ml) 

Base allocation Current usage 

8A 25,500 27,909 10,000 
813 26,600 35,153 11,000 
8C 10,000 24,012 2,500 
8D 7,000 18,789 6,500 

I 	To encourage community involvement in the Lower Macquarie Groundwater 
Management plan an Issues and Option paper has been released for community 
discussion. The main issues discussed by the paper are the over allocation of the 

I 	aquifer and development of rules for new entrants. The Lower Macquarie 
Groundwater Management Plan is due to be completed in the year 2000. 

Zone 8D Community Groundwater Management Plan. 
Zone 8D is part of the Lower Macquarie Groundwater Management area where 
irrigation from GAB Sandstone aquifers have identified yield of up to 16 Ml/day in 
some bores. These high yields within a confined aquifer has caused significant 
interference effects of the bores up to 16 kilometres away. In the summer of 1997 a 
number of stock and domestic bores went dry. 

A community groundwater management plan was developed by the local community 
with the assistance of the Department of Land and Water Conservation. The plan 
involved irrigators agreeing not to pump below predetermined water levels within 
agreed monitoring bores. Also a scheme to lower pumps and where required, deepen 
bores affected by pumping was developed. 

The plan performed well in 1998/99 and is currently undergoing revision for 
implementation for the 1999/2000 irrigation season. 

Cudgegong alluvial aquifer 
The Cudgegong alluvial aquifer was embargoed in December 1998. A groundwater 
status report was released. Table 3 presents recharge estimates and current 
groundwater usage. 
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Table 3 Summary of Recharge yield estimate, allocation and usage for 
CI1ck'eniuQ A1111Vini zonc's 

Zone Average Annual Recharge 
(Ml) 

Base allocation Current average 
 usage 

1 7,000 11,546 3,000 

2 800 2,619 300 

3 7,800 438 na 

The Cudgegong alluvial aquifer groundwater usage is about 20 to 25 % of its total 
allocation and about 40 % of estimated average annual recharge (Hamilton S 1998). 
The groundwater management plan will consider how to deal with over allocation and 
rules to allow incorporation of new entrants into the groundwater system. 

Lower Lachlan Groundwater Management Plan 

Due to the large number of applications for groundwater licenses an embargo of new 
licenses was gazetted in October 1998. 

A groundwater status report is near completion for the Lower Lachlan aquifer. A 
management plan is due to be finished by the end of 2000 under the guidance of the 
Lachlan Valley Groundwater Management Committee. 

The status report demonstrates that groundwater allocations have exceeded the 
sustainable yield. 

Table 4 Summary of Recharge estimate, allocation and usage for Lower Lachlan 
aciuifer. 
Zone Average Annual Recharge 

(MI) 
Base allocation Current average 

usage 
150,000 157,330 40,000  

Groundwater management issues in Central West. 
The rapid level of development in the Central West Region has led to a significant 
increase in areas which are being embargoed for receiving applications for a 
groundwater license. Despite the embargoes the demand for water is still high. 

Issues which are being dealt with over the next 12 months are: 

Developing interim transfer rules for some of the low usage groundwater 
management areas. The demand for transfers is increasing to allow new entrants into 
the groundwater system whilst ensuring the sustainable yield limit is not exceeded; 

Converting conjunctive allocations to a base groundwater allocation. The 
conjunctive licenses are where surface water irngators who have a bore and allowed to 
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I 
make up shortfalls from the surface water supply during dry periods with groundwater. 
A key aim of converting the conjunctive license to base allocation is to ensure all 
groundwater license holders are treated equitably when managing the groundwater 
aquifer in the future. 

Developing a system of carryover for groundwater. This is to encourage more 
efficient use of groundwater so that landholders will extract it when required; 

Developing a groundwater policy for mining interests which is in harmony with 
agricultural interests. In the Central West Region there is a large potential for mining 
to expand and currently the groundwater policies do not cater for this expected 
demand for groundwater; 

Improving the understanding of recharge and sustainable yield. Groundwater 
management plans are using recharge to determine sustainable yield. Currently our 
knowledge of recharge for most aquifers in the Central West is not well understood. 
Considerable expansion in groundwater monitoring is proposed to improve future 
estimates of recharge; 

Improving the understanding of water quality within groundwater systems. 
Groundwater quality is becoming more of an issue as groundwater development from 
industry and groundwater irrigation expands. An expansion in groundwater quality 
monitoring is proposed, and; 

Improving the understanding of groundwater dependent ecosystems. Groundwater 
Dependent ecosystems can be wetland, springs and creeks which are fed by 
groundwater systems. 
The majority of these issues will be dealt with at the individual groundwater aquifer 
basis as the groundwater management plan is being developed. A few issues will be 
dealt with on a regional basis. 

Conclusion 
Groundwater management in the Central West of New South Wales has undertaken a 
rapid level of development in recent years. Currently three groundwater management 
plans are being developed the Lower Macquarie, Lower Lachian and Cudgegong 
alluvial groundwater management plans. These plans are due to be completed in the 
year 2000. 
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Sedimentary Aquifer System in South West Queensland 
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Introduction 

I 	
Demand for irrigation water in the St. George region, which forms part of the northern Murray-Darling Basin, has 
led to the exploration and development of a sub-artesian groundwater resource. Traditional demand for irrigation 
water in the region, has in the past been met by dam storage or river flood harvesting. 

I 	
Increased development for irrigation of this sub-artesian groundwater resource in the region by landholders has 
necessitated a detailed groundwater investigation by the Department of Natural Resources (DNR) Queensland. This 
is a declared groundwater area, whereby exploration, development and extraction of groundwater require licensing 

I 	
by the DNR. Annual allocation levels for groundwater extraction are set by DNR to maintain sustainabilitv in the 
system. Results from the hydrogeological study were used in the development of a groundwater flow model and 
form the basis of a subsequent groundwater management plan. 

The study area is part of the Balonne-Condamine River Catchment and overlies the Jurassic to Cainozoic Surat 
Basin. The Balonne and Maranoa Rivers are the most prominent surface water systems in this region. The entre 
area drains into the Darling River system (Galloway et al 1974). One major dam (E.J. Beardmore Dam) and mans 
weirs exist within the study area. Relief slopes from 340m (AHD) in the north and north-east to 130m (AHD) in the 
south-west.Climate of the study area is semi-arid, with median annual precipitation ranging from 550mm in the 
north-east to 350mm in the south-west. Annual pan evaporation ranges from 2000mm in the east to 2200mm in the 
west. Local town centres are St. George, Dirranbandi, Bollon and Hebel. 

Cotton is the dominant broad scale crop produced in the area, with smaller areas of various cereal crops 
supplementing cotton production. A large cotton flood irrigation area exists to the south of St. George. 	hich is 
supplied with water from the nearby Beardmore Dam. Local farmers outside this irrigation area grov dry land style 
cotton and cereal products. Cattle and sheep grazing are the major alternative industries for the farming comrunity. 

Figure 1. Location of the study area in the Murray-Darling basin (inset), regional surface geology, drainage, darns and town centres. 
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Background 

Previous research in the region is related to sediinentology and petroleum exploration. Mond and Senior 1 1970). 
completed a shallow stratigraphic drilling investigation in the area. Senior (1970), expanded on this drilling 
information with water and petroleum exploration bore data to produce a basement contour map of Cainozoic 
sediments. This has proved useful in the planning and drilling phases of the operation. Other previous research is 
limited to reconnaissance seismic work, which focuses primarily on petroleum exploration and basement (underlvine 
Permian to Triassic basins) deflnition. The use of reflection seismic data and interpretations has outlined faultinc 
and down warping in underlying Great Artesian Basin sediments which has implications to the development of the 
trough containing Cainozoic sedimentary deposits in the study area. 

There are 421 artesian and 224 sub-artesian bores within the study area registered on the DNR database. The 
stratigraphic drilling logs of 263 of these bores were used to supplement data produced from this groundwater 
investigation. Exploration and development during the previous eight years has produced a large number of drill 
holes, monitoring bores and production bores not registered on the DNR database. The data from 71 drill logs. 34 
monitoring bores and 9 production bores has been incorporated into the groundwater conceptualisation and model. 
Production bores (ranging from 270mm - 400mm diameters) have recorded yields of up to 115 I/sec for sustained 
pumping periods. 

Field Investigations 

A drilling program was designed to provide stratigraphic lithological data, down-hole geophysical data and allow the 
construction of monitoring bores in relevant hydrogeological units. Drilling was completed with a Mahye 	1000 
rotary drill rig. Drill site locations are plotted in Figure 2. 

Down-hole geophysical gamma-ray, SP/resistivity and calliper logs were utilized in all open drill holes for 
stratigraphic interpretation and correlation. All monitoring bores were constructed in relevant sater bearine layers 
with 50mm diameter PVC. Multiple bores were constructed in single locations to monitor the multi layer system. 
Water bearing layers were sealed with bentonite plugs to ensure accurate sampling. Bores were developed with 
compressed air and regular water level measurements were collected. The location of the constructed mon:toring 
bore network can be seen in Figure 2. All bores and stratigraphic holes were surveyed with a single phase 

differential GPS for sub-meter accuracy (± 0.3m) in the x, y and z directions. 

Table 1. A summary of drilling operations. 
Table 1- Drilling and monitoring bore construction summary 
No of Stratigraphic Holes 	 68No of 50mm Monitoring Bores Constructed 	51 

Total Depth of Stratigraphic Drilling (m) 	4348 	Total Depth of Casing Used (m) 	 2933 

Average Hole Depth (m) 	 63.9 	Average Monitoring Bore Depth (m) 
Drill hole denth ranee (m) 	 4— 166.8 	Monitoring bore depth range (m) 	 I 	2 - .130 

Water samples were taken from all DNR monitoring bores, selected private monitoring bores and surface water 
locations. Major ion, soluble metals and insoluble metals sampling was carried out on 42 samples. öD and 	O 

sampling was carried out on 34 samples, 813C  sampling was carried out on 31 samples and 14C sampling was arned 
out on 13 samples. 
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Figure 2. Position of stratigraphic drilling locations and monitoring bores. 
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Geology 

Geology of the study area comprise consolidated and unconsolidated Tertiary and Quaternary (Cainozoic) terrestnal 
sediments which overlie an effective basement of Cretaceous marine to terrestrial sediments. Cainozoic sediments 
were deposited in an erosional trough (termed the Dirranbandi Trough) developed from the faulting and dov.n 
warping of underlying Mesozoic sediments. Reconnaissance seismic data supports this down warping and faulting 
theory (Davies and Lodwick, 1962). The Dirranbandi trough is a north north-east to south south-west trending 
system with a maximum depth of 220m below ground surface (structure contours of basement. Figure 3). Regional 
geology of the area can be seen in Figure 1. Sedimentology of the Dirranbandi Trough can be simplified into four 
major units (Unit A - D) outlined below from effective basement to the surface. 

Unit A: The effective basement to the system (Unit A), composed of cretaceous marine to terrestrial sediments. 
Marine sediments consist of shale, siltstone and minor sandstone. These sediments have a blue grey or green grey 
colour related to the mineral Glauconite and is termed the Surat Siltstone (Exon, 1976). Exon (1976) suggests that a 
regression of the Cretaceous Sea, that deposited the Surat Siltstone, formed the overlying terrestrial sequence of grey 
mudstone, red siltstone, sandstone and conglomerate known as the Griman Creek. Griman Creek Formation 
sediments form the effective basement on the edges (0-60m) of the trough and have been eroded from the central 
region of the trough, leaving the Surat Siltstone as the effect basement. The Surat Silstone. Griman Creek and 
underlying Coreena Member are exposed around the edges of the basin (Figure I). 

Unit B: The first depositional unit (Unit B) in the deeper (60— 220m) regions of the trough is a series of stacked tine 
to coarse sand beds with occasional gravel layers. Individual sand beds range in thickness from I to 10m. these are 
interbedded with grey clay and silty clay with occasional autochthonous and allochthonous coal layers to form a unit 
of up to 30m thick. Sand grains are angular and consist of quartz with minor lithic grains. Gravel layers generally 
have the same lithological distribution as the sand deposits but are rounded and sub-spheroidal. Geological and 
geophysical interpretation of the drill logs indicate a possible braided channel depositional environment. The extent 
of Unit B can be seen in Figure 3. 

Unit C: Unit B is overlain by a sequence of grey clay, grey mudstone, red silty clay and red siltstone (Unit C . ft;s 
unit shows a reduction in the energy of the depositional environment from that of underlying Unit B. 
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Unit D: The remainder of the sedimentary sequence comprise thin (0.5 	4m), fine to very coarse sand beds. 
Occasional gravel layers can be found at the base of a number of sand beds. These sand beds are interbedded with 
layers of silt, silty clay and clay with minor siltstone and mudstone. Geological and geophysical interpretation of the 
drill logs support a possible meandering river and flood plain depositional environment. 

Figure 3. Structure contour map of basement of the Dirranbandi Trough and cross-secilon A-h 

Hydrogeology 

The units described in the geology section have been broken into hydrogeological units for the development of a 
conceptual model of the aquifer system. 

Unit A: The basement of sub-artesian water supplies for irrigation. Water supplies in this unit are attainable but 
usually have low yield and are of poor quality. 

Unit B: Stacked sand sequences form a confined aquifer system, which has been termed Layer 2 in the 
hydrogeological conceptualisation. Several clay lenses within Layer 2 do not seem to affect the hydraulic 
connection between various sand units. Standing water levels drawdown with water extraction and recover after the 
cessation of extraction. Water level responses of a bore (A) screened in the lower sections of Layer 2 can be seen in 
Figure 4. Decreases in water levels are a result of two water extraction sessions (100 days each from Layer 2), 
followed by subsequent water level recovery (Figure 4). Standing water levels in the long term would be thought to 
diminish over time, with extraction being greater than recharge. High yield from this aquifer unit delineates this as 
the main target for irrigation water supply. 

Unit C: This layer of silt and clay forms a leaky aquitard between Layer 2 and Layer 1. 

Unit D: Sand beds form a series of unconfined and semi-confined aquifers. 	For the hydrogeological 

conceptualisation process these aquifers have been combined and termed Layer I. Layer I has a lower yield than 
Layer 2 and groundwater extraction and exploration is generally for stock and domestic supply. Standing water level 
responses in Layer I show minor fluctuations through the year. possibly due to recharge. Layer 1 has a leaky 
connection to the underlying Layer 2. When water extraction occurs from Layer 2 standing water levels in Layer 1 
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drop about 10% of those in Layer 2. Bore B screened in Layer I (Figure 4) shoss the water level response in Layer 
I at the same location as bore A over the same period when water extraction is occurring from Layer 2. 

Recharge to the system is thought to be from downward percolation of surface precipitation and transmission from 
the base of rivers and creeks into Layer 1. Recharge to Layer 2 is a result of slow leakage from Layer I and direct 
infiltration from the north-eastern section of the Balonne River. 

Figure 4. Standing water levels responses in bore A (Layer 2) and bore B (Layer I). Location of bores A and 13 marked on Figure 2. 

I 

I 

I 

—'—Bore A 

---BoreB A B 

Layer 1 

Layer 2 

Groundwater quality demonstrates variability in the concentration and composition throughout the system. This 
variability is thought to be a combination of different recharge pathways, groundwater residence time and recharge 
from different sources and events. Total dissolved solids (TDS) in Layer I range from 390 - 28 900 mg/i with low 
(<1500 mg/I) TDS values found along the major rivers. Higher (>1500 mg/I) TDS values trend away from the major 
rivers and point locations where minimal recharge occurs. TDS in Layer 2 ranges from 420 - 13 000 mg/I but is 
generally below 5000 mg/I. The presence of low permeability zones in Layer 2 allows the partial separation of 
groundwater contributing to increases in TDS concentration with depth in this layer. The TDS concentraticn in 
Layer 2 is less dependent on lateral proximity to major rivers as Layer 1, The pH of both layers is between 6.1 and 
7.5. 

The dominant major ions in the system are Na and Cl and to lesser extent HCO2  and SO4. The water type of Layer I 
in the low TDS zones near the main rivers is Na-Cl-HCO3  and Na-Mg-HCO3, and Na-Cl in the central part of the 
basin. Two samples of Na-Ca-Mg-Cl-HCO3  and Na-Ca-Cl-HCO3  water type were also found close to the rivers. 
Layer 2 is classified as a Na-Cl type as a result of enrichment of Na and Cl possibly from the underlying marine 
sediments. 

The radioisotope 14C was selected to delineate an approximate age of groundwater. flow direction and identification 
of different aquifers. Analysis assumes that there is no interaction between soil CO2  and the aquifer rock matrix. 
Groundwater ages in Layer 1 range from 860 years along the Maranoa River to 13 800 years in the central basin. 
The groundwater age in Layer 2 ranges from 3830 years along the Balonne River to over 30 000 years. 

Interpretation from the groundwater geochemistry data supports the theory of a two layered system wiih salinity and 
age of groundwater increasing with depth from surface. The low TDS and relative age of groundwater in Layer 
near the major rivers indicates this as a possible source of recharge. 
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Groundwater Model 

A groundwater flow model of the system is being completed using MODFLOW. The PMWIN graphical interface 
package was used to construct the model and input relevant data. Model construction is complete. however slead\ 
state calibration is in progress. At this stage no results are available on aquifer parameters, storage or yield. The 
model will calculate total storage within the aquifer and allow for various simulated pumping scenarios to shos the 
effect on standing water levels. Results from the model will be used to calculate a safe yield for the system. As this 
is only a newly developed and monitored system, there will be a number of limitations from the initial model results. 
As development continues over the next five years more data will become available on the system allowing 
recalibration of the initial model. 

Model grid: A two-layer model was designed from the hydrogeological conceptualisation to simulate flow in the 
two distinct aquifer units (Layers I and 2). The thickness of the aquitard separating Layer 1 and 2 Aas specified and 
a leakage was incorporated into the model between the two layers. A variable cell size was used over the model 

grid, with a 1km2  cells used where there was more stratigraphic and observation data, to a maximum cell size of 

10km2. There are 3346 active cells in Layer I and 1816 active cells in Layer 2. 

Model Boundary: Fixed head boundaries were created at the northern and southern extremities of the model gnu 
where flow in and out of the system occurs. An outcrop boundary is present around the remainder of the model grid. 

which was set as a no flow boundary. 

Observation and discharge bores: Water level information in the two layers was provided by 92 (46 in each layer 
DNR and privately owned monitoring bores. Standing water level information has been gathered since 1997. Water 
extraction figures were supplied for nine irrigation bores. Discharge data is available for two irrigation seasons of 

100 days each over two years. 

Recharge: Recharge was calculated from a combination of direct rainfall infiltration and leakage from the base or 
rivers. The aerial zonation of different lithologies between the top of Layer I, and the surface soil type was rated on 
its recharge potential. A percentage of rainfall over each recharge zone was entered into the model and is being 
calibrated. The next stage of recharge estimation, if needed, will involve the use of the SLASH package to estimate 
recharge potential of the nominated soil type, crop/vegetation type. rainfall and evaporation. The use of SPLASH 
combined with the RIVER package that estimates recharge from the base of the effluent river will gie an enhanced 
estimation of recharge to the aquifer system. Recharge to the underlying Layer 2 is at present being calibrated 

incorporating leakage from layer I. 

Hydraulic Conductivity: Hydraulic conductivity was estimated for both horizontal and vertical components from 
layer lithology, pumping test analysis and local knowledge of potential aquifer yields. This was zoned into areas of 

varied hydraulic conductivity and is at present being calibrated. 

Initial Heads: Initial starting heads in observation bores were taken from a period in 1997 when little deselopment 

of the resource had taken place and therefore representative of a static natural system. 
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Figure 5. Model grid and observation bores in Layer 1 and 2 
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A multi layer sub-artesian aquifer system has been investigated and delineated within the northern Murray-Darling 
Basin to a depth of 220m below ground surface. Exploration and development of this resource for imgation is 
continuing by landholders. Groundwater age ranges from 860 to >30 O(X) years. Groundwater quality is vanable 
from 390 - 28 90) mg/I TDS. Recharge to the system is believed to be a combination of rainfall and river leakage. 
Proposed extraction levels would be thought to exceed recharge, therefore dropping standing water levels in the 
system will be expected in the future. A hydrogeological conceptualisation of the system has been completed and a 
groundwater flow model is in its final stages of calibration. The findings of the study and model 	ill be 
implemented into an allocation policy for the aquifer system and will form the basis for a future groundwater 
management plan. 
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Hydrology and Sustainable Yield of the Mid Murnimbidgee Alluvial 
Aquifer 

Liz fFebh 

Department of Land and Water Conservation. P.O. Box 156, Lceton NSW 2705. 

Introduction 

The Murnimbidgee Catchmcnt covers an area of 81.400 knl. and is located in southern NS\V 
(figure!). The Mid Murnitribidgee Alluvial aquifer has an area of about 1.145 km and extends from 
Gundagai in the cast across to Narrandera in the west. The aquifer ranges in width from about 1.5 
kill wide at Gundagai. to about 20 km wide just upstream of Narrandera. This aquifer has been 
dcfincd as the Mid Murnimbidgee Groundwater Management Area (GWMA 013). 

Groundwater exploration was carried out in the 1960's. and borelloics drilled for this work have 
subsequently formed the fllOnitOrillg network for this aquifer. Tilere are about 100 monitoring bores 
in the Mid Murnunbidgee GWMA. and water levels from these bores are monitored on a regular 
basis. Preliminary studies of groundwater levels in the Mid Murnunbidgee indicate that some 
sections of the system are very closely linked with flows in the Murrumbidgee River. 

Groundwater allocation in the Mid Murnunbidgee is based on sustainable yield estimates for this  

particular aquifer system. The estimated annual sustainable yield for the Mid Murninibidgec 
Groundwater Management Area is 89,000 ML. Currently tile total amlual entitlement for this area is 

50.799 ML, 

Groundwater Hydrolo 

Geology 
Extensive grouildw ater investigations for the Mid Murrunibidgce were carried out in the late 1 
and this work was published as a Masters Tilesis in 1972 by Mr. Don \Voolev. This work 
incorporates results from the exploration drilling. seisiic work, and groundwater chemistry sampling 

The sediments of the Mid Murnimbidgee can he divided into two major formations based on their age 
and depositional environment. The upper aquifer is referred to as the Cowra Formation. and consisis 
of Quaternarv aged sediments. The deeper sediments are Tertiary aged. and are referred to as the 

Lacil Ian Formation. 

The Cowra Formation extends From ground surface down to varying depths. The formation is 
tiliilnest at Gundagai wilere it extends to a depth of about 15 metres. and thickest at Narrandera w here 

it extends dow ii to a depth of about 40 metres. 

Water quality in the Cowra Formation is generally more salule than the Lachlan formation. w itO 
saliiutv also increasing with distance from the Murnunbidgee River. The salinity between Wagga 
Wagga and Gundagni is typically less than 1000 rng/L. However. between Wagga Wagga and 
Narrandera the salinity mar be much higiler (in excess of 10.000 nig/L). especially away from the 
river. The concentration of iron in this aquifer is also miiuch higher than the Lachlan Formation 

Bores screened in the Cowra Formation are typically low yielding, and have a maximum yield of 
about 13 L/s at Wagga Wagga (Wooley 1972). Groundwater from the Cowra Formation is generally 

used for stock and domestic supplies due to the poor water qualmt. and low yields. 
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Sediments from the Lachlait Formation are commonly clean grey quarti sands and gravels. with 
intermittent layers of grey clay. The thickness of this layer varies from about 9 metres at Gundagai 

(IS to 24 metres below the surface). to about 125 metrcs at Narrandcra (37 to 162 iltetres below the 

surface). The water quality of this formation is suitable for irrigation and town water supplies. with 

salinity ranging tip to a maximum of about 500 mg/L. HoweveL iron and manganese levels in this 
formation are quite variable, and values of up to 1.5 ntg/L of iron have been measuied. 

Yields from this aquifer var depending upon the thickness and quality of sand and gravel Ia\ ers 

intercepted. Yields range from about 5 LIs at Gundagai to about 150 L/s near Narrandera \\ oo1c  

1972). The large yields seen in the downstream section of the aquifer are most likel\ it factor of the 

increasing thickness and lransnussivit of Tertiary sediments, 

Groundwater Level Trends 
Groundwater levels for observation bores in the Mid Murnimbidgee have been monitored regu1arl for 
a period of about 30 ears. Hvdrographs of these bores show definite seasonal trends. however these 
trends van depending upon the location of the bore in the system. The hydraulic connection between 
the Tertiary and Quaternary also varies depending upon the location of the bore in the system 

In the upper reaches of this aquifer system (upstream of Oura) the total depth of sediments is 

relatively shallow (40 to 70 metres). and the sediments are general1 poorly sorted. Previous reports 

stated that rainfall was it major recharge source for the upper reaches of the main aquifer. and the 

tributary sections (Woolev 1972). Hvdrograph trends agree with these initial observations for the 

unregulated tributaries as water level fluctuations seem to follow a pattern of highest ground ater 
levels during high stream flow, hence high rainfall months. In these upstream locations there also 
seems to be some connection between the Tertiary and Quaternary aquifers. 

Much of the initial aquifer testing was conducted near Wagga Wagga. and bores at this location do 

not seem to have a close connection between the Tertiary and Quaternarv 5\ stems. There is 

commonly i t 5 to 10 metre layer of clay dividing the Tertiary and Quaternary aquifers. w luch retards 
downward leakage. However. hvdrographs do indicate some minor hydraulic connection bem ecu 
these Iwo layers. Hvdrograph fluctuations of bores near Wagga Wagga have a close correlation w itli 
river heights (graph 1). and as the Murrumbidgee River is highly regulated aquifer recharge is most 

likely directly from the river, and not dependent upon rainfall. 
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I lvdrogiupiis of bores at Narrandera indicate nii iii ma I if a nv connect ion between the Tert ia r and 
Quaternarv aquifers. Water level fluctuations of bores screened in the Lachlan Formation do not 
correspond with water level fluctuations of bores screened in the Cowra Formation. Comparison of 
groundwater hvdrographs with river heights at Narrandera indicates little correlation. 

Sustainable Yie 

The annual recharge to the Mid Murrumbidgee GWMA is estimated to be about 1 27.()00 ML. 
Stistainable yield of the system is taken to be 70% of this total figure. and is therefore estimated to be 
99.000 ML. This correlates to an average allocation of about 0.7 ML/hectare over the entire area of 

the system. (Ross 199) 

Groundwater Allocation Policy 
The policy for allocating Groundwater in the Mid Murnunbidgee GWMA is based on total properly 
area overlying the aquifer. and the relevant zone. The zones are based on groundwater availability. 

and are: 
Zone One 	Upstream of Oura. and Tributaries 

Zone Two 	Oura to Pontingalarna 

Zone Three 	Pomingalarna to Narrandera 

Total Property Allocation = 2 ML/ha x first 50 hectares 

Plus 
Zone one 	0.5 ML/ha x remaining hectares 

Zone two 	1 MI/ha x next 40() hectares. plus 0.5 ML/ha x remaining hectares 

Zone three 	1.5 ML/ha x next 400 hectares. plus 0.5 ML/ha x remaining hectares 

Current Status of Groundwater Allocation 
Groundwater licenses for the Mid Murnimbidgee have been mapped and their entitlements have been 
cumulated on a 2 km grid (figure 1). Mapping entitlements in this manner gives an overall picture of 

entitlement hot spots within the system. This mapping technique was previously used to map 
entitlements in the Lower Murrumbidgee GW'MA (Law son 1994). 

The allocated volume of groundwater from this system is currently 50.799 ML. and 6( )% of this total 
allocation is for irrigation purposes (Table 1). The dominant irrigation practise in this area is spray 
irrigation of lucerne or other pastures. Entitlement for town water supplies total 37, of the overall 
entitlement for the Mid Murnunbidgee. These town water supply bores are located at Gumlv. \\ agga. 

Collingullie. and  Mateng. 

At present there are no current figures for level of groundwater use in this groundwater management 
area. however usage figures will be collected from 1999 onwards. Based upon the number of 
constnicted works in this system it is possible to estimate a maximum possible usage figure of ).59 
ML. which is 60% of the total entitlement. This figure assumes that constructed bores are using their 

total entitlement, therefore this figure is an overestimate. 

Purpose Number of 
Licenses 

Number of 
Constructed 

Bores 

Total Allocation 
Megalitres 

Total Possible Usage 
(based on consinicied 

bores) 

Irrigation 119 45 30.539 10.677 

Town Water Supplies 27 22 19.910 l.910 

Industrial 10 6 745 712 

Recreation 14 9 605 290 

Total 170 82 50,799 30,589 
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Conclusion 
The geology of the Mid Murruinbidgec alluvium consists of the Quatcrnarv aged Covra Forivatioii 
and the Tertiary aged Lachian Formation. The Cowra Formation is t\ picaiiv ios yieiding. and high 
in saiinitv. and is generally used for stock and domestic supplies. The underlying Lachian Formation 
has some very high yielding sand and gravel layers, and the water quality is generally very low in 
salinity. 

There is an abundance of water level information for the various aquifers in the Mid Murnimbidgee 
GWMA. Preliminary studies of this information have revealed that the dynamics of the system I.e 
recharge. and leakage between aquifers) is not spatially uniform. As tile S\ stein travels west ard 
from Gundagai to Narrandera there seems to be less linkage of surface and groundwater systems, and 
there also seems to be less leakage from the Quaternar\ to the Tertiary aquifers. 

Groundwater in the Mid Murnimbidgee GWMA is allocated with reference to the sustainable icid of 
tile system. The sustainable yield of this system is estimated to be 89.00() vll. and the current 
entitlement voiume is 50 799 ML. 
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Groundwater Vulnerability Mapping of the Upper Condamine River 
Catchment Using the DRASTIC Methodology 

Hansen A.C. - Hydrogeologist, Department of Natural Resources Queensland 

A bstract 

Groundwater vulnerability mapping of the Upper Condamine River Catchment has been completed 
using the DRASTIC methodology. The Upper Condamine River Catchment is located within the 
headwaters of the Murray Darling Basin. The vulnerability mapping was designed to produce user 
friendly maps to educate decision makers and planning bodies alike, promoting increasing 
understanding of the fragility of the resource. Thereby, encouraging the most appropriate location to 
establish developments to minimise the potential risk of contamination of the underlying groundwater 
resources. 

DRASTIC was modified to deal with the varied aquifer environments in the region. in particular the 
fractured basalts and possible rapid entry of contaminants by preferential flow along fractures. The 
map has been validated using available nitrate data. 

Introduction 

The Upper Condamine River Catchment forms part of the Murray Darling Basin, and is located in the 
south east corner of Queensland. Groundwater resource and aquifer pollution vulnerability mapping of 
the catchment has been jointly funded through the Queensland Department of Natural Resources and 
the Murray-Darling Basin Natural Resource Management Strategy. Location Map is shown in Figure 
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Methodology 

Groundwater vulnerability mapping of the Upper Condamine River Catchment (UCRC) has been 	 I 
completed using the DRASTIC methodology. 

Weights of Evidence was considered as an alternate methodology but not used because of the 
complexity of the UCRC groundwater systems, and the premise that electric conductivity (EC) is not a 
universal indicator of residence time. The statistical approach using EC as a response variable may be 
more suited to a single formation type assessment and is less relevant and more open to imbalance 
across a spread of formation types. In the UCRC there are locations where there is a direct hydraulic 
connection across geological boundaries, but a change in EC corresponding to geology eg. The 
Bongeen area where over pumping of the alluvial aquifers can draw in more saline water from the 
sandstone aquifers. 

Although DRASTIC has been criticised for its subjectivity (Barber et al., 1995). and for the high 
intensity of data input (Sinclair et al., 1998), it was considered to be the best available methodology to 
deal with the complexity of the UCRC groundwater systems. A suggestion also exists that DRASTIC 
fails to properly address the problems associated with fractured formations. It tends to under-estimate 
the vulnerability of fractured, compared to unconsolidated, aquifers (Rosen, 1994). 	 I 
For the UCRC project DRASTIC was modified in an attempt to deal with this. The most significant 
modification made is the reduction of the Depth to Water weighting from the US EPA recommended 5 
to a weighting of 3. The modification increases the relative influence of Impact of the Vadose Zone 
which balance fractured rock vulnerability relative to the sediments. Water entry into fractured rock 
formations can be rapid due to preferential flow along fractures. Due to this rapid entry and 
preferential flow the Depth to Water parameter is considered to have less significance in fractured 
formations, as recharge water can travel to significant depths in a short time. 

Determination of base map layers 	 I 
Geological information has been obtained from the 1:250000 Geological Series published b\ the 
Bureau of Mineral Resources. The source of bore log information has been the Department of Natural 
Resources (DNR) groundwater database. 15000 bore logs have been sorted, cleaned and reduced to 
8000 information sites. 

Depth to water 
The depth to water table data contained in the DNR database is spread over thirty years. To offset the 
effect of water level fluctuations and water level drops caused by various aquifer stresses, the number 
of DRASTIC ranges for depth to water have been reduced to four rather than the seven ranges 
recommended by the USEPA (Aller et al, 1987). This removes the uneven pattern caused by too many 
ranges and results in a more uniform final vulnerability map. The depth to water data is divided into 
the ranges 0-5m, 5-1Om, 10-20rn, and greater than 20m. 

Recharge (Net) 
The Net Recharge component is a measure of the soil deep drainage, where: 

Deep drainage = Leaching fraction x rainfall 

The leaching fraction has been calculated by the SALF Program which uses stratified soil profile data 
including the percentage clay content, cation exchange capacity [CEC] and exchangeable sodium 
percentage [ESP]. The program is a physically based empirical model relating key soil properties to 
salt concentration at the bottom of the root zone and thus deep drainage (Shaw . 1988). The soil data 
used to calculate deep drainage has been taken from Maher (1996a), Maher (1996b). Vandersee and 
Mullins (1977). Reeve ci a!, (1960), Vandersee (1975). The rainfall isohyets were compiled using 
ANUCLIM (Hutchinson et al.. 1998) based on data from Clew ett et al., (1994). 
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Aquifer media 
The aquifer media information has been drawn from bore log information on the groundwater 
database. Information from approximately 6000 drill logs were suitable for use. The aquifer media 
types are Walloon Coal Measures, Marburg Sandstones and Kumbarilla Beds, Basalts, Alluvium, 
Weathered Granites and Fractured Metamorphics. 

Soil media 
Soils polygonal data was sourced from Maher et al. (1998), Maher (1996). Vandersee and Mullins 
(1977), Vandersee (1975), Reeve et al., (1960), and Forster (1986). Data associated with these reports. 
and Biggs (pers comm) provided information necessary to rate soil types in terms of the DRASTIC 
parameters of, silt and clay content, clay type, soil thickness, quantity of organic matter, permeability 
and variations of permeability through the soil horizons and soil attenuation ability. 

Topography 
The AUSLIG 1:250000 topographic data set was used to produce a slope surface used for ranking and 
rating purposes. 

(Impact of)Vadose zone 
The vadose zone data has been drawn from bore log information on the groundwater database. The 
vadose zone types are Walloon Coal Measures, Marburg Sandstones and Kumbarilla Beds, basalt 
fractured, basalt and clay mix, silty alluvium, clayish alluvium, weathered granites and fractured 
metamorphics. 

Hydraulic Conductivity 
Hydraulic conductivity was determined using limited pump test data from the DNR database and a 
flow net type analysis. The principal used in the flow net analysis is that on a flow line normal to the 
potentiometric surface contour lines, the distance between contour lines is proportional to the hydraulic 
conductivity in each segment of the flow line. Areas of basalt that have contour lines close together 
have been mapped in the medium range and areas where the contour lines are further apart have been 
mapped in the high range of hydraulic conductivity. The hydraulic conductivity of the basalts has been 
divided into medium and high ranges. The low range has not been considered in the basalts because of 
the extensive fracturing of the basalt formation and the resulting preferential flow that can occur. 
Because the data is limited it is convenient to only use three ranges instead of the six ranges 
recommended by Aller et al. (1987). 

Integration of the hydrogeologic settings into a vulnerability map. 

I 	
The final vulnerability map was generated by combining all of the layers or mappable hydrogeological 
units mathematically, see Figure 2. This is done using GIS griding capabilities. Each boundary line on 
the resulting map is not a contour line, but rather a line depicting a setting boundary. A setting 

I 	
boundary line allows the user to evaluate two points but only from a relative and not gradational 
perspective (Aller et a!, 1987). 

Interpretation of the vulnerability map 

The areas of high vulnerability are found primarily in the fractured basalts of the Main Range 

I 	
Volcanics. Aquifers within this class require a high level of protection from developments that have a 
capacity to cause contamination. 

I 	

Areas of a moderately high vulnerability are also found within the fractured basalts. Relative 
vulnerability is reduced by a deeper depth to water table and also due to clay content in the vadose 
zone. In the south east corner where there is little bore data the determining factor is slope, where the 

I 	

lower the slope the greater the opportunity for contaminants to infiltrate. 

The Palaeozoic formations have a higher vulnerability in the far south due to higher average annual 
rainfall. Most of the remaining granite country exhibits a moderate vulnerahllit\ due to the permeable 
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vadose zone. The alluvial aquifers show a moderate and a low moderate vulnerability. The controlling 
influences here are depth to water table and either clay or sand content in the vadose zone. The 
consolidated sediments show a low to low-moderate vulnerability relative to the other formations. This 
is due mainly to the impact of the vadose zone caused by less permeable shales and siltstones. In 
addition soils tend to be of a texture contrast nature with impermeable horizons. 

Figure 2. Groundater Vulnerability Map of Upper Condamine River Catchment. 

Validation of the vulnerability map 

The final vulnerability map is validated by the statistically higher occurrence of elevated nitrate leels 
in the fractured hasalts than in the other formations. 

There are both natural and man made causes resulting in nitrates leaching through the soil profile. A 
natural cause is highly active nitrogen fixing legumes. Man made causes include septic tank discharge, 
over application of nitrogen fertilisers, and discharge from intensive animal industries to mention a 
few. Nitrogen not used by plants or returned to the atmosphere is converted to nitrate in the soil, and 
nitrate.is soluble in water and can easily leach to the water table. 

Using existing intensive animal industry location data that covers representative sections of both high 
to moderately high vulnerability area, and low to low moderate vulnerability area, plots show a 
correlation between elevated nitrate levels and intensive industries located on areas of high 
vulnerability. Existing data indicates that nitrates are not leaching from industries on the sandstone or 
low vulnerability areas to the same extent as they are leaching from industries on the fractured basalt or 
moderately high to highly vulnerable areas. The aim here is not to single out intensis e animal 
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I 
industries as the only source of nitrates, as it is also known that septic tank discharge has caused 

I 	
problems in some areas, but to use them as one example that shows a correlation which validates the 
vulnerability map. This validation suggests that the vulnerability map of the Upper Condamine River 
Catchment has been successfully generated using the slightly modified DRASTIC methodology. 

I Conclusion 

I 	The vulnerability mapping was designed to produce user friendly maps to educate decision makers and 
planning bodies alike, promoting increasing understanding of the fragility of the resource to the 
potential risk of contamination. Thereby, encouraging the most appropriate location to establish 
developments to minimise the potential risk of contamination of the underlying groundwater resources. 

I Map users will need to be made aware of the limitations of regional scale vulnerability maps. 

Work is under way to produce a groundwater vulnerability coverage for the whole state of Queensland 

I using the modified DRASTIC methodology developed through this project. 

I 	
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Groundwater quality in a aquifer aquitard system subjected to large volume 
abstraction for irrigation in the Lower Murrumbidgee. 
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Abstract 

The sustainability of large volume groundwater abstraction for irrigation is currently under investigation at several 
sites in the Murray-Darling Basin. The Tubbo and Gundaline sites, on the Lower Murrumbidgee alluvial fan, are 

characterised by a leaky aquifer and aquitard system. The Na-HCO3  waters EC range is 148 - 890 uS/cm between 

120 and 15 metres below ground. Further west, saline groundwater may contaminate fresh groundwater at depth, 

with leakage primarily via corroded bore casings. Modern groundwater at depth at some sites, determined from 14C 

and tritium, confirms the importance of the Murrumbidgee River as a recharge source over diffuse recharge. 

Introduction 

Achieving a sustainable balance between pumping of deep groundwater and maintenance of shallow watertables 
requires knowledge of groundwater dynamics and salt fluxes through interconnecting aquitards. While groundwater 
resource investigation and monitoring has historically focused on high yielding deep alluvial aquifers and the near 

surface has recieved recent attention due to soil salinity, little information is available on groundwater movement 
and geochemical processes in the intermediate zone. Yet low permeability aquitards play a role in controlling the 

rate of diffuse recharge and vertical leakage, act as a source and sink of leachable chemicals, and may constitute a 

significant source of exploitable water (Back, 1985). 

The hydrodynamic and hydrogeochemical signiflcance of aquitard sequences to sustainability of groundwater 

abstraction for irrigation is the subject of the current project. Intensive monitoring of several study sites in the 
Upper Namoi and Lower Murrumbidgee areas of the Murray-Darling Basin is in progress, the fmdings of which 
will contribute specifically to groundwater quality management. Indicators of the magnitude of recharge and 

leakage will also be of benefit to sustainable groundwater quantity management. 

Spatial variation of groundwater salinity in the Lower Murrumbidgee between 110 and 1000 mg/I has been 
observed in the Calivil and Renmark Formations, with the lowest salinities in the east close to recharge sources. The 

Shepparton Formation is characterised by highly variable salinity up to 7,000 mg/I. Lawson and Webb (1998) note 
that long term groundwater quality trends due to over-extraction and inadequate bore construction and abandonment 

have not been addressed. 

The Tubbo and Gundaline nested piezometer sites were chosen as representative of major groundwater abstraction 
zones outside of the proclaimed irrigation areas. The Tubbo site was located adjacent to a high volume irrigation 
pump close to the recharge area of the deep aquifer, while the Gundaline site to the west, was located in an area of 

large drawdown in relative proximity to the Murrumbidgee River. River water samples were taken at Euroley Bridge 

on the origin of groundwater flow lines to Tubbo. 

Methods 

Rotary rig drilling with an HQ attachment developed by UNSW Groundwater Centre enablçd recovery of 
undisturbed continuous clay core in 1 metre clear PVC sections of 100mm diameter. Piezometers were completed 

and developed in June, 1998 (Table I), with sampling of groundwater quality before, during and after the main 
1998/99 irrigation pumping season, using a portable Grundfos monitoring pump. Unstable chemical parameters were 
analysed in a mobile field laboratory and completed at the UNSW Water Research Laboratory. ICP anion analysis 

was performed by UNSW School of Geology. 
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Environmental isotopes tritium, 
13  C and "C were analysed by ultra-low level techniques and accelerator mass 

spectrometry (AMS) respectively at the Institute of Geological and Nuclear Sciences, New Zealand (IGNSNZ). The 

added analysis cost was justified in the case of tritium by a detection limit lowered from +1- 0.3 TU to +1- 0.016 TU, 

aiding interpretation of current low levels of tritium in the Australian environment. A significant advantage of AMS 

for carbon isotope analysis is the IL sample size, permitting analysis of low yielding aquitard material. 

Table I Piezometer installation details. 

Site Bore Screen depth 
(m) 

Fasting Northing Lithology Installation 
date 

Diam 
mm 

SWL mhcl* 

Feb99 

Tubbo BI 20 427410 6161865 sand Jun-98 50 17.58 

Tubbo B2 32 427410 6161865 sand Jun-98 50 21.55 

Tubbo B3 50 427410 6161865 clay Jun-98 50 23.23 

(l5mthick) 

Tubbo 134 65 427410 6161865 sand Jun-98 50 25.04 

(8 m thick) 

Tubbo 135 74 427410 6161865 clay Jun-98 50 25.09 

(14m thick) 

Tubbo B6 85 427410 6161865 sand Jun-98 50 26.18 

Tubbo 59113 86.8-120.7 427410 6161865 sand/gravel Jan-84 406 

(5 intervals) 

Tubbo 30282/1 100.2-117.2 429180 6161900 sand/gravel May-72 117 24.73 

(2 intervals) 

Tubbo 30284 36.2 -39.5 429180 6161900 sand/gravel May-72 203 21.25 

Gundaline Al 47.5 383100 6176150 Jun-98 50 32.88 

Gundaline A2 72 383100 6176150 Jun-98 50 35.45 

Gundaline 30348 128- 134 383100 6176150 sand Dec-72 101 37.88 

Gundaline 30349 15.2-18.2 383100 6176150 sand Dec-72 101 16.42 

* mhcl - metres below casing level 

Results and Discussion 

Significant heterogeneity of the aquitard-aquifer system is apparent in spatial and temporal groundwater quality 

variation. At Tubbo groundwater types ranged from Na-Mg-HCO3-Cl type in the shallow aquifer, and Na-HCO3  

type in the mid-depth aquitard and aquifer to Na-Mg-HCO3  type in the deep aquifer from which groundwater is 

pumped. Applied irrigation waters were Na-C1-HCO3  due to loss of bicarbonate at the surface. 

Groundwater EC at the Tubbo site ranged from 148 to 890 uS/cm between 120 and 15 metres below ground. 

Murrumbidgee River waters, at the time of major field sampling in February, 1999, had an EC of 92.3 uS/cm and a 

TDS of 87 rng/L, considerably less than groundwater sampled. Further west, localised groundwater salinity over 

4,000 uS/cm was recorded for shallow aquifers expected to be fresh. The presence of iron filings in pumped water 

from these observation bores suggested the possibility of corroded casings leaking saline groundwater. 

Figure 1. Piper diagrams for Tubbo and Gundaline sites illustrating distinctive aquifer/aquitard chemistr\ 
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Figure 2 Vertical profiles of groundwater field chemistry for Tubbo Site 
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Water Quality Criteria for Irrigation 

The quality of applied irrigation water as defined by a number of salinity criteria, is of importance to sustainahility. 
Total dissolved solids (TDS) is indicative of total salinity, while the sodium adsorption ratio (SAR), exchaneable 
sodium ration (ESR) and magnesium hazard (MH) indices reflect the hazard of specific ions to soil and plant health. 

The SAR and ESR are both indicative of excessive sodium which may result in nutrient competition ami ion 
sensitivity in plants. 

SAR = Na/ ((Ca + Mg)/2)"2  
ESR = NaI(Ca+Mg) 

MH of irrigation water defines high magnesium content. 

MH = Mg/(Ca + Mg) x 100 

The classification of water quality for irrigation according to these criteria is summarised in Table 2 below. 

Table 2. Reference values for water quality criteria for irrigation. 

TDS mg/I 	 SAR 	 MH 
<250 Low salinity 	<10 Loss 	>50 harmfii) 

effects 
250— 750 Medium salinity 10-18 Medium 
750 —2250 High salinity 18-26 High 
2250-5000 Very high >26 Very high 

Lloyd and Heathcote. 1985 Hounslow, 1995 

Groundwater quality for irrigation at the Tubbo and Gundaline sites was in general found to be very good (Apt.endix 
B). TDS ranged from 87.0 to 627.8 mg/I, SAR from 0.49 to 4.14 and ESR from 0.49 to 2.51, all classified as low, 
for both clay aquitard and gravel aquifer sequences. Water quality is excellent for irrigation use, classified as C I -SI 

waters according to Hounslow, 1995. High magnesium concentrations were found to be of most concern, with 

groundwater samples above the recommended guideline. The MH ranged from 45.63 to 61.76. Surface water- irom 
the Murrumbidgee River exhibited the lowest SAR. ESR, MH and TDS and are thus of better quality for irr:ation 
usage than groundwater. 

13 J 
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Groundwater age dating 

Table 3 Groundwater dating results 

Sample 
Bore 	date 	TR' DIC 

mmol/12  

5.73 
4.62 
5.14 
3.60 
2.39 
2.08 
2.87 
2.93 
3.12 
2.12 
2.63 
2.64 

+1-
TR 

-0.005 
	

0.017 

	

1.63 	0.05 

	

0.137 	0.016 

	

0.022 	0.017 

	

0.020 	0.016 

	

0.013 	0.017  

Drury 

DIC 	513C 	PMC 	et.al  1984 	PMC 

nol/ks 3 	 13C 

	

2.935 	-16.89 
	

25.99 

	

3.975 	-15.71 
	

55.20 

	

3.891 	-16.24 
	

59.47 

	

4.120 	-16.78 
	

105.81 

	

2.856 
	-15.62 
	

86.42 
	-18.1 	94.4 

	

2.438 	-14.18 
	

87.60 	-5.5 	94.3 

	

2.662 	-17.07 
	

83.46 

	

2.269 
	-17.33 
	

92.62 

	

2.343 	-17.79 
	

92.70 

	

2.141 	-16.70 
	

85.39 

	

2.330 	-17.29 
	

91.76 

	

2.096 
	-17.17 
	

83.24 

I 
I 
I 
Li 

30349 
	

13.02.99 
Al 
	

13.02.99 
A2 
	

13.02.99 
30348 
	

13.02.99 
30284 
	

14.02.99 
30282 
	

14.02.99 
BI 
	

14.02.99 
132 
	

14.02.99 
133 
	

14.02.99 
134 
	

14.02.99 
135 
	

14.02.99 
B6 
	

14.02.99 
'TR used by JGNSNZ is equivalent to TU 

I 	2 Calculated DIC byNETPATH (Plummer, Prestemon, Parkhurst, 1994) 
3 DIC by gravimetric determination of water sample quantity and DIC recovered quantitatively as CO2  (IGNSNZ) 

Modern groundwater, as indicated by significant tritium levels were found for bores 30348 and 30284. The absence 

I 	of signflcant tritium levels for all depths at the Tubbo site and at 16.7 in at the Gundaline site, suggest that rechage 
from the surface is minimal. The detection of relatively high tritium at a depth of 130m at the Gundaline site is 
highly significant, reflecting direct recharge by the Murrumbidgee River. Stream bed recharge west of Darlingron 
Point has not previously been considered important. Tritium in bore 30284 can be attributed to bore casing leakage, 

I
consistent with observed hydrograph peaks. 

Interpretation, of 14C results is not straightforward due to the complex evolution of DIC in the groundwater sysTem, 

I 	including dilution of initial 14C  during carbonate dissolution. Modern water was found in bore 30348, with the 
apparent ages of all other waters ranging from 630 to 1100 years. There is little correlation between PMC and depth, 
or aquifer/aquitard material. Comparison with Drury (1984) suggests that older waters are now found at bores 30282 
and 30284, possibly as a result of large volume groundwater pumping in the area. Younger waters in the overlyLng 

I
aquitard make it unlikely that vertical leakage is responsible for this trend. 

Simple corrections based on Tamers (1975) alkalinity correction and Pearson (1965) 613C mixing model, reduced 

I 	apparent age by a factor of between 0.5 and 0.95, with an anomalous result for bore 30282. The need for more 
detailed geochemical interpretation and process modeling to enhance the confidence of groundwater dates, deñne 
leakage and mixing, and better understand groundwater interaction with clay aquitard material, is apparent. 

I Conclusion 

I 	Groundwater quality sustainability of current groundwater based irrigation in the Tubbo and Gundaline area- is 
good, provided that there is no significant salt store in the unsaturated zone and groundwater levels do not rise. Of 
the water quality criteria SAR, TDS and MH, only magnesium concentrations exceed recommended lim:ts. 

I 	
Undisturbed clay core analysis, in progress, including EC 1:5 extracts profiles from each of the major aqur.ard 
sequences at the Tubbo site, correlated with geophysical EM39 downhole logs will provide further insight into salt 
storage at depth. Further work aims to quantify vertical leakage through radial flow modeling, and 

I 	
hydrogeochemical modeling of mixing and aquitard matrix interaction. 

The absence of salinity in these areas relative to the adjacent Coleambally Irrigation area may be attributed to a 
number of factors including the usage of groundwater instead of surface water, less intensive pasture irrigntion, arid a 

I 	
more highly permeable and leached aquitardlaquifer sequence. Comparative site investigations in the Coleambally 
Irrigation Area would be required to substantiate these factors and to better ascertain the sustainabilitv and qualit, of 
the groundwater resource on a regional basis. 

I 
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APPENDIX A Selected groundwater quality results 

Bore Sample date SWL Field EC Temp Field p11 Field Eli Field DO Field Field N113-N NO3 av Phos av S mg/I Cl mg/I Ca mg/I K mg/I Na mg/I Mg mg/I 
nibel uS/cm °C (May99) mg/I 11CO3 CO2 av mug/I mg/I mg/I 

RIVER 11-Feb-99 HIGH 92.3 22.7 7.297* 261.7 6.2 46.46 3.33 0.08 0.50 0.13 4.02 9.07 6.70 1.28 6.33 3.41 

30349 13-Feb-99 16.42 524 20.4 6.45 x 197.98 95.21 0.08 0.40 0.64 19.73 56.03 33.70 1.04 36.06 26.23 

Al 13-Feb-99 32.88 435 23.5 7.22 0.3 250.46 21.97 0.02 0.33 0.51 8.64 21.14 13.50 1.04 70.09 13.23 

A2 13-Feb-99 35.445 487 24.2 6.89 0.2 247.94 42.93 0.90 0.40 0.43 9.06 31.66 19.33 1.34 59.10 17.75 

30348 13-Feb-99 37.88 422 24.8 6.66 2.11 151.1! 36.81 0.41 0.80 0.33 3.99 55.53 11.60 8.99 57.74 12.11 

30282 14-Feb-99 24.73 148.3 25.7 6.57 4.6 80.81 39.26 3D!, 0.50 0.32 1.40 10.39 8.03 0.88 15.53 5.86 

30284 14-Feb-99 21.25 365 25.5 7.11 4.5 125.54 35.92 0.12 0.60 1.03 16.99 48.87 9.18 1.20 56.80 6.34 

B! 14-Feb-99 17,58 890 21.4 7.19 127.2 6.7 154.55 27.23 BDL 0.87 0.49 123.28 136.30 33.76 1.80 127.11 22.56 

132 14-Feb-99 21.55 267 x 6.27 110.4 x 82.08 51.98 x 0.30 0.39 12.61 38.61 14.55 0.94 25.16 9.93 

133 14-Feb-99 23.23 157.1 22.7 6.18 230 6.29 77.76 59.27 x 0.30 0.46 3.60 11.54 8.18 0.66 17.06 5.70 

B4 14-Feb-99 25.04 176.8 22.7 6.64 183.4 5.06 86.17 45,45 0.02 0.30 0.46 5.77 14.94 9.31 0.76 19.06 6.47 
B5 14-Feb-99 25.09 245 23.1 7 56.2 2.15 132.32 39.11 BDL 0.40 0.36 9.07 15.87 6.81 0.91 41.54 4.92 

136 14-Feb-99 26.18 156.7 24 6.37 151.2 3.25 83.98 45.09 x 0.30 0.24 2.05 10.33 7.99 0.81 17.26 5.79 

CIIAN 13-Feb-99 x 166.7 26.3 7.57 x 61.65 7.03 BDL 0.27 0.31 1.81 11.02 7,75 0.76 17.79 5.85 

59113 13-Feb-99 x 168 25.4 6.39 260 8 85.93 25.12 0.00 0.27 0.36 2.20 10.78 7,90 1.00 18.00 6.01 

APPENDIX B Water quality criteria for irrigation 

Bore Sample 
date 

TDS' 
mg/I 

SAR ESR MU 

RIVER 11-Feb-99 87.0 0.49 0.49 45.63 
Al 13-Feb-99 424,4 3.23 1.72 61.76 
A2 13-Feb-99 397.5 2.32 1.06 60.21 

30348 13-Feb-99 308.4 2.82 1.59 63.23 
30349 13-Feb-99 379.1 1.13 0.41 56.18 
59113 13-Feb-99 156.3 1,17 0.88 55.62 
30282 14-Feb-99 180.1 1.01 0.76 54.61 
30284 14-Feb-99 283.4 3.51 2.51 53.22 

BI 14-Feb-99 627.8 4.14 1.56 52.4 
132 14-Feb-99 207,8 1.24 0.71 52.94 
133 14-Feb-99 154.3 1,12 0.84 53.45 
134 14-Feb-99 171.2 1.17 0.83 53.38 
35 14-Feb-99 233.4 2.95 2.42 54.35 
B6 14-Feb-99 181.4 1,13 0.85 54,42 

CFIAN 13-Feb-99 122.2 1.17 0.89 55.43 
1. TDS calculated on rnajoi cations, anions and silica by NETPATH (Plummer, Prestemon. Parkhurst, 1994) - - - - - - - - - - - - - - - - - - - - - 
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Reducing subsurface drainage salt loads: development of drainage design 
and management guidelines 

Evait Christen and Dominic Skehait 
CSIRO Land and Water. PMB No 3. Griffith. NSW 2690 

I Summary 

A field investigation on a new vineyard in the MIA showed that improved subsurface drainage systems reduce the 
salt load in the drainage whilst coritimiing to provide waterlogging and salinity control. By only draining the 
rootzone the drainage volume and salinity were greatly reduced. Improved design and management optiollS were 
tested against the current practice of deep pipe drainage. By inanagmg existing drainage systems to only flow when 
the watertable was within 1.2 in of the surface. and not during irrigation, resulted in it So % reduction in the drainage 

salt load. Shallow closely spaced drains reduced the drainage salt load by 95 %. This improved design and 
management will significantl' reduce the amount of salt that requires disposal. This work together with other field 
and modeling studies have been used to develop a set of guidelines for subsurface drainage with the aim of 
i in pros i ng drainage water quality 

Introduction 

The irrigation areas in southeastern Australia have developed shallow water tables to the extent that about X() % of 
many irrigation areas experience water tables above 2 metres and the area with water tables above 1 metre is 
increasing. These water tables create serious problems of waterlogging and land sahnisation. Waterlogging has in the 
past been controlled by the installation of subsurface drainage (tile drainage) which lowers water tables. This has 
been successful in horticultural fanus of the Murrumbidgee Imgation Area (MIA). Shepparton Imgation Region and 
the Riverland along the Murray River. However, the nature of subsurface drainage is such that large amounts of salt 
are exported in the drainage effluent. At the time of installation the downstream consequences of salt export were not 
considered. Subsurface drainage schemes have been targeted as areas for salt export reduction. as the drainage is 
normally an order of magnitude more saline than surface drainage waters. in the MIA. the Land and Water 
Management Plan (L&WMP) identifies subsurface drainage as a major salt exporter from the area. About 30 % of 
the salt load leaving the area is from subsurface drainage, although only 7 % of the area has subsurface drainage 
installed The MIA L&WMP sets out as a goal a 25 % reduction in the salt load from existing subsurface drainage. 
In the MIA new horticultural developments are to a large extent on the heavier soils that were previously used for 
annual crops such as rice and vegetables. These soils are quite different from those previously associated with 
horticulture which were freer draining lighter textured soils. Thus new drainage design and management is required 
to reduce salt loads and provide effective drainage in heavy clay soils. 

This new subsurface drainage philosophy aims to reduce salt mobilised by drainage. whist providing effecti e 
drainage of the rootzone and prevention of rootzone salimsation. Since onlv the upper soil layers 'the rootzone' need 
to be drained, draining deeper soil layers which are usually more saline can be avoided. Previous research b 
Deverel and Fio (1991) and others investigating the hydraulic processes of deep and shallow drains have found that 
for shallow drains there was a 30 —50% reduction the contribution of saline flow from deep in the profile compared 
to deep drains. They also found that shallow drains flow less frequently resulting in reduced salt loads. 

]\vlethodologv 

Site Description 
New subsurface drainage design and management strategies were tested in a replicated field trial located in a new l 
established vineyard in the MIA. situated 30 km north east of Griffith. NSW. The vineyard was established in 1995 
after previously being used for growing rice. The soil was a Griffith Clay Loam. accordmg to the soil description of 
But 1cr (1979). The top 0.3 in is a clay loam that becomes progressively heavier with depth down to about 0.9 in and 
then continues as a medium clay. The deep subsoil ranges from a light to heav cla' with soft and hard carbonate. 
Irrigation was applied down narrow furrows on both sides of the vines. Water was siphoned into these furrows from 
a bead ditch Irrigations lasted for around hours cN cn 10 days or so. Tue irrigations were well managed with rapid 
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1391 
advance times, about 4 hours to reach the bottom of the 400 in vine row. and only it small amount of run-off. The 

irrigation furrows were maintained in good condition throughout. 

Drainage treatments 
Drainage treatments installed in the experiment were: 

Deep Drains - Pipe drains at l.8 in deep and 20 iii apart allowed to flow continuously. This treatment replicated 
current traditional drainage design and management. commonly known as •I tie' drains. 

Managed Deep Drains - Pipe drains at 1 .8  in deep and 20 iii apart managed to flow ouR when the watertable was 

within 1.2 ni of the surface. and not dunng imgations. 

Shut/mi' Drains - Shallow 'Mole' drains 3.6 in apart and 0.5 In deep. 

No Drainage - No subsurface drainage. 

The objectives of the experiment were to assess the ability of shallow closely spaced drains to provide effecti e 
drainage of the rootzone and prevent salinisation. whilst minhinising salt mobilisation into the drainage: to test the 
practice of managing existing drains to flow only when within 1.2 in of the surface and not dunng irngauons: and 
determine if deep drains with improved management are as effective as shallower drains in reducing salt 

inobilisation. whilst managing waterlogging and rootzone salinity. 

Experiment layout 
The experiment vaS laid out in two blocks of equal area with complete randoinisation in each block, each treatment 

NNas 70 ni long of varying width. see figure 1. Each individual drainage replicate had it's own sealed collector drain 

finning to the pump sunip where measurement s of drainage quantlt\' and quallt\' were made. 

r,/4EyItC) DIMENSIONS: 400 rn long bir250 in l or,Q 

FIELD TRIAL Bnttorn 70 m of vineyard 

Direction of Orion rcr",s 

(3115 In apart) 

Direction of irriyatiori - 

Irrigations by furicom or, each side of vino crc 

Land surlace 1 351), laser IvelId I 
I 

BLOCK I, nines planted lQQrt 	 BLOCK 2, Vines planted 1335 	- 

altos Drains 	Managed Deep drains 	Deep Drains 	Managed Deep Drains 	Deep Drains Shallooe D rains 

11111 	 1 11111 

11111 	 1 	: 
liii 	 . 	

. 	 11W 

III' 	.' 	 I 	 11111 

III 	7 	 I 	I 	
I 	 : 	 I 	I 	I 	1111(7 

liii 	 I 	I 	 I 	I 	I 

110 	 i 

Ill! 	 I 	I 	 I 	 I 

11111 	 I 	 i 	 i 	 11111 

Tud raIn 

Main crimp - measure noun and ualrnub, 

	
Sealed pipe mains to crimp 	

I 
- - - - Shalloui [rairrO - 0 7m Jeep. emert ocr (3 SSmj apart, unriestrrctod fLec 

Deep ['lairs 1 8rn deep. e , er-/6 room (20m) apart. unrestricted tInier 

Deep Liar nc- I Sin deep. ernr/ S roun( Urn) apart. coater table marmamiel at 1 2mm 

Figure I. Field experiment layout 

Experimental measurements 
The experimental ineasurenients aimed to quantify the drainage volume and quality from each treatment. and 
compare this with the effect of each treatment on water tables and soil salinity in the root i.one. Crop measurements 
were also made to ascertain the overath effect of the drainage treatments on vine growth and ield. 

I 

I 
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I 
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Irrigation applied to thc farm was measured at the Dethridge wheel located directly on the head channel to the 
vineyard. The wheel was calibrated using a Doppler ultrasonic flowmeter at the beginning of them experient. 

Irrigation water salinity was sampled several times during each irrigation. Rainfall was measured at the sunip. Run-
off was estimated at 10% of water applied. Drainage discharge from individual treatments was measured manual!y at 
the pump sump. Measurements were taken at around half hourly intervals at times of peak flows after irrigation, and 
subsequently larger intervals as the flow rates declined. Drainage samples for electrical conductivity and chloride 
were taken in conjunction with flow rate measurements. Drainage water salirlity was recorded for different stages of 
each irrigation event, post irrigation, and rainfall events. Perched watertables and piei.oinetric levels in each drainage 
treatment ere measured using I in test wells and 3 in piezometers. These were situated in the vine row between 
drains in the shallow drainage treatments. and above and between the drains in the deep drainage treatments These 
were logged at half hourly intervals. Soil salinity was measured after each irrigation season by soil sampling to 2 in 
and EM3% stirve\ To determine the effects of the drainage treatments on the crop. leaf chloride and ield 
measurements were undertaken at the end of the expennient. 

Results and discussion 

The different drainage treatments resulted in markedly different drainage volumes and salinities. and hence salt 
loads The differences in flow resulted from the drain position in the soil profile and the management of the drains. 
The Deep Drains flowed continuously for the irrigation seasons. a small saline flow being sustained betw ccii 
irrigations and a large flow during and just after irrigation. Figure 2. The Deep Drains continued to flow long after an 
irrigation had ceased because they were draining a larger soil volume. down to 16-1.8 in. and they were in.fluenced 
by regional groundwater pressures. This was despite the area having no significant shallow aquifer s stems and 
being in a fairly flat area so that hydraulic gradients from neighboring farms and channels were small. That there 
were some regional effects was demonstrated by the rise in piezom 	 m etric levels at the begiling of the irrigation 

season in the experimental area before any irrigations had been applied. The Managed Deep Drains NNere less 
influenced by these regional effects and the Shallow Drains were completely isolated from them. 

Deep Drains 

Managed Deep I )rnns 

Shallo\\ I )iains 
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Figure 2. Drainage treatment hvdrographs during and after an irrigation 

I 	
The Deep Drains removed the most water at the highest salinity, about lIdS in'1 , and hence had the highest salt load 

The Managed Deep Drains had 33 % less flow than the Deep Drains at a lower salinity. 7-8 dS rn'1 . resulung in a 49 

% reduction in salt load. Table 1. The Shallow Drains removed 78 % less water than the Deep Drains at a 
significantly lower salinity, about 2 dS m". resulting in a 95 % reduction in salt load. The large amounts of water 
removed by the Deep Drains leads to reduced overall water use efficiency and increased fann costs in terms of 
increased pumping and nutrient loss. The extra salt remo ed by the Deep Drains compared to the Shallo Drains 

I 
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and even the Managed Deep Drains doesnt have a negative impact on the drained area but will adversely affect the 
receiving waters. If in the future farmers are charged for the aniount of salt they export off fariri then this extra salt 
export will have a negative effect ilpoil farm income. Where farms are denied the option of off fanu disposal of 
drainage water. then the use of shallower drains will be advantageous in reducing the overall volume requiring 
disposal and also the lower salinity of the drainage water will leave more options open for reuse. 

Table I Drainage treatment sallnit\ 

Drainage 
Treatment 

Drainage 
Volume (mm) 

Average Drainage 
Salinity ((IS/rn) 

Total Salt Load 
(kfha)  

Dccl)  Drains 70 11 567 

Managed Deep - X 297 

Drains 
Shallow Drains IS 2 319  

Of the three drainage treatments tested only the Shallow Drains came close to a salt balance with the mrngatlon water. 
removing 0.7 of the salt applied in the irrigation water. This is actually a small accumulation of salt, but this was in 
absolute terms a very small amount 170 kg ha and was not accumulated in the root zone. The Deep Drains 
removed 11 times more salt than was applied, a large net leaching of salt. This leaching was not reflected in a large 
reduction in soil salinity in the top 2 in. thus this salt was from below drain depth. Tius was somewhat reduced by 
the managed treatment which exported S times more than the salt applied, still a large net export. This shows that 
drains placed deep in the soil profile will export large quantities of salt over and above that applied in the imgation 
water. Assessment of the drainage water salinity with depth of water table confirms this. figure 3. When the water 
table was at one metre below the surface the drainage water salinity from the Deep Drains was around 8 dS ni. as 
the water table fell to 1.6 m below the surface the salinity increased to around 11 dS in-'. This is consistent with the 

theory that deeper drainage intercepts deeper water flow paths that move through more saline portions of the soil 

profile. 

---- \Va teila hle --- )tai n ace Salini 

,\rros indicate ii riatlin ......... 1 
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Figure 3 Drainage water salinity and watertable depth between drains 

In tenils of water table and waterlogging control the Deep Drains reduced the periods of high waler tables and 
waterlogging to a negligible amount. Table 2. The management changes used to control water flow from deep drains 
had little effect on waterlogging. The Shallow Drains gave the best control of root zone waterlogging. the water table 
did build up beneath this treatment but was controlled at mole depth. 
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Table 2. Duration of water tables above specified depths ((YO) 

\Vter tahie depth (mm) 

Tnatment 	 300 	 500 - 	 1000 

Deep Drains 	 3 	 4 

Managed Deep Drains 	 1 	 3 	 It) 

Shallow Drains 	 I 	 I 3 

tjndrained 	 S 	-. 	 42 

These varying water table regimes resulted in sonic differences in the root zone soil salinli\ trends over the two 
seasonsmonitored. Figure 4. The Undrained treatment soil salinity remained static, whereas all the drained 
treatments showed a decrease in salinity after the first season. In both the Shallow Drains and Managed Deep Drains 
there was a rise after the second season resulting in no net change. For the average salinity down to two metres this 

I 	
picture was similar except the Deep Drains showed a fall in salinity after both the first and second seasons. These 
results are somewhat unclear in terms of the possible effects of the different treatments on long-tenii soil salin.iues 
especially since the undrained treatment did not show any change in salinity over the expeniriental period. However. 

I 	
there is an important outcome from this analysis in that, the drainage treatments had only small effects on the root 
zone salinity, no measurable effect on vine health over the experimental period, but still drained water and salt from 
the area. So over this particular time the water drained, salt removed, costs incurred and downstream impacts of 
drainage water resulted in utile benefit to the fanii. Under these circumstances of small benefit from a drainage 

I 	
system. which can occur due to site factors. dry climatic conditions and plants not highly susceptible to 
vaterlogging. it is even more important that the drainage system incurs the least downstream impacts and least costs 

to the farmer. 

1 
I 
I 

Figure 4. Change in salinity in the top 600 mm of soil 

i_li i ii 	i t-  n 

This field trial was conducted in a dryer than average year. the relatively low drainage flows and static soil salinities 
reflect this. During wetter conditions it is likely that the drainage water reduction would be greater than measured 
here and that there would be more soil leaching due to rainfall, both of which are positive. However, there ma be 
negative effects due to the design and management suggested. such as increased waterlogging. These negati\ e 
effects are unlikely to be great and with good management could b monitored and controlled. For instance if the 
water table was remaining high for too long on the Managed Deep Drains then the drainage depth could be increased 
to provide a greater soil buffer to store rainfall. The main negative effect of a prolonged wet period on the Shallow 
Drains would be an increased rate of collapse in the mole drains. At this site. the soil was quite stable and as such it 
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is unlikely that the moles would collapse to the point of being ineffective within a single season. ObNiouslN if a 
shallow pipe system was installed this would not be a concern. 

Predicting the effects of weUer periods on the results of drainage design and management tested here is possible. The 
likely drain flow under wet conditions can be considered by analysing single high input irngation events. Figure 5 
shows the proportion of water applied that drained through the different drainage treatments at a particular event. 
During wet periods when the soil has a small storage capaclt\' due 10 antecedent rainfall then a lot of the water 
applied that does not nin off wilt be drained out. similar to irrigations 3 and 4 in Figure 5. This gives an indication 
that under wet conditions it is likely that up to 25 % of water applied may be drained by a deep pipe drainage system. 
whether ivanaged or not. The rate of drainage can be predicted by considering the drain hvdrographs such as in 
Figure 1. The peak flow rates shown here are unlikely to be greatly exceeded. but the duration of the peak flows will 
be prolonged under \\et  conditions with high inputs of water. The effect of wetter conditions on drain water salinit\ 
can be considered using the drainage water salinity as a function of water table depth results. Since water tables are 
likely to be high during wet conditions the drain water salinmt will be lower than dry periods when the water tables 
are deeper. The height and duration of water tables during wetter periods is harder to predict. Water table depth is a 
function of the time from the last recharge event, the drainage rate of the system and the combination of deep 
leakage and plant water use. If recharge events are larger and at shorter intervals then water tables will remain 
higher. Analysis of water table responses under a particular set of weather conditions can be undertaken using water 
balance models such as SWAGMAN Destiny (1996) and BASINMAN. \Vu etal. (1999). 

Irngation and rairifa Ii amounts (mm 

Figure 5 Drainage as a proportion of water applied at each event 

In regard to minimising costs of a drainage system the Shallow Drain system of mole drains would cost about SKU)) 
ha' for the collector mains and mole drain installation, whereas the pipe drains, installed 20 in apart to achieve an 
adequate degree of waterlogging control. would cost about $270() ha". Thus a shallow drain system consisting of 
mole drains provides a much cheaper system of drainage as well as reducing the disposal problem of the drainage 
water. An indication of the impact of a drainage system on water use efficiency and hence total water costs is shown 
by the Deep Drains that drained 20 % or more of the water applied in 23 % of plot drainage events and drained It) 
or more in 65 % of plot drainage events. This is a considerable proportion of the water applied that was intended for 
use by the plant. Management of deep drains cut the proportion of plot drainage events draining more than 1)) % of 
water applied to 37 Vo and events draining more than 20 % to 6 %. This is a sigmficant improvement but does not 
match the Shallow Drains which drained less than 5 % of the water applied in 90 % of plot drainage events. 
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I Conclusions 

Drainage systems for irrigated areas on clay soils in south eastern Australia can be designed and managed better than 

the currently accepted practices. so  that detrimental downstream enviroiunental effects due to eXCeSSIVe salt export 

are reduced, without affecting the productivity of the farm. 

('Ii an ging drainage design froni deep widely spaced drains to shallow close/i' spaced drains: 
Shallow drains remove less irrigation water than deep drains, thus reducing irrigation losses. 
Shallow drains have low drainage water salinity and remove smaller drainage volumes, thus reduce salt load, up to 

95 	reduction compared to deep drains in this trial. 
Shallow drains control NNaterlogging better than deep drains. 

The cost of it  shallow mole drainage system can be about 75 % less than deep pipe drainage (to provide similar 

waterlogging control) 
Deep drains can take up to 32 years to leach all the salt from their capture zone and reach an equilibrium with 

irrigation water. whereas shallow drains can reach close to equilibrium within two irrigation seasons. 

Managing (lee/I drains hj' preventing discharge during irrigation and whenever the water table was he/on 1.2 rn 

deep: 
Managed deep drains reduce irrigation water losses compared to unmanaged deep drains 
Managing drains reduces flow and drainage water salinity compared to unmanaged drainage, resulting in reduction 

in drainage salt load. 50 % in this trial. 
A more rapid decline in drainage water salinity can be achieved by managing deep drains. 
A deep pipe irrigation system, without major groundwater inflow from surrounding areas. onl needs to be run for 

2 to 7 days after an irrigation to control the water table below the root zone and then can be sw itclied off. 

This work together with other field studies and modelling of drainage by the authors in vines ards and orchards in the 
MIA has enabled the development of some general guidelines for the design and management of subsurface drainage 
in the Riverine plain. These guidehnes are shown separately as the last pagc of this paper. 
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Guidelines for subsurface drainage design and management for improved 
drain water quality 	

I 
Ean Christcn 
CSIRO Land and \Vatcr. PMB No3. Griffith. NSW. 2690 

Intuction 
For the Riverine plain of southeastern Australia there is a need to consider drainage design and management with 
regard to water quality considerations. This requires that drainage designs include criteria that minimise salt 
inobihisation from outside the root zone and make management of the drainage system possible in order to 
manipulate the quantity and quality of drain discharge. This requires an approach that considers the design and 
management of the drainage system as an integral part of irrigation management. This approach needs to also always 
consider the potential for salt leaching and thus drainage disposal with any new drainage system 

Aim of the guidelines 
To reduce subsurface drainage quantity and salinity from imgated agriculture in the Ri\ erine plammi. to meet 
increasing disposal constraints. 

Background 
Research in the Riverine plain has shown that in general terms the following are true: 

	

1. 	Deep drains (traditional tile or pipe systems about 2111 deep and 20-40111 aparl): 

Have high drainage volumes and salinity 
Can unnecessarily extract large quantities of salt from the soil below the root zone 
Can drain large volumes of water frorn sources outside the farm itself 

	

2. 	Shallow closely spaced drains: 
drain less water at lower salinity than deep widely spaced drains 
have lower potential salt mobilisation than deep w'idel' spaced drains 
are less likely to be affected by water sources from outside the farm area 
give the best waterlogging control in clay soils 

	

3. 	By managing deep drains it is possible to: 
reduce drainage volume and salinity 
still control waterlogging and root zone salinity adequately 

Guidelines 
Neii' drainage si'steflls should consider the potentuilfor salt niohilisation. 

. 	Avoid sites where large volumes of drainage may occur from regional sources 
Install drains as shallow as possible 
Design drainage systems into management units aligned with imgation units 
Install drainage control structures to mampulate water tables 
Main drains and sumps which are installed at depth should be sealed to prevent entry of saline water 

Existing drainage st'sterns: 
Should where necessan' and possible be divided into management units. aligned with imgatlon units 
Should have water table management control structures installed where necessary 

Management of drainage systems: 
Drainage systems should be prevented froni discharging during irngation events 
Drainage systems should be controlled to maintain water tables safely below the root zone, not left to drain 
uncontrolled where water tables may fall much deeper than required. 
Drainage systems should normally be kept closed or turned off and then turned on as needed. rather than 
being left running at all times without consideration whether the drainage is necessary 
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I ASSESSMENT OF DEEP BORE WATER QUALITY FOR IRRIGATION IN THE MURRAY 

IRRIGATION DISTRICTS 

I 	H.S. Gill', S. Joseph2  and N. Kulatunga2  
'NSW Agriculture, Yanco Agricultural Institute, Yanco, NSW 2703 
Department of Land & Water Conservation, Deniliquin, NSW 2710 

I
ABSTRACT 

Expanding demands for additional supplies of irrigation water has evoked keen interest amo: 

I 	
farmers to install deep bores in the Murray Irrigation Districts (MIDs) of southern NSW. Guidelines 
that are currently used for issuance of licenses are ambiguous considering sustainable use of grou 
water for irrigation. This investigation aimed at an assessment of water quality for sustained 
irrigation using deep bores installed in the MIDs. For this purpose, water samples from 85 de' 

I 	bores (30 private or commercially used bores by farmers & 55 investigation bores maintained i" 
DLWC) were collected and analysed for parameters pertinent to their evaluation for irrigatic' 
These bores pump water from relatively deeper formations namely Calivil (70-140 m) or Upper 

I
Renmark (>140 m) or Onley aquifers and a few use combination of both. 

Analytical and parametric results that describe water quality for irrigation indicated potenta1 

I 	
salinity and/or sodicity problems associated with most bores. This is due to their moderate to hi. 
salt content, sodium adsorption ratio (SAR), consistent presence of bicarbonates or resid.a 
alkalinity, and unfavourable Mg/Ca ratio or low calcium concentrations. The electrical conductivE 

I 	
(EC) of bore waters was found to vary between 0.13-5 1.5 dS/m. Mean (1.64 dS'm) and med:a 
(1.32 dS/m) EC of private bores was much less than the corresponding 6.39 and 2.86 dS/m 
investigation bores respectively. Only about 9% bores had EC within the safe limit (<0.7 dS/m 

I 	
potential salinity problems whereas 56% were marginal and the rest considered unsafe for sustained 
irrigation usage. In addition, most bores pose potential soil sodicity or infiltration problems. Hi 
SAR waters require appropriate salinity level for their desired infiltration but only 5% of thc-s.e 
bores had SAR less than 3 considered safe for irrigation. A significant majority (67%) of the bor 

I 	had SAR between 3-12. Amount of dissolved calcium was mostly less than hat (2.0 me/L 
regarded necessary for nutritional requirements of most crops. The Mg/Ca ratio of both private a 
investigation bores showed an imbalance between the two. Water quality in the est 

I 	comparatively lower than the eastern region and private bores were relatively better off than 
investigation ones regardless their aquifer and geographic location. Considering rice based farmir 
sYstems and relatively impermeable clay soils having low levels of soluble calcium. sustained 

I 	
irrigation with most deep bores will result in genesis of problems of soil sodicity. Research is t1_s 
needed to quantify their impact and development of strategies for sustainable use of deep b::e 
\\aters  for irrigation either alone or in conjunction with channel water. 

1 	
INTRODUCTION 

I 	Adequate and secure supplies of good quality water are a must for sustainable irrigated agricultune 
Recent droughts, MDBMC cap, and declining surface water allocations in the southern NSW ha 
caused considerable increase in the groundwater uses. Hence, more pressure on groundwa:e: 

I 	resources. In the Murray Valley alone, there are more than 500 active irrigation, industrial. stc:-. 
and doniestic bores at present. Community concerns for sustainable environment. health\ rivers a.-: 
other fresh water resources, increasing domestic and industrial requirements for surface vaT± 

I 
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including their use for recreation have now created a tough competition for irrigated agriculture. 
Considering limited scope for a major boost in surface water supplies, use of groundwater resources 
is an option. Past experiences in many regions show that available surface waters when 
supplemented with groundwater supplies improve reliance on water availability. In Australia, 
groundwater accounts for only 12.6% of the total water supplies used for irrigated agriculture 
(AWRC, 1987). Availability of good quality groundwater and its irrigation use in combination with 
surface water minimise risks associated with soil salinisation and waterlogging. 

Groundwater normally results from the seepage of surface or rainwater. But in Australia less than 
0.2% of the annual rainfall (420 mm) recharges aquifers while 87% is lost through evaporation 
and/or transpiration, and 12.8% goes as run-off to various water bodies (AWRC, 1987). Limited 
recharge pose limitations related to quality and sustainable use of various aquifers. Assured water 
supplies are no good if their quality is unfit for sustainable irrigated agriculture. Quality accounts 
for several water characteristics that influence its suitability for a specific use (Ayers and Westcot. 
1985). Most researches indicate salinity and sodicity the most important constraints related to 
irrigation water quality. In addition, presence of several important trace elements or specific ions for 
their toxicity to crops, soils and animals are also recognised. Use of low quality irrigation water for 
sustainable agricultural production depends largely on reactivity of chemical constituents present in 
irrigation water, chemical and physical properties of soils, climatic conditions, irrigation 
management practices, crops to be grown, depth of watertable and its quality, impact of irrigation 
on drainage quality and quantity, concentration of specific ions in crops or produce for their 
toxicity, if any, to human beings and animals, and economic issues such as acceptable limits of 
water quality-induced reduction in crop productivity or produce quality. 

Expanding demands for additional supplies of irrigation water has evoked keen interest among 
farmers to install deep bores in the Murray Irrigation districts of southern NSW. Guidelines that are 
currently used for issuance of licenses are ambiguous considering sustainable use of groundwater 
for irrigation. In addition, installation of deep bores involves considerable investments. This 
investigation was, thus, conducted for assessment of water quality for sustained irrigation using 
deep bores installed in the Murray Irrigation districts. This paper reports technical information on 
important water quality parameters of deep bores installed by farmers and the DLWC. 

MATERIALS AND METHODS 

Certain physical, chemical and biological properties of the water generally determine water quality. 
Quality of bore or groundwater is evaluated by considering chemical parameters identified through 
experience and investigations on "cause and the consequence" relationships of soil and plant 
problems. Use of groundwater for irrigation results in transport of soluble constituents to the soil 
surface. Long term impact of various constituents is primarily estimated from the analytical 
information. This usually requires laboratory analysis in knowing concentrations of important 
constituents. Based on the nature and extent of potential problems caused by different quality 
irrigation waters, quality parameters are broadly grouped (Ayers and Westcot, 1985) into (i) salinity 
problems, (ii) sodium or infiltration problems. (iii) specific ion toxicities, and (iv) miscellaneous 
effects. Differences in soils, crops, irrigation practices, groundwater features, management and local 
climate play an important role in the efficient and sustainable use of different quality water supplies. 
Details related to hydrogeology, sampling sites. collection and analysis of deep bore waters for this 
study are presented below. 
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I
Regional Hydrogeology of Murray Irrigation Districts 

Murray Irrigation Districts are located in the eastern and central eastern part of the Murray 

I 	Geological Basin which was filled by a sequence of sediments started in early Tertiary geological 
period. There are 3 main hydrogeological units in the study area. They are; the Olney Formation 

I 	
(part of the Renmark Group), the Calivil Formation, and the Shepparton Formation. 

The Olney Formation overlies the basement rock at a depth of about 140 to 350m below the ground 
surface. It consists of sand and gravel layers up to 40 m thick and inter-bedded with clay and silt 

I 	
layers that are carbonaceous. There can be 3 layers of aquifers in this formation known as Upper, 
Middle and Lower Renmark aquifers. In the Berriquin and Denimein Irrigation Districts, irrigators 
pump water from Upper and Middle aquifers to a depth of about 300m. Groundwater salinities can 

U 	
be up to 3000 jS/m. In the western Irrigation Districts of Wakool and Deniboota, the use of Olney 
(Renmark) aquifer are less intensive due to the high salinity levels. 

I 	
The Calivil formation (Pliocene sands) consists of sand and gravel layers inter-bedded with clay 
layers, overlies the Olney Formation and occupies about 70 to 140 m from the surface. Thickness of 
the formation is reduced towards the east. In the Berriquin Irrigation District, groundwater salinities 

I 	
in this aquifer is about 2500 l.IS/m but towards the western Irrigation Districts the salinities can be 
as high as 5000 j.iS/m. Majority of the irrigation bores tap the Calivil aquifers because of its shallow 
depths relative to Olney aquifers. In the Denimein Irrigation District, the available bores suggest 
that the Calivil aquifers are not productive but in all other Irrigation Districts they are productive to 

I 	varying degrees. In some cases irrigators obtain water from both the Renmark and Olney and 
Calivil aquifers (mixed water) to increase the yield of bore. The Shepparton Formation represents 
the most recent major phase of fluvial sedimentation. The Shepparton Formation overlies the Calivil 

I 	Formation (up to a depth of about 70m) consists of clay and silts inter-bedded with minor sand 
layers. These aquifers are not productive as far as irrigation bores are concerned except where 
shallow prior stream aquifers (depth <20m) occur. 

I Sampling Sites 

I 	
For this investigation, bores obtaining water from Calivil and Onley or Renmark Formations were 
considered as deep bores. Few stock and domestic deep bores were also included in the sampling 
network where deep irrigation bores are sparsely distributed. In addition to private irrigation bores. 

I 	
the DLWC deep investigation bores within Irrigation Districts were also sampled. All deep bores 
were categorised into 3 groups based on aquifer used for pumping water, (i) Calivil bores, (ii) 
Renmark bores, and (iii) the combination of Calivil and Renmark aquifers or mixed water. 
Although Ill sampling sites were selected initially for the study, only 85 sites could be sampled. 

I 	Greater numbers of sampling sites were located in Berriquin Irrigation District basically because of 
the existence of more number of bores in that district. The choice of sampling sites was purely 
based on geographic location. From the bore data available with the DLWC, the stratigraphy and 

I 	the aquifer details were determined to select respective bores. Figure 1 shows the geographic 
location of the private and investigation bores sampled for this investigation. Of the 85 deep bores 
whose water quality was evaluated in this study, 53 are the investigation bores maintained the 
DLWC and 32 the private ones farmers use for commercial irrigation. 

Collection of Water Samples 

I
About half litre of water was sampled from each of the selected bores after pumping out at least 
three bore volumes of groundwater. Sampling was conducted during late June and early July 1996. 
Airlift pumping was done on all DLWC investigation bores. Water samples were collected in 500 

Quality of Deep Bore Waters for Irrigation 

148 



I 

143 

I 

ml capacity plastic bottles and transported to the Chemistry Laboratory, Institute of Sustainable 
Irrigation Agriculture, Tatura (Victoria) for analysis. The samples were frozen on the day of 

	
I 

sampling and the analysis was accomplished within 2 weeks of their collection. 	

I Analysis of Water Samples 

I 
Analysis of water samples was performed for pH, electrical conductivity (EC), soluble sodium 
(Nat), magnesium (Mg), calcium (Ca), potassium (K), bicarbonates (HCO). sulphates (SOt). 
nitrates (NO 3), boron (B) and total hardness (TH). Estimation of chloride (CF) was made indirectly 

I 
by subtracting sum of given anions from the total of these four cations assuming electrically neutral 
state. The analytical data was further processed to derive other parameters commonly used for water 
quality evaluation for irrigation purposes. Important ones are Selected parameters and ratios based 
on interactions of dissolved cations and anions are calculated using their concentrations in irrigation 

	

I water. These are sodium adsorption ratio (SAR), adjusted SAR, residual sodium carbonate (RSC) or 
alkalinity, soluble sodium percentage [SSP = soluble Na/sum of all the soluble cations x 100, total 
cations, sum of divalent cations, sum of monovalent cations, and some ratios such as Cl-  : SO 4. 	

I Ca: Mg or Mg : Ca, cations : anions etc. 

Climatic Considerations 	

I Climate of a region is important in managing salinity problems of soils and irrigation water for 
sustainable agriculture. Principal meteorological parameters as recorded at Deniliquin for the last 30 	

I 
years are presented in Fig 2. This indicates unimodal pattern of mean monthly rainfall. Average 
annual rainfall makes it a representative of most semi-arid regions on the earth and comparable to 
such regions elsewhere for best use of the research experiences related to the problems associated 	

I 
with irrigation water quality and soil salinity. Such regions in the world and Australia are reported 
(Greenland, 1977) to offer considerable promise for development as centres of major food 
producing industries. Mean monthly rainfall is always less than the loss through evaporation. Soi] 
moisture deficit prevails during whole of the year prompting movement of salts into the root zone 

	

I with upward movement of soil water due to the capillary action. Magnitude of soil water deficit 
during the winter season (May-August) is relatively less. Climatic considerations of the MID 
indicate that amount of rainfall is low to cause significant leaching. Thus, development of shallow 	

I watertabie may cause salinisation of the root zone. Hence, special management and amelioration 
due to rainfall not enough for leaching salts. Thus, salinity and sodicity problems, depending upon 
the nature and concentration of soluble salts either in soils or irrigation water. may prevail due to 	

I 
insufficient annual rainfall and limited leaching from root zone of most crops. 

I 
RESULTS AND DISCUSSION 

Use of deep bore water supplies for irrigation either alone or in combination with good quai:IY 	

I 
channel water must be sustainable considering various crop and soil management options including 
irrigation practices. This largely depends on their water quality and suitability for irrigation within 
guidelines appropriate for local soils and agricultural systems. Guidelines are primarily quantitative 
arrangement of various water quality parameters in relation to their potential impact on productivity 

	

I and soil health. Several guidelines related to irrigated agriculture are documented in the literature 
(US Salinity Laboratory Staff 1954; Doneen, 1954; Kanwar, 1961; Bhumbla et al. 1971; University 
of California Committee of Consultants, 1971; FAQ/UNESCO, 1973: Ayers & Westcot, 1985: 	

I ANZECC, 1992). But none of them is universal. This is due to a wide variability in the comp.e\ 
relationships between climate, soils, plants, irrigation practices, water quality, groundwater featres 
and the management levels. Analytical results on important constituents and relevant parameic 	

I 
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I 	factors were considered for assessment of deep bore water quality or potential problems on s1s 
and crops associated with their long term irrigation use. Assessment involved whole range of 

I 	
groundwater qualities regardless ownership, aquifer, and geographic locations of the deep bores. 

Potential Salinity Problems 

I 	The electrical conductivity (EC) of deep bore waters ranged between 0.13 and 5 1.5 dS/m. Only 	o 
of bore waters had EC less than 0.7 dS/m considered good whereas 56% were marginal (0.7-i .0 
dS/rn) and the rest poor (>3.0 dS/m) due to their potential salinity problems if used for sustaird 

I 	irrigation. Total concentration of cations (Ca, Mg, Na, & K) or anions was highly related to EC of 
water samples (Fig. 3). Median of numerical ratio of EC (IIS/m)  to sum of cations (me/L) v, as 
relatively low (70.6) indicating presence of bicarbonate or sulphate. Median of the ratios of soluHe 

I 	salts (mg/L) to EC (i.tS/in)  was 0.64 but the median of the ratios of EC (iS/m) to total catis 
(me/L) was 136.1. These values validate the chemical analyses of bore waters for their chem:l 
composition similar to waters observed elsewhere. Coefficient for conversion of EC (dS/m ,  

I 	
cations or anions in me/L for these water was 9.4 against 10 (US Salinity Laboratory Staff, 19-) 
for water with EC range of 0.1-5.0 dS/m. This fluctuation was partly due to high EC of many b:re 
waters. 

I 	Differences in EC of investigation and private bores were significant. Private bores 	ad 
considerab!y lower EC than the investigation bores. Mean and median EC of private bores v. re 
1.64 and 1.32 dS/m (Table 1) against 6.39 and 2.86 dS/m for the investigation ones respectiev. 

I 	Range of EC variation in investigation bores was very large, from as low as 0.13 dS/rn (surface r 
fresh water EC) to 5 1 .5  dS/m (seawater EC). There was no consistent trend in EC differences :n 
bores that pump water from either Calivil and Renmark formations or their combination. Mediar :f 

I 	private bores pumping water from Calivil. Renmark, and their combination was 1.15. 1.40. and I 
dS/m respectively (Table 2). Comparative values for investigation bores mining water from 	e 
Calivil and Renmark aquifer were 3.10 and 2.88 dS/m. Most bore waters (66%) regardless t±r 

I 	
ownership and aquifer had EC to vary between 0.13 and 3.0 dS/m. There was no trend in C 
variation and geographic location of bores. Relatively lower water quality of more bores in 	e 
western district was notable. Because of no specific difference in EC and SAR of water pum:.d 
from either Calivil or Renmark and their combination, all the water samples were treated regardi-ss 
the aquifer and geographic differences for assessment of irrigation quality. 

In addition to potentially marginal or high saline problems, other parameters of ater quay 

I 	namely SAR and adjusted SAR showed saline-sodic nature of most deep bore waters. Most of ths-e 
waters were alkaline in reaction and pH of about 93% bore waters ranged between 7.5-s 5. 
considered conducive for precipitation of soluble calcium in the presence of bicarbonate 

I 	Regardless the EC, only 11% bores pump water with adjusted SAR less than 3 whereas 46% 
found having values between 3-6 and the remainder more than 6. The SAR of bores exploh: 
Calivil aquifer was relatively lower than that of the Renniark (Fig. 4). The relationship between EHII 

I 	and SAR of bore water (Fig. 5) indicates an interesting pattern. In this relationship, seven waters :1 
EC more than 10 dS/m were excluded due to high EC viewed for their unsuitability for irrigat::1. 
The SAR of bore water tends to increase with an increase in EC. Thus, high EC of high SAR asr 

I 	
could help in infiltration if used for irrigation. The predicability (54%) of SAR based on EC c S a 
wide variety of water was reasonable with the following relationship; 

I
SAR = 4.02 + 0.90 EC, (dS/m). R2 = 0.54** (N = 78) 

Deep bore waters with SAR 0-5 had EC variation between 0.13 to little more than 3.0 dS in anu 1T 

waters with SAR of 5-10 had EC range of I to 8 dS/m. however, waters with SAR greatcr than 

I 
Quality of Deep Bore Waters for Irrigation 

Jt) 



(including those not included in this relationship) had a large EC variation (about 3.0 to 51.5 dS/m). 
According to the classification proposed by US Salinity Laboratory Staff(1954). time of the 85 bore 
water samples were tested medium (0.25-0.75 dS/ni EC) and only one low (EC < 0.25 dS/m) in 
potential salinity problems. About 44% of samples had high EC (0.75-2.25 dS/m) whereas 46% 
were very high (EC ~! 2.25 dS/m) in salinity. A comparison of EC and its variation relative to 
important irrigation water quality classifications (US Salinity Laboratory Staff. 1954; Carter, 1968: 
Rhoades, 1972; Ayers and Tan.ji, 1981: Ayers and Westcot, 1985), most deep bore waters are 
marginal irrigation quality wise. These classification schemes provide details of the salinity 
problem for given waters based on the broad generalisations regarding growth and productivity of 
various crops, irrigation & drainage management, and climate. 	 I 
Several of the proposed classifications are based only on water quality parameters. Because in real 
situations, irrigation water properties are modified greatly as a result of their interaction with other 
factors (soil, climate, irrigation practices, management, crops etc). Without these considerations, 
some of the findings may not be valid for their application to other areas notwithstanding their 
importance in broad understanding of salinity problems. It has been usually considered that 
evaluation of the irrigation water for their suitability must consider achievable leaching, leaching 
efficiency, relative crop tolerance to irrigation water or soil salinity, and the level of soil water 
salinity that will occur as a result of using a particular type of irrigation water. 

Mostly the absolute salt content is an index of irrigation water salinity. It has also been observed 
that the nature and relative amounts of various ions also modify salinity problems, if any. In deep 
bore waters, chloride and bicarbonate of sodium predominate that also define their saline-sodic 
nature. Mean and median concentration of chloride was 32.2 and 9.8 me/L against 3.5 and 0.97 
me/L for sulphate respectively indicating chloride about 10 times more than sulphate. Because of 
the differences in solubilities of chloride and sulphate salts, plant roots exposed to chloride rich 
irrigation water encounter high salinity hazard than sulphate rich water. Formation of ionic pairs 
and precipitation is more with sulphate rich water Yields obtained with the chloride salinity of 3.2 
dS/m were comparable to 6.8 dS/m salinity of sulphate ions (Manchanda et al.. 1981). 1 
Potential Sodicity or Infiltration Problems 

Infiltration is simply the water entry into the soil and differs from permeability (percolation of water 
through the soil). Diagnosis of potential infiltration problems of deep bore waters needs integration 
of their EC and 	relative concentrations of important cations (Ca, Mg and Na). Concentration of 
bicarbonates or residual alkalinity is another pertinent parameter. Sodicity problems generally 
impair the rate of irrigation water entry into the soil, causing inadequate supply of water to restore 
soil water deficit or availability within the root zone. Reductions in water entry or infiltration 
problems result in due to only few cm of top-soil. Thus, crop water requirements are affected by 
reduced water supply to plants just similar to salinity problem but due to different reason (decrease 
in amount of water addition to the root zone). Infiltration or permeability problems associated with 
irrigation waters are modified by important soil properties (nature and amount of clay minerals, I organic matter, relative composition of exchangeable cations, soil EC etc). Sodium problem of 
irrigation water is related to both salinity and sodium concentration relative to calcium and 
magnesium as expressed by the concept of SAR. The infiltration rate normally increases with an 
increase 	in salinity and decreases with either decreasing salinity or increasing SAR. 	Hence, 
considering both EC and SAR together for diagnosis of potential infiltration problems of deep bore 
waters. 

I 
Data (Table 3) on SAR of deep bore waters indicate comparatively greater variaton 	nvestati 	i 	i 	igion  
than private bores. Relative SAR values of investigation bore waters were also higher than those of, 
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private ones. Mean and median SAR of private bores with Calivil aquifer was lower than the 
Renmark aquifer. However, SAR variation across all the bores was not consistent in terms of their 
aquifer or geographic location. 1-lence, the need to evaluate different bores independently. As 
mentioned earlier, increase in EC of high SAR waters helps in improving their infiltration. 
However, this depends upon all appropriate match between the EC and SAR values. Calculation of 
adjusted SAR considering Ca and Mg ions together for computing p(Ca), Cax  component did not 
show great variation in the SAR. But presence of bicarbonate in all the bore waters indicates 
concern for precipitation of calcium and or magnesium carbonates in soils. Calcium and magnesium 
together accounted for nearly 26% of the total cations in bore waters but comparative concentration 
of dissolved calcium was much less than magnesium and sodium (Table 4). Concentration of 
calcium was less than one me/L in nearly half of the waters sampled for this study and 72% of bore 
waters were characterised with soluble calcium characterised by only one-tenth of the total soluble 
cations unlike SSP (> 60%). However, calcium and magnesium together made up 2530%  of the 
soluble cations and their concentrations in bore waters showed significant relationship with the sum 
of Ca. Mg, Na. and K ions (Fig. 6). Similar relationship was also observed for Na+K. 

Presence of bicarbonates in all the bore waters also adds to their potential sodicity problems. Its 
quantitative estimation using RSC concept (Wilcox, 1948; US Salinity Laboratory Staff. 1954) is 
reported unsatisfactory (Suarez, 1981). But consistent occurrence of bicarbonate in deep bore water 
deteriorates their quality and poses potential sodic hazard. The other parameters relevant to the 
sodium problem waters are shown in Table 5. The Mg: Ca ratio of private bore waters with a mean 
and median values of 4.0 and 3.6 were relatively greater than the corresponding 3.7 and 3.4 for 
investigation bores. This means calcium deficiency or imbalance in the cationic composition. The 
concentration of total cations was also less in the private than investigation bores. Difference in 
Mg/Ca ratios probably owe to relatively greater electrolyte concentration in investigation than 
private bores. 

Water quality parameters aimed at evaluation of deep bore waters for their potential infiltration 

I 	

problems indicate that most of these waters are marginal and their use for sustained irrigation iIl 
sooner or later sodicate the soils. Rate of soil sodification will be more in rice soils irrigated with 

these waters alone. Due to availability of limited research conducted in the Murray Irrigation 

I 	

districts, water quality related investigations should be conducted to develop predictive modelling. 
This will help in making decisions based on the experience gained under climate and soil conditions 
of the Murray Valley and can later be extrapolated to different situations. 

I 	Mg/Ca Ratio: All deep bore water have Mg/Ca ratio greater than 1 .0. An increase in proportion of 
Mg relative to Ca enhances rate of sodification in soils and cause dispersion of clay particles 
(Paliwal and Gandhi, 1976; Yadav and Girdhar, 1981). Deleterious impact of irrigation water of 

' 	high Mg/Ca ratios is not fully understood. This ratio becomes critical for optimum plant groih 
when it exceeds 3. This is because of its influence in inducing dispersion and resultant decrease in 
infiltration and permeability of soils. In addition, it may influence calcium nutrition of crops. 
Higher Mg/Ca ratio is expected to affect uptake and translocation of Ca due to its antagonistic effect 
or competition for absorption sites on plant roots. Water rich in Mg also induce greater uptake of 
phosphorus and may further reduce translocation of Ca in plants. Presence of Ca in appropriate 
amountin the root zone is generally known to ameliorate toxicities of other ions due to its higher 
utilisation. Limited research evidences suggest that the ratio of Ca7Mnl  (sum total of all cations) of 

0.1-0.15 or greater is needed for healthy growth of roots. 

This ratio in majority of deep bore water was found less than 0.10 and it was in between 0.10 and 
015 for some waters. These reflect the demand for application of calcium to soils from the external 
sources if the soils in question are deficient in calcium. llie soils that do not contain CaCO., or other 
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adequate sources of Ca-silicates, an ESP of 5 and irrigation water salinity of 0.3 dS/m becomes 	I 
critical diagnostic limits of sodicity and salinity hazards. The insufficiency of Ca to total cationic 

ratio was reported (Carter and Webster. 1979) to reduce barley and sugar beet yields due to 

increased Mg/Ca ratio in the soil solution. But there is need for systematic investigations to evaluate 

critical Mg/Ca ratios in irrigation water especially the deep bore waters that contain Mg 2-4 times 

more than Ca. However, limited research information indicate that if Mg/Ca ratio exceeds 2.5-3.0. 

special attention must be given to this imbalance. Solution lies in applying gypsum if such waters 

are used for irrigating vertisols or clay soils. As exchangeable cations in the soils strongly influence 

their physical properties, role of Mg is conflicting. Being more hydrated than calcium (Norrish 

1954), it produces thicker diffuse layer (Shainberg and Kemper. 1967). Combination of Na with Mg 

is thus expected to deteriorate the soil more than with Ca at similar SAR or ESP of soils. 

Continuous use of most deep bore waters for irrigation without special management will sodicate 

the soils. The rate and extent of sodification will depend upon important quality characteristics of 

irrigation water, quantity of water used, soil types etc. An ESP of 6 is considered a critical limit for 

differentiating sodic from non-sodic soils (McIntyre, 1979) in Australia unlike 15 elsewhere. As 

mentioned earlier, sodium problems are indicative of high SAR water usage. Critical value of SAR 

thus depends on EC of irrigation water. About 9% of deep bore waters indicate safe for potential 

salinity problem but there were only 5% bores with SAR less than 3 considered safe. Most (79%) 

bores showed SAR values ranged between 6-12. Integration of the relationship between SAR and 

EC of deep bore waters (ignoring 7 bores with EC> 12 dS/m) is shown in Fig.7 within the context 

of most widely used water quality guidelines (Ayers and Westcot, 1985). This indicates that 

considerable number of the deep bores have water that can cause slight to moderate reduction in the 

infiltration rate or pose sodium problem. Similarly, many of them pose no reduction in the 

infiltration rate but their EC values are hih enough to cause salinisation of soils by sustained 

irrigation. 	
I 

The management practices s hich rely on chemical approach require changing the chemistr. of 

either soil or irrigation water for favourable infiltration rates. This is usually done by addition of an 

appropriate chemical amendment (industrial or mined gypsum) either to the soil or water. In some 

cases, this can also be achieved by mixing good and poor quality water supplies to lessen the 

potential problems. The physical approach involves cultural practices that help improve or maintain 

favourable infiltration rates during the irrigation or rainfall events. Choice of the suitable 

management options also depends on the local conditions such as soil types, available water 

supplies and their qualities, drainage etc. For example, the comparatively low infiltration rates of 

the heavy textured clayey soils must be distinguished from the water quality reduced infiltration. 

The pertinent management options that can help improve quality of deep bore water for 

supplemental or sustained irrigational uses are described below. 

Problems of Specific Ion toxicities 

These differ from salinity problem in limiting water availability to plants. Specific ion toxicities 

occur due to accumulation of certain ions to toxic levels within plants. Damage to plants in terms of 

growth and productivity depends upon other factors such as relative crop sensitivity and water use, 

growth stage or time, accumulated concentration and the plant component in which such ions 

accumulate. Most commonly recognised toxic ions of irrigation water are chloride, sodium and 

boron. They can cause toxicity either individually or in combination. In general, field crops are less 

sensitive to the usual concentrations of these specific ions in irrigation water. But tree crops or 

soody plants are usually more sensitive. 

I 
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I Chloride: This causes most commonly observed toxicity by its presence in irrigation water. It is 
highly mobile in the soil-plant system. Being an anion, chloride ions are not adsorbed readily in 
soils. Its high solubility makes it  favourable for absorption by plants along with water and its 

I 	accumulations in foliage occur as a result of transpiration stream. Leaf burning or drying up of 
leave tissues are conimon toxicity symptoms which first occur at the leaf tips. Severe to\icit\ 
results in leaf drop (defoliation) or necrosis. Its toxicity symptoms in sensitive crops occur at 

I 	concentration of 3-10 g/kg on dry basis. Tree crops are generally more sensitive. Its accumulation is 
generally diagnosed through chemical analysis of either leaf blades or petioles. Chloride toxicity is 
associated not only with water quality but also with the soil chloride levels and ability of plants to 

I 	exclude chloride. Absorption of chloride can also occur through leaves during overhead sprinkler 
irrigation. Tolerance of crops to chloride is not well investigated as to the irrigation water or soil 
salinity. Chloride concentration of deep bore water was not determined analytically. It has been 

I 	
rather estimated indirectly. Unlike Na. majority (79%) of bore water had Cl- concentration between 
6-12 me/L. 

I 	
Sodium: Unlike chloride, Na toxicity is difficult to diagnose. This occurs due to the use of 
relatively high concentrations of Na or SAR in irrigation water. Morphological symptoms of its 
toxic accumulation are characterised b' leaf burn, scorching and necrosis along outside edges of 

' 	leaves as compared to initial start at the extreme steps in case of chloride. Symptoms of toxicity first 
appear on outer edges of older leaves and extend inward between veins toward the leaf centre. 
Sodium concentration of more than 2.5-5.0 g/kg (dry basis) in leaf tissue of most tree crops is 
normally an indicative of its toxicity. Most field crops can tolerate relatively much higher 

I 	concentration of Na in their foliage. Leaf analysis of damaged and undamaged leaf tissues along 
with additional information on soils and plants analyses help diagnose Na toxicity correctl. 
Sodium toxicity is modified by the availability of calcium in soils. In some annual crops. Na 

I 	toxicity is associated with calcium deficiency. Several field crops show Na toxicity. The SAR is a 
common irrigation water characteristic used for diagnosis of potential Na toxicity hazard. if an. 
Sodium toxicity could occur due to high Na or SAR of irrigation water and may either occur or 

I 	
modified by poor water infiltration of such irrigation water. Only sensitive crops such as fev, trees 
and some perennial crops show toxic Na accumulation in the absence of any infiltration problem. 
Only one-fifth of the sampled bores had Na less than 5 me/L whereas 11% of bores exceed 50 

I 	
me/L. The respective Na concentration ranged 5-15 and 15-50 me/L in 49% and 20% of the 
remainder bores. Considerations of Na relative to Ca and Mg leave only 5% of these bores v irh 
SAR less than 3 indicating low concentrations of the diyalent cations. Sodium toxicity has been 
reported (Bernstein 1962) to occur in sensitive fruit crops (avocadoes, stone fruits and citrus) 

I SAR as low as 5.5. 

Boron: Groundwater in arid and semi-arid areas sometimes contains boron in toxic amounts. 

I 	Boron, unlike sodium, is an essential element for plant growth. Boron concentration in surface 
water is rarely toxic. The concentration of B less than 0.7 mg/L is not toxic. But its concentration of  

3.0 mg/L or more severely restrict the use of irrigation water. Its excessive accumulation in plan: 

I 	causes leaf necrosis. Being immobile in plants, its toxicity symptoms (yelloxNlng, spotting. and leaf 
drying at tips and edges) first appear on older leave. Boron toxicity may also shorten leaves, thus. 
reduce leaf area and photosynthesis. Boron displacement in soils is not an easy option. Boron needs 

I 	
3-4 times more water for leaching to reduce equivalent levels of salinity and boron concentrations. 
Because of its high immobility in soils, boron continues to accumulate even if its concentration in 
irrigation water is low. Its toxicity in legumes was reduced by application of fertiliser phosphorus. 

I 	
Toxicity symptoms in most crops occur when its concentrations in leaf blades exceed 250-300 
mg/kg(dry basis). But leaf blades of man\ boron-sensitive crops do not accumulate B in their leaf 
blade. Boron concentration in deep bore waters were less than 0.1 iiig/L except two in\eStigats 
bores \ ith 0.5 and 0.9 mg/I. B conceiltral ion. 

I
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I 
Miscellaneous Problems 

Nitrate Nitrogen: Nitrate and ammonium are the two predominant forms of nitrogen. Nitrate 
concentration in most surface and groundwater is less than 5 mg/L. Some of the abnormal 
groundwater contains about 10 times more nitrates. Drainage water of applied irrigation also 
contains nitrates due to deep leaching of fertiliser and soil nitrogen. Waste water of domestic and 
food processing sources are high in nitrogen varying between 10-50 mg/L. Application of 1000 rn 
water with of one mg/L nitrate nitrogen contribute one kg N. Groundwater in some semi-arid 
regions may contain excess nitrates. Growth and yield of crops due to excessive nitrate nitrogen 
over-stimulates growth, delay maturity or damage quality of produce. 

Most crops do not respond unless concentration exceeds 30 mg/L and nitrate nitrogen less than 5 
mg/L causes no problem. But this concentration may stimulate unwanted growth of aquatic plants 
and algae. Unwanted growth of algae can occur when temperature, sunlight and other nutrients 
especially phosphorus is available. This results in damages such as plugged valves, pipelines and 
sprinklers requiring either mechanical control (screens, filters etc) or chemical materials (copper 
sulphate). All bore waters contained less than 0.5 mg/L of nitrate nitrogen except one with 2.67 
mg/L in Berriquin district. 

pH: Generally, crops and soils can tolerate irrigation water pH range of 4.5-9.0. But irrigation water 
with extreme pH values can cause potential indirect problems. Dissolution of aluminium. 
manganese or heavy metals can occur at pH below 4.8. This may produce toxic concentrations if 
acid soils are irrigated with such water. Water with pH greater than 8.4 indicate presence of sodium. 
carbonate and bicarbonate. These ions can cause sodium problems in soils if irrigation waters ci 

ly. The pH values of deep bore waters were within a pH range of 6.4-S.5 given pH used continuous 	 . 
About 7% of samples have pH less than 7.0 whereas most (78%) bores were alkaline (pH 7.0-8.0) 
in reaction. For 15% of bores, pH varied between 8.0 and 8.5. Estimation of the saturation inde.' 
was also calculated for deep bore water using their actual and calculated pH. About one quarter of 
bores showed tendency for precipitation of CaCO3 . 

Total Hardness: The concentration of all the metallic cations. except alkali metals, present in water 
is called hardness of water. It is a measure of the calcium and magnesium ions in water and is 
frequently expressed as mg/L CaCO3 equivalent. Total hardness is made up of permanent and 
temporary hardness. Hardness is mainly a problem in ground water (N1-IMRC. 1987). Such water 
can choke household pipes by depositing scales and increase soap consumption for efficient 
washing. There is no evidence of adverse health effects of high levels of calcium and magnesium 
(WHO 1984). The salts responsible for hardness are not harmful to human being. But excessive 
presence of magnesium may impair organoleptic properties of water. Total, temporary. permanent. 
carbonate and non-carbonate are the various types of water hardness. For irrigation purposes. it is 
not very important. Just 7% bore waters had TH less than 50 mg/I. (Table 6) hile 52% vere 
greater than 200 mg/L and it was 50-200 mg/L for the rest. 

SUMMARY 

Water quality assessment involved analytical results of waters sampled from 85 deep bores within 
the Murray Irrigation districts. Of 85 deep bores, 30 are private and used for commercial irrigation 
whereas remainder 55 are the investigation bores installed by the DLWC. These bores use either 
Calivil or Upper Renmark (Onley) or both aquifers. Variation in different water quality parameters 
due to aquifers was not signilcaiit. There was no deIiiiite relationship between water qualit% 	f 
deep bores and their geographic positions. Quality of private bores was better than investiga:: 
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bores. Except a few bores, quality of most for irrigation was either marginal or severe for both 
salinity and sodicity (water infiltration problems). This is due to their moderate to high salt content. 
SAR, residual alkalinity or consistent presence of bicarbonates, and unfavourable Mg/Ca ratio or 
low calcium content. 

Salinity problem: The electrical conductivity of deep bore water ranged between 0.13 and 51.5 

	

I 	dS/m. The median value of the ratio of soluble salts measured in mg/L or ppm to EC (tS/m) was 
0.64. These values validate the chemical analyses of bore water for their important constituents. The 
coefficient for conversion of EC (dS/m) to cations or anions in me/L for this water was found to be 

	

I 	9.4 against 10 (US Salinity Laboratory Staff 1954) for water with EC range of 0.1-5.0 dS/m. The 
private bores had considerably lower EC than the investigation bores. The EC trend due to different 
aquifers was not remarkable. The mean and median values of EC of private bores were 1.64 and 

I
I .32 dS/rn respectively. The average salinity of the investigation bores was 6.39 dS/rn against the 

median value of 2.86. Only about 13% bores has EC within safe limit of salinity problem whereas 
44% were marginal. Conjunctive use of deep bore and channel waters could be the possible solution 

	

I 	
in lessening potential salinity hazards. This depends upon SAR and other factors affecting 
feasibility of conjunctive use. Most of past researches favour alternate mode of conjunctive use than 
mixing poor and good quality waters. 

Sodium or Infiltration Problems: Considering guidelines and different parameters, most deep bore 
waters pose potential sodicity problems. The SAR trend across all the bores was not consistent in 
terms of aquifer type. The high SAR of irrigation waters require appropriate salinity level for their 
optimum infiltration. Nearly 13% of deep bore waters pose no salinity hazard whereas only 5% of 
the given bores have SAR less than 3 considered safe. A significant majority (79%) of them has 
SAR values ranged between 6-12. This again varies with the soil types. The consistent presence of 
bicarbonates in all the bore waters indicates concern for precipitation of calcium and or magnesium 
in soils. Because calcium and magnesium together accounted for nearly 26% of the total cations in 
bore waters. The comparative concentration of dissolved Ca was not only lower than Mg but it was 
less than 2.0 me/L considered appropriate for nutritional requirements of crops. 

Presence of bicarbonates in all of the bore waters makes it saline-sodic. Its quantitative estimation 
using RSC concept was not fully satisfactory. But consistent occurrence of bicarbonates in deep 
bore waters lowers their quality and poses potential sodic hazard. The Mg : Ca ratio of private bore 
waters with a mean and median values of 4.0 and 3.6 were relatively greater than the corresponding 

3.7 and 3.4 for the investigation bores respectively. This again implies calcium deficiency or 
imbalance in the cationic composition of these waters. This difference in Mg : Ca ratio between 
private and investigation bores possibly owes to relatively greater electrolyte concentration of the 
latter. These parameters necessitate evaluation of deep bore water for their potential problems 
related to infiltration of irrigation water or sodification of the soils used for either rice based or 
upland crops in the Murray Irrigation districts. Properties of soils to be irrigated with such water are 
very important. Due to availability of limited research information from investigations conducted in 
the Murray districts, water quality related investigations should be conducted. This v ill help in 
making decisions based on the experience gained under climate and soil conditions of the Murray 
Valley. These can later be extrapolated to different locations and climatic conditions. 
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Table I Mean, median. SI), and ranee of [C (dS/m) variation of private and investiation bores 

Param eter Pri \ ate I sores 	 Invest i eation Bores  

- [C. dS/m SAR 	i 	[C, dS/m S:\R  

Mean 1.64±0.69 5.1±1.6 6.39±9.86 9.3±5.6 

Median 1.32 4.7 2.86 8.4 

Range of variation 0.26-8.24 2.6-8.7 0.13-51.5 0-25.2 

Number of bores 32 32 53 53 
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Table 2. Mean, median, SD, and range of EC (dS/m) variation in private and investigation bores. 

I 	Acuifer 	 Private Bores 	 Investigation Bores 	—71 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Mean Med ian Range of 
variation 

N Mean Median Range of 
variat ion 

Calivil 1.60 1.15 0.26-4.79 10 6.70 3.10 0.13-51.50 	28 

Renmark 1.56 1.40 0.81-2.69 12 6.22 2.88 0.68-45.80 	26 

Calivil & 1.92 1.32 0.5 1-8.24 8 1.96 - - 

Renmark 
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Table 3. Mean, median, SD, and range of SAR variation in private and investigation bores. 	 I 

I 
Aquikr  Private Bores  lnestigation Bores_____ ______ 

Mean±SD Median Range of F Mean±SD Median Range of N 
variation variation 

Calivil 4.4±1.2 4.4 2.6-6.4 10 8.9±6.1 6.7 1.1-22.2 28 

Renmark 5.7±1.7 5.6 3.7-8.7 12 10.2±5.2 9.3 0-25.2 26 

Calivil & 5.4±1.7 4.8 3.8-8.0 8 5.5 - - 

Re ii mark 
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Table 4. Relative proportion (%) ofdissolved sodium, magnesium. calcium and potassium iii 
private and investigation bores. 

Bore ownership Range Mean Median 

Private bores 

Sodium 47.1-82.4 66.7 67.5 

Magnesium I4.O-9.5 '5 - 	.0  2J.9 6.9 

Calcium 1.1-16.2 7.6 7.5 .8 

Potassium 0-1.9 0.7 0.6 11.6 

Investigation bores 

Sodium 0.1-84.9 62.6 61.7 13.6 

Magnesium 9.3-40.0 28.5 28.9 1.7 

Calcium 2.0-16.2 7.8 

Potassium 0-2.4 1.0 0.7 1.8 
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Table 5. Important statistical parameters of characteristics related to sodium hazard and their 	 I 
variation in private and investigation bores. 

I 

Bore ownership Range Mean Median 

Private 

Mg:Caratio 1.9-11.0 4.0 3.6 

HCO3 (me/L) 1.0-3.5 2.5 2.5 

Total cations (me/L) 1.7-69.2 11.3 8.5 

Investigation 

Mg:Caratio 1.4-7.7 3.7 3.4 

HCO3 (me/L) 0.5-7.3 3.7 3.3 

Total cations (me/L) 0.02-508.5 54.1 22.1 
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Table 6. Frequency distribution (%) of deep bores with different classes of their important spec jfk 

ions, pH and total hardness regardless of their ownership and aquifer type. 

Parameter Range Values of different classes and corresponding frequency 

Sodium, me/L <5 5-15 15-50 >50 

Frequency 20% 49% 20% 1 1% 

SAR <3 3-6 6-12 >12 

Frequency 5% 39% 28% 8% 

Chloride, rne/L <3 3-6 6-12 >12 

Frequency 5% 6% 79% 15% 

NO3-N. mg/L  <0.1 0.1-1.0 1.0-5.0 >5.0 

Frequency 45% 35% 16% 5% 

HCO3 (rne/L) <2.5 2.5-3.5 3.5-4.5 >4.5 

Frequency - 33% 33% 14% 20% 

Boron, mg/L <3 3-5 5-7 >7 

Frequency 380//o 47% 13% 2% 

Hardness, mg/L <50 50-100 100-200 >200 

Frequency 7% 190//0 22% 52% 

pH >6.5 6.5-7.5 7.0-8.0 8.0-8.5 

Frequency 1% 51% 33% 15% 
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LIST OF CAPTIONS FOR FIGURES 

Figure I . Geographic distribution of deep bores and their ownership and aquifer details. 

Figure 2. Mean monthly variation in important climatic parameters at Deniliquin. 

FigLire 3. Relationship between deep bore water EC total concentration of important cations. 

Figure 4. Relationship between EC and SAR of Calivil and Renmark aquifer aters. 

Figure 5. Linear relationship between EC and SAR of deep bore waters regardless their aquifer 
and ownership. 

Figure 6. Linear relationship of monovalent (Na-f-K) and divalent (Ca+Mg) cations with total 
concentration of cations in deep bore aters. 

Figure 7. Classification of deep bore waters for their potential sodium or infiltration problem 
considering their EC and SAR based on guidelines proposed by Avers and Westcot 
(1985). Broken hues indicated expected drift for soils v ith restricted internal drainage 
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1 
Spatial interpolation of groundwater data and its implications for 

I 	
environmental management 

T. Harringtont  and A. Tiwarit 

1 	
Abstract 

U 	
Management of the watertable is one of the most important issues facing irrigators. Effective watertable manager:: 
is achieved by first understanding the factors that lead to watertable rise and fall and secondly by putting in 
programmes that both monitor changes in the watertable level and actively bring about beneficial changes in that level 
This paper briefly reviews the mechanisms that contribute to changes in watertable level and then considers the toi 

I 	
available for describing the watertable in four dimensions: three spatial dimensions and time. Orthodox methods cf 
surface interpolation are reconsidered in light of experiences in the Coleambally Irrigation Area in New South Waes 
The advantages and disadvantages of available methods are briefly summarised. The conclusion reached is that, in 

I 	
absence of quantified parameters such as lateral and vertical transmissivlty, no one model is necessarily preferable 
another, however, the consistent use of one model will illuminate annual and seasonal changes in watertable that 
we contend, more important to the management of the watertable than a precise knowledge of the actual level. 

Introduction 

Environmental and therefore, economic sustainability of irrigated agriculture depends largely on effect. 
management of the level of groundwater underlying the irrigated area. Programmes implemented to produce benefic.i 
change in groundwater level will only be effective when reliable and timely information is available on the level of 
groundwater. The Draft Land and Water Management Plan (DLWMP, 1995) developed for the Coleambally Irriganc 
area, contains objectives and targets that include reductions in the level of the groundwater surface and the total 
affected by salination or waterlogging. Management programmes have been designed to alter agricultural pracnce-s 
and monitoring programmes have been implemented to measure the effect of the management programmes in terms : 
the objectives and targets. These programmes will be incorporated into an Environmental Management Syste 
(Kinhill, 1999) for accreditation by a third-party organisation to the ISO 14 001. 

In this paper we discuss the methods used in the detenmnation of groundwater level and suggest alterna. 
methodologies that are more closely aligned to the objectives and targets of the DLWMP. 

Determination of groundwater surface 

The level of the groundwater surface depends largely on the quantity of water reaching and remaining in the shallc 
groundwater system. Water reaches the shallow groundwater system by two pathways: recharge from the root zce 
and seepage from supply channels, and leaves the shallow groundwater system by one of three pathways: capili.a. 
rise, leakage to the deep aquifer and use by trees. The residual quantity of water (i.e. inflow minus outflow) in 
shallow groundwater system is referred to as 'net recharge'. Net recharge can be determmed by either subtracting 
total quantity of water that flows out of the root zone from the total quantity of water that flows in, or it can 
indirectly estimated from changes in the areal extent of groundwater contours constructed from water level c..i.... 
obtained from bores. In neither case can all the parameters that influence recharge be measured. The two methods 
discussed below. 

Water balance riiethod 

Van der Lely (Van der Lely. 1994) presents a diagrammatic representation of compartments that comprise the wae: 
balance model, together with flow paths into and out of the compartments. 

The model was reconstructed in a Microsoft Excel workbook together with those data that were available between 
years 1976-1998. 

I 
1 

KinhOl Ply Ltd. 186 (ireenhill Rd. Parkside 5063 
Coleambally liTigation Corporation. Brolga Place, Colcambally 2707 

I 
Li 
I 
I 
I 
I 
I 
I 
I 
I 

1 



1?4 

Dive ¶SiOflS Rainfall 
Evaporation 

A 
crop ET 

A Sold within 
Town 

Sold outside 

CrA 
A 	 ø 

Ra/ron 
Supply system Rainfall 

Raison 	
i diifl 	

I 
ET CIA ..- 

drains 

Channel çhannel empty ? 
seepage - 	Escapes 

- 	Irrigation RIO Drainage system 

Rainfall RIO. 

Seepage 
from 

drains  
Root zone - 

Drainage to 

Trees 

_________  
A creeks 

Recharge Capillary 
dse Lateral outflow 

Shallow groundwater system 

Deep leakage 	- 
V 

Deep 
Deep 	 system groundwater lLaterat outflow 

Figure 1 Water balance (after Van der Lely) 

Results of water balance model 

Figure 2 shows the output of the model for two major parameters: net water delivered to crops (GL/a) and net recharge 
(GL/a). It can be seen that prior to the year 1990/91 recharge was positive, with a general downward trend. Negative 
values for recharge occur in some years from 1990/91 to 1997/98. Recharge can be zero or positive, but it can-not be 
negative. Some obvious reasons for the illogical model output in some years present themselves. These include the 
fact that the area of each crop type sown in each year was not available, thus the same area and the same crop mix was 
used for all years. Lack of crop infonnation has a direct effect on the total evapotranspiratoon, which is a major 
pathway leading from the root zone. While it is possible to remedy the lack of crop information in future years, it is 
not possible to quantify other parameters in the model. Of the twenty three inflow and outflow paths in the model, nine 
have had to be estimated and do not lend themselves either to direct measurement or annual re-estimation. The 
capillary rise component, for example, is assumed to be 15 GL/a and therefore represents a significant flow pathway. 
Thus there will always be a significant but unknown bias in the model. 

4
Cb 

.o... Net water to crops _____ Recharge 

Figure 2 Output of the water balance model 

Groundwater contour method 

Approximately 667 piezometers are maintained and monitored within the Coleambally Imgation area each year. A 
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further 120 piezometers are located close to, but outside the irrigation area. The water level in all piezometers is 
measured twice each year, in March and September. Thirty piezometers within the irrigation area are measured once 
each month. Piezometers are either 'shallow' (drilled to depths between 5 and 12 metres) or 'deep' (drilled to depths 
between 12 and 35 metres. Data recovery is now close to 100%, however, in early years, recovery was as low as 40%. 

Data from the years 1970 to 1998 were organised into a relational database and attached to a spatial information and 
analysis system (ArcView). Several mathematical methods are available for converting spot water level (or pressure) 
data into contour maps that show regional water level. The methods can be grouped into those that are based on a 
regular, rectangular grid of nodes at which interpolated water level is computed, and those that use the actual water 
level reading at each piezometer location and compute contours that run between data points. The choice of method 
requires careful thought, since each method produces a different result. Some common methods are discussed below. 

Kriging 

Kriging is a procedure that generates an estimated surface from a set of scattered points with z values. It is in the 
group of methods that uses a regular rectangular grid of nodes to compute a surface. Unlike other interpolation 
methods, kriging requires the user to undertake an interactive investigation of the spatial behaviour of the phenomenon 
represented by the z values before choosing the optimum parameters for generating the output surface. In the case of 
groundwater level, a knowledge of the transmissivity, in three dimensions, of sub-surface features is required. since 
transmissivity will determine the spatial relationship between the water level reading in pairs of piezometers at a 
defined distance from each other. The kriging method assumes that this spatial relationship remains the same in all 
areas of the field of interest, i.e. the data are homogeneous. The kriging method is not appropriate for data sets that 
have pits or spikes and are thus inhomogeneous. 

I 	In the case of groundwater levels in the Coleambally Irrigation area, we contend that homogeneity is unlikely since the 
transmissivity of the strata that underlie the area is known to vary and recharge from the surface applicanon of 
irrigation water varies from crop to crop, farm to farm and region to region. Localised spikes and pits in the 

The inverse distance method first generates a regular, rectangular grid of nodes, then computes an interpolated value at 
each node by using a linearly weighted combination of a set of sample data points. The weight that is assigned is a 
function of the inverse of the distance. This method is most appropriate for locationally dependent variables. The 
significance of data points on interpolated points at nodes on the grid can be varied by choosing the power to which 
the distance between the points is raised. The most common power value used is the square of the distance. The 
greater the power value used, the smaller will be the influence of points at greater distances from the node. Lower 
power values produce smooth surfaces and higher power values produce surface with greater detail. The 
characteristics of the surface can be further refined by limiting the number of data points sampled to those that lie 
within a specified radius of the point of interest. The inverse distance method is most appropriately applied to data 
points that are densely spaced with regard to the local variation in z values (Watson and Philip, 1985). 

The inverse distance method makes no assumption of homogeneity and can be adjusted to accommodate spikes and 
pits in data when used with care. We contend that this method is more appropriate to the interpolation of groundwater 
surface in the Coleambally Irrigation area than the kriging method. 

Triangulation method 

The triangulation method is an 'exact' interpolator in that it preserves the original data points. In this method, triangles 
are drawn between each data point in such a manner as to produce a patchwork of triangles over the entire extent of 
the field of interest. Each triangle defmes a plane over the grid nodes lying within the triangle, with the nit and 
elevation of the triangle determined by the three original data points that defme the triangle. Because the original data 
define the triangle, the interpolated surface honours these data very closely. 

Triangulation is most appropriately used for data that are evenly distributed over the entire area. In areas where data 
are sparse, triangulation produces distinct triangular facets in the contour plot. In the case of the Coleamally 
Irrigation data, the piezometers are unevenly spaced in some areas and are sparse in the region that surrour-ds the 
irrigation area. We therefore decided not to apply the triangulation method to data sets that included both :.ose 
piezometers within the irrigation area and those that surround it. 
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groundwater surface are therefore likely to occur and should not necessarily be discounted by choosing an 
interpolation method that smoothes them out. 

Inverse distance method 
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Results of surface interpolation method 

We applied four interpolation methods to data from the Coleambally Irrigation area and varied the parameters in each 
method that control the degree of smoothing of the interpolated surface. Table 1 shows a summary of our resu1ts, 
expressed in terms of the percentage of the total irrigation area under which the groundwater level is less than 2 
metres. It can be seen that the computed area lies in the range 12-37 % for the same data set. No one method prciuces 
a result that is necessarily 'better' than another, unless the method and parameters are chosen as a result of 	tier 
knowledge of the characteristics of the data set, i.e. a better knowledge of the physical processes that affect the - ater 
table. 

Table I Effect of various interpolation methods on groundwater surface area 

Interpolation method Area Interpolation method Area 

Kriging Inverse distance method 

Linear interpolation, no drift 25 Quadrant search, power 2 18 

Linear interpolation, linear drift 37 Quadrant search, power 3 23 

Exponential interpolation, no drift 25 Octant search, power 2 19 

Exponential interpolation, linear drift 37 Octant search, power 3 23 

Quadratic interpolation, no drift 25 Shepards method 

Quadratic interpolation, linear drift 37 Quadrant search, 6 samples 13 

Simøle 12 

The interpolation methods shown in Table 1 were used to construct groundwater contours. Figure 3 shows .hese 
contour maps constructed by four interpolation methods using identical data for each plot. The shaded area in each 
plot is the area enclosed by the 2 metre contour line, except in the triangulation method, where shading occurs in 
regions of no data, and in the plot of Shepard's method where shading appears as a result of the inappropriate use of 
this method with these data. The boundary of the Coleambally Irrigation area is shown, together with the locan'tn of 
piezometers. 

Kd5ir,g 	 Inoerse distance sqred 

Shepards method 

Figure 3 Contour plots produced by four interpolation methods using the same data 
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For reasons outlined above, we chose the inverse distance method, with a power of 2, to interpolate the surface of the 
groundwater and to contour the results. Finally, we calculated the area within the 2 metre contour line, in each year 
from 1989/90 to 1996/97. Prior to 1987, no groundwater levels were within 2 metres of the ground surface. Figure 4 is 
a graph of the areas calculated for each year. 
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i 

Figure 4 Relationship between 2 metre contour and annual recharge 

The data shown in Figure 4 indicate a superficial correlation in some years, however, taken together the coefictent of 
correlation for all pairs of points is 0.32, indicating only a weak relationship between calculated net recharge and the 
area enclosed by the 2 metre contour line. Given that net recharge has been calculated using the water balance model. 
which is known to produce illogical results using the data available to us, it may be that a closer associatior between 
net recharge and area within the 2 metre contour line is being obscured by this effect, possibly compounded by the 
relatively few pairs of data points. 

Discussion 

We have presented the results of two methods of describing the net recharge of water to the root zoce in the 
Coleambally Irrigation area. Neither method is without its problems and both warrant further development L order to 
produce unanibiguous answers the management questions: 'Are the Land and Water Management Plan rtiatives 
producing a beneficial change in groundwater level? If so, is the rate of change sufficient to meet objecves and 
targets?'. 

In the case of the water balance method, improved data collection methods have been instituted by Coeambally 
Irrigation and it is possible that this will remove some of the uncertainty surrounding the calculation of net recharge. 
however, it will not be possible to quantif' all important paranieters without the expenditure of a great deal o: research 
funds. The surface interpolation method is, as stated, an indirect method of assessing net recimue bu: has the 
advantage that no additional data or research are needed in order to calculate the area within the 2 metre coE:our line. 
In the absence of detailed information of sub-surface conditions, no one interpolation method is necessariy better 
than another, provided that both produce contours that do not intersect, produce islands', or major discontmu.:ues. The 
choice of method and the choice of smoothing parameters (i.e. 'tension' factors) depend on a proper understandmg of 
the limitations and strengths of each method and on a judgement of the spatial relationship of the data set. 

Alternative method 

Figure 5 is a plot of the geometric mean of piezometric readings (points) taken from deep and shallow bores 	March 
and September. The figure also shows trends (lines) computed using a power function. 

It can be seen that the geometric mean of the piezometric readings in each year indicates a slowmo in the rate of 
groundwater rise in the Coleambally Irrigation area. While the correlation between the geometric mean of p:ezometer 
readings in a data set and net recharge is logical, it has not been possible to date to extract pairs of data points fiom the 
historical records that quantify the coefficient of correlation. Nevertheless, Figure 5 provides informatic_ that is 
readily understandable and moreover, very simple data analyses techniques have been used. The geometr: mean 
value was chosen over the arithmetic mean value because data in each set are highly skewed (loz-:rmal1v 
distributed). 
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Figure 5 Geometric mean groundwater level in bores of two depth ranges 

The figure indicates that the rate of rise of the groundwater level has decreased in the years 1991-1996 and rr.ay 
been reversed in the years 1996-1998, i.e. the groundwater level may be falling. While the relationship between 
geometric mean of all piezometer readings and the quantum of recharge in each year is tenuous, the Figur 5 

more use to management than Figure 3 and 4. 

Conclusions 

The water balance method is complicated and includes several unknowns that it would be expensive or imposibI 
quantify accurately. The surface interpolation and contouring method is simple and relies on existing data, hcwe 
without a knowledge of the spatial variation in, for example, local recharge, appropriate surface tension factors cai 
be determined. For management purposes, a simple calculation of the geometric mean of groundwater caa 
provides a clear picture of the success or otherwise of initiatives designed to address the problem of the histo:al 
in water table. 

The objectives and targets contained in the Land and Water Management Plan and in the Environmental Maner 
System need to be couched in terms that monitoring and measurements are able to illuminate, without the exEed1 
of limited research funds. 

We suggest that the geometric mean method answers the questions: 

Are the Land and Water Management Plan initiatives producing a beneficial change in groundwater level 

If so, is the rate of change sufficient to meet objectives and targets?'. 

Future directions 

Coleambally Irrigation is currently participating in cooperative research programmes designed to provide infcia 
on sub-surface conditions. The results of the research may provide insights into the dynamics of groav 
movement and level that can be used to refine the water balance model and the contouring of piezometric reacirs. 

In the interim, Coleambally Irrigation will continue to use the tools it has available to it in order to mea.re  
effectiveness of its management initiatives. It may be that the ultimate choice of method is less important an 
consistent application of a single method that can clearly show the magnitude and rate of change in envirome 
parameters. 
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- Van der Lely, A. Coleambally Land and Water Management Plan: Regional Options. lechnical Services 

Department of Water Resources NSW. 1994. 
- Watson, D. F. and Philip, G. M. A refinement of inverse distance weighted interpolation. Geo-Processin2. 
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I Abstract 
This paper reviews a regional groundwater model developed by CSIRO Land and Water, Griffith Laboratory for 

I 	
Coleambally Irrigation Area (CIA) (Enever, 1999). The CIA consists of 79,000 hectares of the Riverine Plain in 
NSW. The main crop type of the area is rice, which is grown under flooded conditions. Historically the watertables in 
the CIA have risen due to recharge from irrigation. The piezometric hydrographs in the area show 5 to 15 m rises 

I 	
during the 1970-90 period, however, the rate of rise has reduced considerably in recent years (1990-1998). The rising 
watertables have resulted in shallow watertable conditions in many parts of the area and hence waterlogging and soil 
salinisation. Waterlogging and soil salinisation are major environmental concerns for farmers and pose serious threat 
to agricultural productivity and sustainability. 

I 	To develop an understanding of the hydrodynamics of the groundwater system in the CIA a four layer groundwater 
model consisting of upper Shepparton, lower Shepparton, Calivil and Renmark formations was developed using 
USGS, MODFLOW. This model uses a 1.25 km square mesh consisting of four layers, 60 columns and 66 rows 

I 	covering an area of 618,750 ha. The model was calibrated for the 1985-1995 period. A number of pumping and 
recharge scenarios have been considered in order to investigate the future irrigation and groundwater management 
options for the CIA. 

I 	The present model shows that pumping from deep aquifers has a relatively small impact on groundwater conditions 
in the shallow aquifers. It is also observed that similar pumping from shallow aquifers achieves only localised spatial 
drawdowns in shallow layers. The model calibration has helped understand the effect of different recharge scenarios 

I
on watertable rise, regional flow characteristics and groundwater interaction between different geological formations 

underlying the CIA. 

I 1. Introduction 
This paper reviews the development of a groundwater simulation model of the Coleambally Irrigation Area (CIA) in 

I 	
the Riverine Plain of NSW (Enever, 1999). The future sustainability of irrigation in CIA is threatened by the 
development of a shallow watertable mound underlying the irrigation area. The piezometric hydrographs in the area 
show a 5 to 15 m rise during the 1970-90 period however, the rate of rise has reduced considerably in the recent 

I 	
years (1990-1998). The rising watertables have resulted in shallow watertable conditions in many parts of the area 
and hence waterlogging and soil salinisation. Waterlogging and soil salinisation are major environmental concerns 
for farmers and pose serious threat to agricultural productivity and sustainablity. In general, control of watertables 
involves reducing groundwater accessions, and/or removing water from the groundwater system. The problem facing 

I 	
resource managers in the area is how to achieve an adequate reduction in groundwater accessions and, if necessary, 
design engineering options for the removal of groundwater, whilst maintaining the economic viability of the area as a 
whole. 

I 	
The Coleambally Irrigation Corporation and CSIRO developed a set of mathematical models for net recharge 
management in the CIA (Prathapar, 1994). The mathematical models included a farm scale recharge management 
model SWAGMAN Farm, policy models and a regional groundwater model. The CIA regional groundwater model 

' 	was developed as a tool to aid water resource managers in the CIA to understand the groundwater system in the area, 
the sensitivity of groundwater pressures to system parameters, and to assess the effect of different management 
options on the system. The groundwater model will be used in association with SWAGMAN Farm and policy models 
to understand dynamics of water, crop and soil that affect the subsurface water and salt balance and to devise farm 

I 	level policies to reduce net recharge. These models will be used for the entire Coleambally area along with intensive 

monitoring. 

I 
I 
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2. The Coleambally Irrigation Area (CIA) 

General 

The CIA comprises an area of 79,000 ha south of the Murrumbidgee River in the Lower Murrumbidgee regio -. of 
NSW. The area was originally settled in the 1840's and was predominantly used as pastoral land (Coleamballv Land 
and Water Management Plan 1996). The groundwater pressures in the CIA remained relatively unchanged until the 
advent of irrigation in the 1960's when 333 farms were allocated 79,000 ha to form the CIA. The main irri:ed 
enterprises in the area are rice, sheep/annual pastures, winter crops, soybeans and some horticulture. B far the m.st 
prevalent land use is rice. Rice is grown under ponded conditions, and for this reason tends to use much i.eer 
volumes of water per hectare (-.. 14 MLfha) than other crop types (Wheat 3.6 ML/ha, Soybeans 9.5 MLtha). 

Average total annual rainfall in the Lower Murrumbidgee region decreases slightly from east to west and lies in the 
range of 400-450mnVyr. The annual evaporation varies between 1500-2000mm. 

The water balance estimates for CIA (Coleambally Land and Water Management Plan 1996) suggest that the total 
amount of water entering the shallow groundwater system is about 54 GL/yr (average over 1985-1995). Of this. 14 
GL/yr moves away from the area laterally, and 26 GL/yr flows downwards into the deep groundwater system. The 
remaining 14 GL/yr is the volume assumed to cause rising groundwater levels. It is important to note that downvards 
flow to deeper aquifers may result in higher groundwater potentials in deeper aquifers (in the absence of signifi.ant 
pumping) and therefore reduced potential gradients between shallow and deeper aquifer systems. The redu.ed 
groundwater gradients between the shallow and deep aquifers may result in decreased downward flows in future and 
therefore a greater rate of watertable rise for similar recharge. Therefore future hydrodynamics of the groundv.ater 
system need to be investigated using the groundwater model presented in this paper. 

Geology of the CIA 

Details of regional geology of CIA can be found in Prathapar et al. (1997). The Murrumbidgee alluvial fan forms a 
large part of the Lower Murrumbidgee region. The apex of the Murrumbidgee alluvial fan is situated tear 
Narrandera. The sediments of this fan increase in thickness in a westerly direction from the eastern flank of the basin. 
Brown and Stephenson (1991) categorised these sediments based on age and type of deposition into three disnct 
units, these being Renmark, Calivil and Shepparton formations. 

The Renmark formation is the oldest stratigraphic unit and directly overlies the pre-Cainozoic bedrock. It was 
deposited during the Palaeocene to Middle Miocene ages. The base of the Renmark formation consists of light brown 
quartz sand (Warina Sand), the upper sequence consists of more argillaceous and carbonaceous sediments (Oiney 
Formation). It is estimated that 30 to 50% of the Renmark formation is comprised of sand. The horizontal hydraulic 
conductivity of the Renmark formation averages between 10 and 30 m day°  but it can be as high as 100 m clay 

(Prathapar et al. 1997). 

The Calivil formation was deposited during the late Miocenc to Pliocene ages and consists predominantly of pale 
grey coarse to granular quartz sand, with lenses of kaolin and carbonaceous clay. It is estimated that this forrnLion 
consists of 50 - 70% sand and gravel. The average hydraulic conductivity of the the Calivil formation estimatl at 
Darlington point is approximately 130 m day°  (Prathapar et al. 1997). 

The Shepparton formation was deposited from the Pliocene age until present day. It consists of a matnx of cla: - silt 
and silty clay, with lenses of fine to coarse sand and gravel. The clay is silty, variegated, mottled and red br wn. 
yellow or white in colour. The proportion of sand in this formation is highly variable, but typically in the range c f 10 
- 30%. The geology of the Shepparton formation is complicated due to prior stream deposition which resui:±-± in 
localised concentrations of coarse grade sands and connections to deeper aquifers. Due to the discontinuous naa.e of 
Shepparton sand lenses the average hydraulic conductivity is around 2 to 3 m day°  but it may be 25 to 100 in dat. in 

the more sandy parts (Prathapar et al. 1997). 

Previous Groundwater Models in the CIA 

Punthakey et al. (1994) reported a groundwater model of the Lower Murrumbidgee River Basin (LMRB. This 
model was constructed as an initiative of the Murray Darling Basin Commission Groundwater Working Group. This 
initiative involved the development of five regional groundwater models covering the entire basin, which were to be 
integrated into a Murray Darling Basin model. The LMRB model is a three-layer MODFLOW based model. This 
model used a 7.5 km square mesh. The mesh size of this model provided a relatively coarse representation 	the 

groundwater system and therefore the development of a more detailed sub-model of the CIA was ncces.1uy. 
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3. CIA Regional Groundwater Model 

Discretisation 

The CIA Regional groundwater model has been developed using USGS MODFLOW (McDonald and Harhaugh, 
1988) under PMWIN pre- and post processing environment (Chiang and Kinzelbach, 16). Figure-I shows the 
layout of the finite difference grid used for the CIA model. The grid consists of 60 columns and 66 rows (I 25 km 
square mesh) and encompasses an area of 6,187.5 km2. Row I, Column 1 in the CIA model grid equates to row 19 
column 30 in the LMRB model. The eastern edge of the grid was set parallel to the bedrock. The southern edge was 
positioned to include Yanco Creek. The northern edge of the grid was set to include the Murrumbidgee river and was 
positioned far enough north of the Murrumbidgee to include the areas around Darlington Point to incorporate 
groundwater pumping over the last ten years. The western edge of the grid was set several kilometres outside the 
western limit of the CIA to minimise effects of boundary conditions on the groundwater regime in the CIA. 

The four layers represented in the CIA model were defined by the stratigraphic breakdown shown in Figure-2. The 
Renmark and Calivil layers were defined by interpolation of the layer thicknesses for the equivalent formations in the 
LMRB model (Punthakey et al. 1994). The Shepparton formation was further divided into two separate model layers 
in order to improve the model's treatment of the vertical flow processes in the shallow aquifers. Kriging was used in 
the interpolation of all spatial data sets in the CIA model using Sutfer (Golden Software, 1994). 

The CIA model simulation period was March 1985 to March 1995 using monthly stress periods and 10 day time 
steps. 
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Figure-i CIA model grid (Enever, 1999) 

Hydraulic Properties 

The spatial variation of hydraulic conductivities, specific yield and specific storage in different model layers was 
defined by using Punthakey et al. (1994) procedure of harmonic means based on average soil properties and bore log 
data. The number of bore logs used to derive the hydraulic properties of individual layers were 442, 405, 177 and 
113 for the Upper and Lower Shepparton, Calivil and Renmark formations respectively. 

The interactions between model layers were specified using vertical leakance terms of MODFLOW. 
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I 
Vertical/horizontal anisotropy ratios of 1:20 to 1:100 were used to calculate vertical hydraulic conductivities. The 
vertical leakance for each cell was calculated from vertical hydraulic conductivities and layer thicknesses as 
described in McDonald and Harbaugh (1988). 

Initial and Boundary Conditions 

Using the Department of Land and Water Conservation bore records the initial piezometric levels in different layers 
were defined for March 1985. In total 616 observations were available for the upper Shepparton, 221 for the I wcr 
Shepparton, 27 for the Calivil and 25 for the Renmark formations. Specified head boundaries for the CIA mode: 'ere 
included using the general head boundary package (GH131). 

Aquifer Recharge and Discharge Parameters 

DLWC data on monthly pumping rates and bore locations was used to specify pumping rates in the model 

In the CIA model recharge for each cell was initially set at one constant rate for 1985 to 1990 and another constant 
rate for the period 1990 to 1995. The recharge was calibrated during model simulation by trial and error procedures. 
While the present procedure to determine recharge gives realistic aggregate volumes of net recharge over a 5 year 
period, it does not provide any insight to the recharge mechanism and does not allow tracking of recharge dynamics. 
This aspect will be improved by incorporating temporal and spatial distribution of recharge due to rainfall and 
irrigation using improved surface-groundwater interaction models. 
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Figure-2 East to west transect through Northing 6149562 (in) (Enevcr, 1999) 

Calibration 

A trial and error procedure was adopted to calibrate the hydraulic parameters and recharge to match piezoneteric 
water level hydrographs. Forty-three hydrographs were used to calibrate the CIA model, 14 in the Upper Shepçarton, 
12 in the Lower Shepparton, 8 in the Calivil and 9 in the Renmark. Figure-3 shows comparison of computed and 
observed drawdowns (negative drawdown is rise in groundwater potential) for 1985 to 1995 period at one of the 
piezometers in the upper Shepparton aquifer. It can be noticed that model results follow the overall trend of the 
observed piezometric levels but do not properly represent the seasonal variation of piezometric levels. This can be 
explained from the fact that the present model is based on average calibrated recharge values and can not therefore 
show seasonal fluctuations due to changes in irrigation and rainfall patterns. Similarly reasonable match between 
computed and observed hydrographs was achieved at other locations, however, the present model lacks spatial 
agreement with the piezometric contours for different periods. The greatest difference in spatial agreement oc.: .rs in 
the Renmark model layer after 10 years of simulation. However, lack of data to interpolate piezometric contc 	for 

deeper aquifers is a major constraint in developing reliable initial conditions and contour maps for other per) ,.ds to 
compare with computed data. Calibration of the vertical leakance terms resulted in higher estimates unor the 
irrigation and therefore needs improvement and finc-tuning. The present calibrated version of the CIA 	odcl 
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I 
includes very high estimates of specific storage at some locations for lower Shepparton, Calivil and Renmark 

I 	

formations (some values >0.002 m'). The storage properties of Calivil and Renmark formations have a major impact 
on the water levels computed in these layers and therefore need to be revisited along with new estimates for vertical 
icakance and recharge. 

4. Model Runs 

Simulation of 1985-1995 Period 

For the historic simulation period 1985-1995 water balance components were computed for different time steps to 
understand the changes in groundwater dynamics of the CIA. Figure-4 shows the water balance for a 10 day period in 
summer 1995. The various components of flow balance have been converted to GL/yr. It can be observed that 

calibrated recharge to groundwater is 38.6 GL/yr, deep drainage is 19.8 GL/yr. The net rise in groundwater storage in 
the upper Shepparton aquifer is 17.4 GL/yr (average watertable rise 0.22 mlyr assuming an average specific yield of 
0.1). The model results show a net decrease of 4 GL/yr in groundwater storage in Calivil and Renmark formation due 
to a 9 GL/yr pumping from Calivil formation. The model results show a net regional outflow of 13.7 GL/ yr from the 
CIA. The present pumping from Calivil formation is helping promote downward gradient from upper aquifers by 
reducing aquifer pressures in Calivil formation and is therefore an important factor in reducing the rate of watertable 

rise. 

- Model calculated data (calibrated 
hydraulic conductivity and specific 

8 	 storage) 

—4--- Observed (piezometer data) 

Model calculated data (initial hydraulic 
conductivity and specific storage) 

I..

1..  

10 

	

51%) 	 (XX) 	15(8) 	2000 	25(81 	3OsXt 	3500 	4(8%) 

Days of simulation (Il days = 113/115) 

Figurc-3 Observed and calculated hydrographs: Piezometer 12379 Model Layer = Upper Shepparton Piezometer 

Location = Easting 385956(m) Northing 6143058(ns) (Enever, 1999) 

Scenario Runs 

A number of pumping and recharge scenarios were run to explore groundwater management options in the CIA. The 
details of these scenarios can be found in Enever (1999). A summary of results of these scenarios is presented below: 

Pumping from the Calivil layer from three locations at the rate of 6ML/yr from 1990 to 1995 resulted in large 
drawdowns in the Calivil and Renmark layers with only minimal impacts on the upper Shepparton and lower 

Shepparton layers. 

Pumping from the lower Shepparton layer from 21 pumps at the rate of IML/yr resulted in large drawdowns in 
the lower Shepparton and upper Shepparton layers, with minimal impact on the Calivil layer and no impact on the 

Renmark layer. 

The radius of influence of pumping in the lower Shepparton and upper Shepparton layers is very small compared 

to the Calivil and Renmark layers. 

I 

fl 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
	

183 



184 

I 
If pumping is carried out from the lower Shepparton or upper Shepparton layers in order to control the watertable 
then at least 20 pumps pumping at 0.5 - 1ML/yr would be required in order to achieve widespread draw downs in 
the piezometric level in the upper Shepparton layer. 

The estimated recharge rate between 1985 and 1990 is 62.9GL/yr. 

The estimated recharge rate between 1990 and 1995 is 38.60L/yr. 

The recharge rate required to maintain piezometric levels at the 1995 level until 2005 is 22.4GL/yr. 

The above conclusions should be interpreted cautiously since the present version of the model requires hydrological 
and mathematical improvements. 
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Figurc-4 Water Balance February 1995 (Enever, 1999) 

5. Conclusions, Future Model Improvements and Research Links 

The Coleambally regional groundwater model has enhanced the understanding of hydrodynamics of regional 
groundwater flow and provided vital input into farm scale models such as SWAGMAN Farm. The groundwater 
model results have clearly demonstrated the significance of detailed regional models in managing net recharge in 
shallow watertables areas. The calibration of the present Coleambally groundwater model is to be refined and solute 
transport simulation added on the basis of better recharge estimates from the water balance models being developed 

under the following programs. 

Conjunctive Water Management for Sustainable Irrigated Agriculture in Asia Project 

The Coleambally Irrigation Corporation (dC), Australian Centre for international Agricultural Research (ACIAR) 
and International Water Management Institute (IWMI) will be jointly working on this project. The Ausisalian 
component of this project will focus on conjunctive water use in CIA. The CIA groundwater model will be further 
improved by incorporation of recharge estimation routines and used as a tool to investigate environmental 

sustainabtlity. 

Paddock Water Use Monitoring 

The CSIRO, dC, Murray Irrigation Limited (MIL) and Land and Water Resources Research Devci . pn1cn 

Corporation funded Paddock Monitoring project (Coleambally Irrigation Corporation, 1998) will collect farm level 
water balance data in Coleambally and Murray Irrigation Areas. This data will be used to obtain better benchmarks 

fnr crop water use, irrigation efficiency and recharge for summer crops and rice. This data will be used to develop 
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I 
water balance models (e.g. SWAGMAN Farm) to determine irrigation efficiency and recharge at the paddock scale. 

U 	
The output of this project will be utilised to develop recharge estimation tools for the groundwater models and 
therefore help improve the CIA groundwater model. 

c) CRC for Sustainable Rice Production 

Under sub-program 1.4 hydrological models will be developed to quantify climatic and irrigation impacts on 
groundwater and soil salinity at farm and regional scale. The hydrological models developed will be linked vitli GIS 
database and groundwater models. These will help identify the effect of improved irrigation management practices 

I 	under Land and Water Management Plans on the watertable accessions in the Coleambally and Murrumbidgee 
Irrigation areas. 

I
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LEAKAGE BETWEEN SHALLOW AND DEEP AQUIFERS IN THE 
SOUTHEASTERN MURRAY BASIN 

S. Lawson. Department of Land and Water Conservation. NSW 
G.F. Holland, Goulburn-Murray Water. Vic 

INTRODUCTION 
The southeastern Murray Geological Basin contains unconsolidated to semi-consolidated Teriiar seduilents with 
total thicknesses ranging up to about 25() metres. Irrigation development from surface water sources occurs 
throughout large areas of both the NSW and Victorian parts of this region. resulting in widespread shallow 
waterlablcs and associated salinity. Watertable rise has occurred largely within the Shepparton Formation. which 
is the uppermost unit, with varying levels of leakage to the deeper aquifers of the Calivil Formation and Renniark 
Group. Low salinity. high yielding aquifers occur in these deeper formations. especially where niator rivers such as 
the Murninibidgee. Murray. Goulburn and Campaspe enter the Basin. 

Various options have been evaluated for watertable control within the irrigation areas. including pumping from 
deep aquifers. This paper summaries the results from pumping tests at a number of locations, winch were carried 
out specifically to evaluate deep pumping as a watertable control option. The sites, indicated in Figure 1. range in 
location from Coleamballv (NSW) in the northeast to Rochester (Vic) in the southwest. Even though common 
stratigraphic nomenclature is used between sites. h drogeological conditions may vary significantly. 

The evaluation of leakage between shallow and deep aquifers is valuable not only for assessing watertable control 
options. but also for: 

Assessing interference between deep irrigation bores and shallower stock and domestic bores: 
Assessing recharge. and 
Input to groundwater models. 

INVESTIGATION DETAILS AND RESUITS 

I 
I 
I 
I 
I 

I 
I 

Investigation details are summarised in Table 1. Key results are summarised in Table 2. 

Loeition 	 Start .01,1 et i)urat ion of Test 

(days) 

i)epth of Screens 

(H') 

Test Pumping Rate 

( 7i IL da 

CoIeamhall. NSW Nov 1990 467 74- 134 

Finley. NSW Oct 1990 1611 114 	- 161 45 

1unay Valley. Vie Sep 1996 30 124 	136 3.711 

Canipaspe \Vest 

(Rochester). Vie 

Aug 1996 32 67.7 	7? 3 311 

Ca 	paspe (Flinore). Vic Nov 19119 29 62.5 - 97.5 13.11 
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Murray Geological Basin Boundary 

Pumping Test Sites for Vertical Leakage Analysis 

Coleambally Irrigation Area, NSW 

Finley, NSW 

Murray Valley, Vic 

Campaspe West (Rochester), Vic 

Campaspe (Elmore), Vic 

Figure 1. Locality Plan 



L()( 'ATI( )N K horizontal K Vertical Ratio Salinity,  alinit2 

(midav in (alivil) (mldav in lower. Shep) Kh:KV shaDow aquifer detp aquifer 

(E(') 

C'olainhaltv. NSW 50 0.0001 500.000 :1 20(0 - 10.000 510 

FjnIo\ 	NS\V 200 	25.000 16()( ,  

Nlurrav VaIlcv. Vic 5 000006 to 83000:1 to 2.200 

0.00042 11.900: 

Campaspe Ws1 40 0.001 to 40.000:1 to 1900 - 5.090 in [. 1.200 

(Rochester). Vie Shepparton 
0.01 4,000:1 

Campaspe ( Elmore). Vie 1510 .004 3.750: 1 to 500 - 20.000  

65  16.250:1  

The results generally indicate poor connection between w'atertable and Cah'il Formation, or "deep lead". aquifc: 

I In addition to the details given above: 

Lawson (1992) compared watertable observations with results from leakage analysis for the area within 

of the pumping site. 	The observed watertable decline, corrected against control areas. was about 0.5 in. 
calculated watertable decline front leakage analysis was 0.2 in. 	The salinity of the pumped groundw: 

increased froin 51() to 670 EC during the test. 

Bogoda and Lea (1991) concluded that "i''ome relationship it'as noticed hetti'een the C 'ativil ai 	lottei' ses: 

of the ."hepparton Formation at so/ne places. 	Hoii'ever, it would he necessarl 'o pump at hig'ter rate.s 

longer period to achieve a .vignificant response from the upper section of the ''hepparton Fornzar:on. 

Sinclair Knight Merz. for the Campaspe West site, concluded that 	'The lack of dratdo 	in the - 

shalloit'est hores indicate.v that most of the groundii'ater J7oti' into the ('ain't! Ren,m,ar: Group aquifer c 

from the deepest 	of the "hepparion Formation aquifer. However a vertical grounrwater,Tux ci 9 ,r part 

firom the upper part of the 	S'hepparton Formation has been calculated from 	the verr;cal hvdrc. - 

conductivities...... 	For the Murray Valley site. a vertical groundwater flux from the tipper part of 	c 

Shepparton Formation of less than 1.8 nunlyr was calculated. 

For both sites they concluded 	''pumping front the ('ali''il'Renniark aquifer pronioe" inci'a'ed tUJH'11''. 

groioidtt'ater /lux 	. 	gioiindii'ater ti'hich floti's dott'ni,'ard into the ( 'alivi/Reninark cJou!er i 	ii lar 

front the lotier parts oft/ic 'thepparton Formation. "hidrographs shosi' that pun/ping V 'oi',)toater I,'o 

'a/it'ilRemnark aquifer ha.v a snuall hut measurable impact on ti'atertahle levels on a season t' .seas'JuI ha' 

and that 	"pumping from the ('alivi/Renmark aquifer may not he an effective nc;nagenc 01 	20io1: 

controlling high ti'atertahles. 

Brinkley. Reid and Mavrakis (1991) concluded that "watertable response......due to Lc'p Leapiinzpnc' 

undetectable at most sites " and that "correlations between aquifer and river levels ....... prot'eJ  

The University of N S W and N S W Department of Land and Water Conservation are currently invesneaung \ c'-. 
leakage and aquitard properties at additional sites in the Lower Murruinbidgee. This work will utilise geocliem:i_ 

methods and groundwater level responses around existing production bores. and will complement prev2..5 
investigations in the Coleambally Irrigation Area in the early 1990's. Geotechnical study of aqi.utard matena :5 

also proposed to help separate upper aquifer hydraulic loading from actual leakage in evaluaung past 
groundwater pressure trends in deep aquifers. 
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COMPARISON WITH OTHER AREAS 

In evaluating the benefits of deep pumping for salinity control within much of the riverinc plain. it is ofl: 

considering how the results from these pump tests compare with other areas where deep pumping lu. bec: 
recognised as a viable option. 

The plains areas adjacent to the foothills 

In the upper reaches of the ancestral river NallcYs. conFining units overlying the Calivil formation are thin: r a:: 
more permeable. These areas tend to be important sources of recharge to the deep groundwater system. E\.anp1: 
include the area south of Nagambie in the Goulburn Valley. and upstream of Narrandera in the Murnin:'idg: 
Valley. While no known pump tests have been carried out to specifically quantify leakance within thes upp:: 
areas of the plains. Figure 2 demonstrates the close relationship between the deep (70111) and shallow grourcwai:: 

system at Tabilk south of Nagambie. In such areas. deep groundwater pumping can have a role in saliiiiu ;3fltr 

within overlying aquifers. 

130 

129 

127 

126 

Jun-80 	Jun-84 	Jun-88 	Jun-92 	Jun-96 

- - - - Bore 92720 (15m) 	 Bore 92716 (70 m) 

Figure 2. ( 'omparison of shallow and deep groundwater IeA els at ,t abiIk Victoria 

The Indus Basin, Pakistan 

The Indus Basin in Pakistan. one of the world's largest contiguous blocks of irrigated land, provides an :aInp.J 
whereby groundwater pumping from deep aquifers has been utilised on a large scale for watertable cont r: - T:. 

total irrigated area in 1959 was inome than 51 million ha. with over 12 million ha affected by waterloggin5 and 

salinity. 

The Indus basin alluvial deposits are generally about 180 in thick. and thousands of bores have been consir'_:lec 

depths of 60 to 120 in to pump groundwater for watertable control. Lateral hydraulic conductivitucs. at ac':ut 
in/day. are comparable with those of the eastern Murray Basin- However, vertical hydraulic conductl\ 
niuch higher. in the range of I to 10 mldav. This results in horizontal to vertical ratios ranging from 50: 1 - 
signi1icant1 lower than the ratios which range from 4.000: 1 to 500.000: 1 in the southeastern Murray Bas.: T 
Indus Basin is clearly an area with good vertical hydraulic connection between aquifers. allowing deep pur1: in = 

funct ion as in effective watertable control option. 

Groundwater quality also differs in the Indus Basin. Low salinity groundwater generally exists throug:ut i:: 
entire alluvial profile. with the better qualit\' groundwater mainiv in the shallower aquifers. This indicar-as goa 
hydraulic connection between aquifers. and is in contrast with the conditions in the eastern Murray Basin w i:rc rr;: 

combination of high salinity shallow groundwater and low salinity in the deep aquifers indicates poor 

connection. 
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Ir1PLEMENTATION OF RESULTS 

Lower Murrumbidgee Groundwater Management Plan 

For groundwater management planning in the Lower Murrumbidgee. the N'Iurniinbidgce Groun. atcr 
Management Committee has taken a precautionary approach to deep pumping for shallow NNateriable con:::i. It 
considers that, tinder the limitations of current knowledge. deep pumping is not ;in effective w atertable 	ntrol 

option. This is in response to both the lack of e idence to suggest sufficient hydraulic connection between a: .:fers. 
and also to concerns for long term groundwater quality decline in deep aquifers. 

Shepparton Irrigation Region Groundwater Management Plan 

Within the Shepparton Groundwater Supply Protection Area and Campaspe West Salinity Management Pier. area. 
it has been concluded that deep pumping does not provide w'atertable control although it does have an in;.rtant 
role in stabilising deep groundwater pressures. Increased pumping in recent years has lead to concerns reLa::ng to 
the potential impact on water quality froni the overlying Shepparton formation and from poorer quality areas f the 

deep aquifer. 

General Groundwater Resource Management 

While the pump tests sununarised above have provided a means of quantifying the contribution of vertical .c..kage 

to estimated sustainable yield of deep aquifers. annual extraction inducing small rates of leakage may result 	long 

lerni changes in water qualit\' that will lead to necessam 	 m adtustments to the estiate of sustainable ield. 

Groundwater salinity monitoring is therefore an essential requirement of groundwater management fe: deep 

aquifers. 
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Rice Hydraulic Loading Perspectives 

Ary van dcr Lely 

1)epr1iint ni and and water Coner\alIon. ( rillith. 'S\\ 

I 	
Abstract 

Rice hydraulic loading is a policy concept used in the northern parts of the Riverine Plain to restrict 
groundwater accessions to sustainable levels. Sustainability implies that productivity can be maintained 

I 	
indeiiv and the resource base is not degraded. Rice hydraulic loading is conjunction with land 
classification and rice water use targets is used to reduce accessions and the risk of salt accumulation in 
iton-rice areas Rice hydraulic loading rides involve the growing of not more than 30% of the landscape to 
rice. After its introduction tllere has been no re-consideration of this policy, even though different h\dro- 

I 	
geological conditions are recognized. Rice areas on many farms actually are growing more than the 
original guideline. Some districts have adopted alternative policies. restnctulg imgation ilitclisitv generali 

rather than the proportion of land under rice. 

I The effect of rice growing on groundwater levels may be examined from detailed data anal sis. Soil 
salinity is the main performance monitoring parameter for sustainability. Trends may be evaluated using 
models supported by surveys. Approaches used to date are reviewed in the paper. These have been 

I 	
capable of providing only indicative interpretations, the spatial variation of several key factors beiiig too 

great for adequate capture by the models. 

I 	
Rice hydraulic loading may vary on a fanil. between farms and within a district. The main areas at risk of 
becoming salt affected are depressed areas and areas less intensively irrigated. 	The process of salt 

transport from rice areas to the areas at risk may be strongly influenced by imgation management and rice 
hydraulic loading rues, but it cannot be halted or reversed without ground water pumping strategies. in the 

I 	
eastern part of the Riverine Plain deep leakage provides a natural process helping tow ards sustainabiiit 

Further research is needed to address sustainabilitv questions for irrigation districts. and ilo' rice hydraulic 
loading riles may assist. This would include ground water modeling supported by research on recilarge 

l
and discharge processes. The paper provides a discussion of the key factors to be exainmed and explores 

the illetllOdOlogies that may be employed in future research. 

1 	i. Introduction 

I 	
Rice Hydraulic Loading may be defined as the application of a weight of water to a proportioul of the 

landscape during the rice growing seasoui. 	The effect of rice hydraulic loading is percolation and 
groundwater flow by gravity to areas or aquifers with deeper pressure levels. These ma be the shallow 

waler table areas adjacent to rice. 	Soil salinity may increase due to capillary rise. 	The correlation 

1 	between possible soil salinity increases and variations in rice hydraulic loading is a question for sustainable 
management in Land and Water Management Plans. 

The objective of sustainable natural resource management is continued productivity of the land resource 
without off-site impacts. The extent and degree of soil salinity in a landscape is the main performance 
indicator of the sustainabilitv objective. High water table levels contribute to water logging of crops. and 
are a secondary performance indicator for the salinity risk. Ultimately, accessions affect water levels, and 
hence the salinitv risk. A reduction in accessions is a key method to reduce the risk. 

Rice growing policies have been used in all rice growing districts to control the volumes of accessions. 
Rice hydraulic loading (RHL) rules may be part of these restrictions and provide an additional tool to adjust 
the total volume of accessions to acceptable values. The acceptable volume often is not well defined and 

I 
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depends on many factors. 	It continues to be the subject of research in vincli ground water models ai e 
prominent 

Where RHL niles have been adopted they have been genenc without consideration of local conditions. 
The consequences of various alternatives are nor clear. Models capable of evaluating RHL at the fanii 
level are still in the development stage. More work is needed to further deFine the extent of sustainabihitv 
that is being achieved with current policies. This paper provides a review of the factors involved and 
identiFies the questions to be explored further 

2. Background 	
I 

Rice growing in the Riverine Plain of South East Australia is subject to restrictions based on policy to 
prevent excessive accessions to the water table. Four approaches are generally used: 

Land classification to restrict rice to the least penimeable part of the landscape: 
Restrictions on the maximum permissible nec water use per hectare: 
Restrictions on the maximum proportion of land used for rice growing: 
Restrictions oii the maximum volumes of water used for irrigation. including rice. 

The second approach would not be necessar' if the first always was fully effective. Obviously it has not 
been, because irrigation company records show that rice water use for a proportion of farms is well abo'. C 

the crop water requirement. Estimates of soil penneability for land classification have not been perfect. 
Where excessive rice water use has occurred land may be re-classified as unsuitable. It is found however 
that its adoption often is difficult since most landholders depend on nec as their main source of income and 
re-classification of land causes potential hardship. 

Before 1989 rice areas per farm were fixed and industry controlled. After deregulation in 1989 these 
controls were lifted, and environmental controls only could be applied. Accessions to groundwater are 
dissipated in the non-rice areas. 	It was feared that increasing proportions of land under rice would raise 
water levels in the non-rice areas excessively, making the cultivation of other crops in those areas 
impossible. Non-rice land and lower intensity imgation farms would be subject to an increased salilut) 
risk. It was clear that the combination of land classification and rice water use policies was unlikely to 
produce the desired outcome in terms of a sustainable industry. 	Based on these considerations and 

research carried out by van der Lelv (1981) the rice hydraulic loading (RHL) policy was introduced in 
1990. This allowed the growing of rice of up to 30% of the nec approved area (RAA) on an\ farm. The 
RAA is based on land classification. 

The effect of the RHL policy was that larger landholders could grow an increasing area of nec but farmiis 
less than about 25() hectarcs of R AA would be forced to grow less than previously. To accommodate the 
change. a phasing down element was added to the RHL policy. The latter aspect however was abandoned 
after 3 years. and many landholders in the MIA and Coleamballv at present are still allowed to grow more 
than 30% of their land to rice (1 ). 

Van der Left (1993) prepared a discussion paper on Rice Enviromunental Guidelines which was adopted b\ 

	

the Rice Environmental Policy Advisory Group. a conumutlee of government agencies. irrigation 	
I stakeholders and the rice industry. The RHL concept how ever was not accepted in the Murray Region. 

mainly because the historic rice areas per fann hardly ever exceeded the 30% crmtenon. That area adopted 
restrictions on the total water availability for each fann in their LWMP. In many respects such type of 
restrictions would have a similar outcome. 

Currently each LWMP includes a statement regarding rice policy or maximum water use in their area. 
CSIRO Land and Water is conducting research under its Net Recharge Management Program for the 
Coleamnbally and Murray regions. which may affect rice policy in the future. 

1 In areas without surface drainage being available the maximum allowed areas are resincted to 25%. This 
applies to for instance Wah \Vah. the Murnmmbmdgee River rice growers and Bore pumping areas. 

I 



3. Land Salinity Trends 

If the key performance indicator for land sustainability is the soil salinity status then this should be 
monitored. It is interesting to note that many areas do not have regular surveys to obtain spatial 
distributions of soil salinity, or it statistical representation providing areas exceeding a specific level. This 
is despite all LWMP areas having made estimates as to the future distribution for the No Plan scenario and 
the With Plan scenarios and relying on these predictions for estimating the economic ment of LWMP 

opt ions which may reduce accessions. 

The most suitable methods for carrying out inexpensive regional scale surveys still has not been agreed 
upon EM surveys are being carried out for other purposes such as whole farm plaiuiing and rice land 
suitability. This may provide an opportunity to gather salinity information as well. Generally however no 
saliiiit survey based on the EM teclmique has been completed for any NSW district. On the other hand. 
there have been several surveys of the soil salinity status in individual sub-districts of the MIA and 

Coleaniballv based on random sampling. 

In the MIA results of four sampling dates 1991. 1992. 1994 and 1998 are now available, representing years 
with initially high groundwater levels to years with dry conditions and lowered groundwater levels. For 
each date and eight sub-districts () at least 50 sites were visited and samples taken at 0. 1mw and 0.3111 depth. 

Assuming that each sampling location represents an equal area, the proportions of land above a cerlain 

salinity level were assessed. as shown at Table 1. 

Table 1: % of land affected by salinity in various sub-districts of the MIA (* 1) 

% of Land >2dSfm 	i 	%Land >4dSIm U/oLand >?ftJim 

Sub-District 	 Ave 9 1-94 98 survey 	Ave 91-94 98 survey , Ave 9 1-94 survey  

Gogeldrie 	 1 	8.6 7.4 	0.0 0.0 	1  ).0 0.0 

Benerembah South 	17.3 

Bcnerenibah_North 	30.0 
4 

	

32.8 	3.6 

	

44.4 	11.6 

4.2 
9.6 

1 	3 

6.3 

2.2 
2.5 

Hanwood 	 33.8 31.1 	1 	12.7 18.9 2.9 3.2 

Kooba 	 4.8 

Yenda 	 35.3 

	

10.0 	2.2 

	

39 .1 	16.6 

1.5 

12.2 

0.9 

6.3 

0.0 

0.0 

Koonadan 	 11.0 27.6 	1 	8.9 4.0 5.3 2.1 

Calorofield 	22.2 27.0 	1 	11.9 61) 2.9 1.0 

MM 	 22.0 27.6 	1 	8.8 8.1 2.9 1.5 

WahWah 	 53.5 70.1] 	11.1 12.5 5.1 5.1 

(* 1) from van der Lelv. 1999. values converted from EC1  2 data 

The median values of salinity for 1998 had increased compared to previous surveys, but the areas with high 
salinity had decreased. Most of the change was attributed to changed water table conditions. these being at 
a 10 year low for the MIA. It was concluded that performance modeling of soil salinity in sub-districts 
requires close aiialysis to separate out the effects of rainfall and irrigation management factors. 

Salinity data such as these have been used for prediction purposes (van der Lely. 1998). The twelve sub-
districts referred to have varying histories and duration of high water table (HWT) conditions. The current 
salinity is the integrated effect the high groundwater conditions in the past. The assessment consisted of 
two parts. For the first part regressions of soil salinity over time for each water table category to 1.5 metres 
depth were calculated to make predictions for the No Plan scenario. The second part consisted of a lump 
sum ground water balance model to describe the relationship between the depth to the water table and 
recharge and discharge factors. This model provided estimates of changed water table conditions for 
various LWMP options on water table levels and its aenal distribution. The soil salinity regression of the 
first part were themi applied to these changed conditions to calculate the effect of the plan. 

Twelve if the Coleamballv sub-districts are also included. 
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A number of assumptions underpin the above analysis. which forces questions regarding the validity of the 
approach The models were reviewed by van der Lely (1999). and two alternative techniques were 
developed. A statistical optimization model of all data with hvdro-geological factors provided the most 
credible assessment of salinity trends, however it was not suitable for LWMP option evaluation, because it 

could not be linked to the recharge/discharge groundwater model. The other approach was a process model 
for the sub-district integrating the groundwater balance and salt accumulation processes. The latter model 
gave suitable results after rigorous calibrationloptimizatioii. but there appeared to be luh sensitivity to 
small changes in key factors. 

The above work provided mtich insight into key factors of lunip sum parameter models for sub-districts. A 
suitable integrated representation of factors such as rice recharge. channel seepage and capillan rise was 
achieved. Interactions were found to be very complex. Modeling of soil salinity without the back up of 
regular survey data for verification is unlikely to produce meamngfiil and credible estimates. 

4. Research on Rice Hydraulic Loading 

The amount of research carried out to define optiimun levels of RI-IL in a specific landscape situation is 
limited It comprises work on water table behaviour in nec areas. and the use of two-dimensional 
analytical models. Ground water modeling tools potentially useful to analyze RI-IL are mostIN still in a 
stage of development. Below follows a brief description of the vanous research efforts and findings. 

Effect of Rice on Water Table Distribution 

Van der Lely (1981) investigated the relationship between the proportion of land grown to rice and the 
depth to the water table in the non-rice area. March and September groundwater levels were compiled for 
16 years of observations from 40 piezometers in a 2.40() ha area near Griffith. From this the September 
average depth to groundwater could be estimated from the proportion of land under rice in the pre mous 
season and winter rainfall. It was found for the area in question that the water table increased from 
September until March up to a distance of about 400 metres from rice fields. Beyond this the water table 
dropped. Evidently, at such distances the supply of rice seepage was less than groundwater discharge b 

capillary rise 	The relative areas of non-rice land at various distances from rice fields were also assessed 
for three selected years with different rice hydraulic loading. This allowed the compilation of water table 

distribution as shown at Table 2. 

Tthi' ' Wtr table  distribution for three years with different rice hydraulic loading. 
17'Vo Rice 

6.4 

Whilst questions regarding the methods used may be raised, the work identified the effect of increasing 
areas of rice on ground water levels for all area with specific hvdro-geological properties. How e er, the 
work did not result in a quantification of the volumes of seepage involved, or salirrity transport. 

Two Dimensional Models for Groundwater Flow to Adjacent Area 

Following on from the above, van der Lely (1981) used two-dimensional models describing flow from rice 
fields to adjacent areas. The flow in the surface clay layers to and from the aquifer is assumed \ertiCal 
The flow rate in the aquifer of transmissivitv T is horizontal, declining with distance from the boundary

.  b\ 

all exponential function. Several other assumptions are necessary to enable use of the model, and not all o: 



1' — 
_1_ 	i 

ilieso could be fuU satisfied for the rice situation ('). 	The assumptions are critical for accural 
assessments, but it is believed by comparing different solutions for different assumptions reasonablc 
estimates of the seepage rate from rice may be made. For instance, the above two-dimensional model NNas 

modified and applied to the \Vakool evaporation areas. where the results of seepage rates from the basiIl 
were found to be very consistent with results using conventionai numerical groundwater modeling 
techniques (van der Leiv. 19). 

Tilree key input factors exist to calculate ihe seepage rate per unit lemigili of rice pernlleter. the factors I an 

C described. and the depth to the wateralcr table H in the non-rice field at relatively large distance. TLc 
seepage rate may be assessed for different assunlptmons and by different approaches ( ). The seepage rac 
may be multiplied by the total penmeter lemlgtll values for the area in question to obtain total oluilles 
involved in the flow. This procedure was applied to the 2.400 ha area near Griffith referred to above for 
three years with different rice ilvdraulic loading. Table 3 show's tile outcome of this IN pe evaluation. 

Tki- i' \J,'lin of rice coenIt'o for three different levels of rice hydraulic loading (* 1)  for &&&•• 	 r'o 

rlumes of Rice Seepage 	 17% Rice 	24% Rice 	360/0 Rice 
. 	 - 

.Itl seepage volume (ML) (*1) 	 670 	 74)) 	 930 

ML/ila!vear over whole area 	 0.27 	 0,3 i 	 0.35 

ML/ha/vear for Rice Area 	 1.5 	 1.3 	 1.0 

LMYhaIyear for non-rice area - 	0.33 	 0.41 - 	 0.54 

I ) 'this is an as erage n! Ove di tI'creni est niaiiOfl methods over the selectea L.'+t)l) iita& s 

I 
From this it appears that as the rice area is doubled the total volume of seepage increases by less than 30' 
The water loss from rice on a per hectare basis is reduced by about one tiurd, and the \'olUille per Unit areo 
to be dissipated in the non-rice area per hectare increases by about two tiurds. 

Numerical Groundwater Models 

CSIRO Land and Water developed the SWAGSIM model (Prathapar. 1994). This model considered th 

use of crops other than rice to soak up" the rice accessions. A tw'o-iaer model including the Shepparto:. 
and Cahvii Formations was developed and applied to a 3.750 ha area near Griffith. This area Ilas lIc 
Shepparton aquifer was assumed to be unconfined. A significant deep leakage component was assume 
Data on crop areas and location over a lengthy period were collated. together with piezometer data an: 
irrigation applications. Simulation of water table behaviour was the basis for caiibrauon and a reasonahe 
but by no means perfect match was found (). The model produced estimates of recharge and discharge 
values for each model cell, and was capable of simulating the effect of larger or lesser areas of rice 
combination with other crops. Required ground water pumping rates to achieve specific water table targe.s 

were calculated. 

Recharge and discharge rates for the area varied with airnuai rainfall conditions. For the period mnode1e'. 
the proportion of land with water tabies less than one metre varied from 46 to 90%. It was concluded fc: 
the area in question that at an RHL of 23% there wouid be a balance between recharge and discharge. TtL 

level of RHL coincidentally isas the current situation in the field. The deep leakage component in ale 
model was about half of the recharge volume. whicil is very significant. The SWAGSIM model did n: 
include a salt transport function. which reduces its value as a sustamnabilit assessment tool. 

Other numerical modeis have been used for land and water management plans. e.g. the SHE model for 
Berriquin and Wakool areas. but to date none has been used to evaluate the effect of more or less RHL in 
landscape. The main restrictions to the models appear to be related to the difficulty in estmmaumlg reciLire 
and discharge values for different crops for the range of soils and management regimes that eXiSt. the la.re 

The assumptions are that the stratigraphv is homogeneous to infinity, the rice field is either mnfimlil. or a 
circular field, or a long rectangle, and the water level (not pressure level) in the adjacent area is ilOflZoiltii 

One other method was based on capillary rise estimates for clay omls. and another based on gradients 
derived from mapped groundwater contours muitipi ied by transmissivity values. 

The Root nteaml square error in water table predictions was about 0.5 metres. 
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cell site, and the use of averages within cells. When the salt transport function needs to be added as NNcli it 

becomes very difficult to get credible answers. 

Colearnballi Irrigation Area Grou ndw'ater Models 

The approach to groundwater modeling in this area is discussed at another paper to this conference 
(Shahbaz ci at. 1999). 	Several models arc involved, a regional scale groundwater model based oil 
MODFLOW. and a fann scale model, called SWAGMAN FARM. The groundwater model is the context 
which describes the spatial distribution of acceptable levels of recharge for sustainability. SWAGMAN 
FARM is it lump sum parameter model and estimates the excess water application from water delivers' data 
and the total crop water requirements on the farm. The excess is compared to the acceptable recharge 
volume from the regional model. An optimization of crop areas and other inputs is then possible to find the 
desirable cropping rotation which reduces recharge and still produces financial returns to the landholder 

The Coleaiiibahlv approach is attractive since it does not appear to require the same degree of data rigor for 
key recharge and discharge factors in the main model, allowing larger cell size. 

5. 	Discussion 

Salts to the root zone are introduced by irrigation water and capillary rise and exported by surface runoff 
and leaching. In a homogeneous landscape without gradients used by a perfect rotation of crops the 
capillarv rise effect during non-rice may be compensated by leaching during rice, leaving irrigation water 
salts as the only problem in the long run. This is the optimistic scenario, in which the degree of rice 
hydraulic loading would not matter, except that very high water tables in non-rice areas cause water 

logging 
((). The sustainability question is how this situation alters when topographical factors are 

superimposed, or variations in soil permeability and transmissivitv occur. EM3 1 surveys of rice farms 
have shown significant variation in soil permeability. Does the same still apply, with a perfect rotation the 
salt accumulation effects are basically compensated by leaching 

The answer is likely to be negative. In depressions salt accumulation will be higher than the potential 
leaching under lesser gradients. Narrowing of aquifers will force groundwater to the surface in sonic 
locations. 

Further complications are that some areas in the high water table zone are classified as unsuitable for rice. 
and some farmers grow a larger proportion of land to rice than others. These factors are likel\' to result in 
a net transfer of salts to less irrigated areas. In some districts some areas are not irrigated at all, and the 
inducement of high water tables puts these areas at risk. 

On the othei hand, leakage to deep aquifers provides a net leaching over the whole of the landscape in the 
eastern part of the Riverine Plain. which makes the irrigation areas more sustainable ( ). The cost to areas 

where tile groundwater moves has not vet been evaluated. Very long time scales are involved. 

A non-reversible process of salt transfer between fields appears to occur and may be inevitable. In that 

context sustainability become a relative concept. How long for? 	Should we speak in terms of 

simstainabiliiv for the whole area, or just the irrigated part? Management of crop rotations. rice hydraulic 
loading, and best management practices will delay the process of land degradation of a proportion of land. 
but it won't be stopped or reversed. All that we are doing is buying time. 

For most irrigation areas or districts only ground water pumping solutions can provide sustainability of all 
the land. Of course, in many LWMP areas these can not be adopted because of costs (s ). 

The net leaching and capillary rise at each location may be the same over the period of a rotation, but the 
stilt transport may still be different. dependent on how water mOved up and down through soil peds in 
sat ura ted and un sat iira ted states. 

Or fully sustainable in some parts. Northern Coleamuballv may be an example. 
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To prolong the sustainabilitv of irrigation areas it appears necessary have an objective of keeping 
groundwater levels in fields at risk of salting at such levels that salting rates are minimized. The fields in 
question are dry areas. fields irrigated less intensively (with rice or other crops). and depressed areas. 
\VIiat is a suitable water table depth for these areas? 	In heavy clay soils capillary rise is small with water 
table depths deeper than about l.5 metres. however. there is evidence that over time (decades) the soil will 
still becomes salt affected unless there is leaching. In areas with lighter textured soils the problem is orse 
and water tables need to be kept deeper. however compensating leaching may occur if the soil is 17mwied 

for crops oilier than rice. 

It is generally believed that the sustainability of irngation areas is a function of the O\ erall imgation 

intensity, or rice hydraulic loading. but this relationship is not clear at all. is it linear? This is doubtful. Or 
perhaps. the desirable level of these factors is affected by internal variation in land use. The greater the 
internal variation, the lower the RHL that should be allowed. In that context areas such as Coleamallv or 
the MIA could be more sustainable than for instance the Bernquin Distnct. 

Answers are needed regarding the time scales involved, and how RHL niles affect these time scales. A 
combination of research efforts appear necessary: 

Deveiopnient of regional scale groundwater models linked to GIS. to obtain performance nlonhtonng 
tools to interpret general groundwater trends as a function of climatic and management factors Such 
tools however will take time to develop and won't be effective for some time as an evaluation tool for 

RI-It. They would also not be effective without complementary research into recilarge and discharge. 
Development of groundwater models of smaller areas including several fields or farms. to answer 

questions regarding spatial variation at that scale. 
Collection of more knowledge regarding variation in capillary nse and percolation. tile effecu eness 
by which the two processes compensate each other and how this caii be influenced by irngauon crop 

and land management. 

Much knowledge is already available from published research. How can this be used effective1 .' It is 
probable that perfect models for land and water manageillent are a myth. Decisions will alw a s te based 
on less than perfect answers. One of the most difficult issues is when to decide that additional rescarch is 

not justified 
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lines where groundwater is too saline for reuse. The benefits relate to the productmvi of salt affected land. 

The latter is often used for less inicilsive enterprises anyway. 
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Abstract 

I 	
We describe the background and development of a set of principles which is a first step towards guidelines for the 
effective and environmentally safe use of small scale basins for saline drainage disposal in the Riverine Plains region 
of the Murray-Darling Basin. At present, there is no framework in place which guides the siting, design and 

I 	

management of on-farm and small community basins. While it is not possible to account for every combination of 
the complex array of soils, geology and land use in areas where disposal basins may be used, it is certainly possible 
to define a set of guiding principles for responsible basin design and management in the Riverine Plains region of 
the Murray-Darling Basin. They should not be considered as regulation or law as they have not received any 

I 	endorsment from any of the jursidictions they encompass. In this paper we: (i) identify issues which need to be 
considered in disposal basin systems; and (ii) define a set of disposal basin principles that set out a responsible 
philosophy towards development and use of small scale (<100 ha) on-farm and community basins. 

I Introduction 

Background 

The Murray-Darling Basin is one of Australia's most important water and land resources. Approximately 73% of all 
water used in Australia is harvested from the Basin (Fleming, 1982) and approximately 80% of land irrigated in 
Australia (1.8 million hectares) is located within it's boundaries. Approximately 90% of cereal, 80% of pasture, 65% 
of fruit and 25% of vegetable production in Australia is derived from irrigated agriculture within the Basin (Murray-
Darling Basin Ministerial Council, 1987). Meyer (1992) estimated that the annual value of iriigated agriculture in 
Australia exceeded $4.6 billion (including more than $2.7 billion in export income), the majority of which is from the 
Murray-Darling Basin. The majority of irrigation occurs in the south-central part of the Basin known widely as the 
Riverine Plain (Figure 1). 

The Basin, in its pre-European state. contained vast amounts of salt which were stored in the soils and groundwater. 
The use of irrigation, the leakage of water from the associated network of water distribution and drainage channels, 
and the clearance of deep-rooted perennial plants and their replacement with shallow-rooted annual crops has altered 
the water balance causing water tables to rise throughout the Basin. This has resulted in mobilisation of the stored 
salt and, when the water table comes close to the soil surface, soil salinisation and waterlogging result, with 
detrimental effects on agricultural production. In addition, raised water table levels can increase hydraulic gradients 
between the groundwater and surface water resources, leading to increased movement of salt to drains, streams and 
rivers. 

To maintain productivity in irrigation areas with shallow groundwater, water table reduction and control is carried 
out using measures such as sub-surface tile and deep open drains, and groundwater pumping from bores. This, 
however, creates the problem of disposing of large volumes of saline drainage water. 

Disposal Options 

While a large range of saline water disposal options for the Murray-Darling Basin were identified some time ago 
(Evans, 1989), a lot of emotion and misinformation still surrounds the disposal issue. There has always been debate 
over the environmental, social and economic implications of any disposal option. One thing that is unanimously 
agreed upon is that adequate and comprehensive saline water disposal is necessary to ensure the continued viability 
of irrigated agriculture, and to protect the quality of the surface water resources of the Basin. Disposal is therefore 
one of the most important components of Land and Water Managcmcnt Plans for irrigation areas. 
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Figure 1: Map showing location of the Riverine Plain of the Murray Basin 

There are three main disposal options: disposal to streams and rivers on an opportunistic basis, disposal using a 
pipeline to the sea and evaporative disposal to land. Some saline water is currently disposed of into river systems in 
periods of high flows but the salinity of pumped groundwater and drainage effluent is such that unmanaged disposal 
to rivers and streams on a continuous basis may result in unacceptable downstream impacts. There appears to be a 
trend in political and community attitudes towards less disposal to the river system. Since the river system has limited 
capacity to export salt from the irrigation catchment, the remaining options are export using a pipeline to the sea and 
land disposal to natural or engineered surface storages (saline disposal basins). Previous studies (State Rivers and 
Water Supply Commission, 1978; Earl, 1982; Gutteridge Haskins and Davey, 1990) have indicated that the pipeline 
option, compared with other disposal options available at the time, was uneconomic. This leaves evaporative land 
disposal as the most likely option available, at least in the short to medium term (50 years). As was shown by Evans 
(1989), saline disposal basins are the lowest cost option for high salinity drainage water. 

Overseas experience with land disposal using basins is fairly limited. They have been used in the San Joaquin Valley 
in California (Tanji et al, 1993; Grismer et al, 1993), along the Indus River in Pakistan (Trewhella and Badruddin. 
1991) and have been proposed for the Shapur and Dalaki River Basin in southern Iran (Shiati, 1991). The use of 
dryland evaporative "sinks" (low points in the landscape which are not ponded with water but have high rates of 
groundwater discharge) has also been proposed for the Indus Basin in Pakistan (Gowing and Ashghar, 1996). 	 1 
The Murray-Darling Basin Ministerial Council recognised over a decade ago that disposal basins had a role to play in 
storing salt if they are properly designed and maintained (Murray-Darling Basin Ministerial Council, 1986). At 
present there are in excess of 180 saline disposal basins in the Murray-Darling Basin (Hostetler and Radke, 1995). 

I 



I 
Saline Disposal Basins - Issues of Size 

In the past, use of large regional scale (>100 ha) basins has been the most common approach. These generally accept 
drainage water from multiple farms and irrigation districts which in some cases may be located many kilometres 

I 	
away (hence salt is exported from the area in which it is produced). These basins most commonly use natural 
depressions in the landscape (e.g. Lake Tutchewop near Swan Hill), however they can be engineered storages (e.g. 
Wakool Basin near Deniliquin). Many have occurred by default or have been developed on an ad-hoc basis. 

I 	Regional basins were generally developed on the most convenient sites from an engineering standpoint, and often 
ignored environmental, socioeconomic, aesthetic impacts and any other community concerns. In addition, various 
unforeseen side-effects (leakage to adjacent farmland, insect and bird problems, odour) experienced by a number of 

I 	
regional scale basins has led in many cases to poor community perception of disposal basins. Moreover, under the 
Murray Darling Basin Salinity and Drainage Strategy (Murray-Darling Basin Ministerial Council, 1988) severe 
constraints have been imposed on salt export from a given area. This policy was designed to ensure that the 
beneficiaries of irrigation are responsible for their own drainage management on the assumption that this would help 

I 	minimise other environmental effects. While disposal to regional basins will continue in the future, there is a view in 
environmental protection and other resource agencies that there is a need to depart from the existing "export the 
problem" mentality. It is becoming mandatory that the option to manage drainage effluent at the source be closely 

I examined before resorting to export. 

The above concerns have led to the use of much smaller scale (<100 ha) basins. These can take the form of on-farm 

I 	
basins, which occupy individual properties (such as those being used for new horticultural developments in the 
Murrumbidgee Irrigation Area) or community basins, which are shared by a small group of properties (such as the 
Girgarre Basin near Shepparton). The design and management of both types of basin varies widely and currently 
there are no set guidelines for their use. It is small-scale on-farm and community basins which are the subject of 

this paper. 

There are a number of issues related to the choice between on-farm and community basins. With on-farm basins the 

I 	
costs can be more easily passed back to the farmer, the ownership of the basin remains with the beneficiary and the 
impact is localised. Thus, distribution of costs, especially in terms of lost land, is easier. However, on-farm basins 
are more difficult to supervise and monitoring systems need to be applied to ensure impacts on non-beneficiaries and 

I 	
the environment are within acceptable limits. 

The distribution of costs of community basins presents problems and the siting of such basins may lead to land equity 
and other legal disputes. Community basins present better opportunities for optimisation of sites and thus can be 

I 	
more easily managed than numerous on-farm basins. The greater technical complexity of drainage transport and 
basin operation, combined with the complex ownership and management issues, means that community basins 
require a long term commitment on the part of the participating landowners. Factors such as long-term maintenance, 
change of land use and ownership, and decommissioning need to be considered before community basins are 

I 	considered. On the other hand, if other disposal options become available in the future, decommissioning and 
reclamation of a small number of community basins may be more viable than for numerous on-farm basins. 

I Integration of Sub-Surface Drainage and Disposal Basin Systems 

The aim of sub-surface drainage is to lower water tables to levels which maintain crop productivity (by controlling 

I 	
waterlogging and land salinisation) and minimise salt movement to drains, streams and rivers. Sub-surface drainage 
is generally carried out with buried horizontal (tile) drains, deep open drains or by groundwater pumping from bores 
(also known as tubewells) or spear points. The use of tile drains and tubewells for water table control is shown in 

' 	Figure 2. 

Also shown in Figure 2 is surface runoff, which often occurs as a result of irrigation. This is generally collected in 
shallow surface drains. In general, water quality in these drains is relatively good (EC<1000 l.LS/cin) and volumes are 

I
usually higher than tile drains, particularly following rainfall. 

In this paper we use the term "drainage system" to mean any form of sub-surface drainage for water table 
control, such as tile drains, deep open drains, tubewells or spear points. A number of disposal options for sub-
surface drainage are shown in Figure 2. In this paper we are concerned with disposal to on-farm or community 
evaporation basins. Common to both type of basins is the possible interaction between the basin and the sub-surface 

I 
I 
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drainage system via leakage of water, and hence salt, from the basin. The role that the sub-surface drainage s'.sem 
has in either inducing or controlling leakage is such that it is best to consider both systems together when stung, 
designing and managing small scale disposal basins. 

Fresh 	Re-use 4...  

/ 	IRRIGATION 	 DRAINAGE 
WATER  

Rainfall . . 	 / 
Irrigation system 	/ On-farm/communit 

I 	 / 	evaporation basin 

I 
I 
77  

I 
Figure 2: Schematic of sub-surface drainage and disposal basin systems. 

Disposal Basins as a Source of Pollution 

The primary purpose of a disposal basin is to store and evaporate drainage effluent. Continuous disposal and 
evaporation will increase the salinity of the stored water. Salt accumulation in the disposal basin is contro1Ie.. by 
both the rates of evaporation and leakage of concentrated saline water into the sub-soil and groundwater sslem 
b'neath the storage. 

Since the input drainage water to a basin is derived from the surrounding groundwater system and the 
disposal basin concentrates the salt, there is merely a change from salt in a diffuse state to a point source. 
However, disposal basins can also be a potential source of environmental pollution caused by: rising saline ater 
tables leading to waterlogging and salinisation of adjoining lands; greater flow of saline groundwater to the suace 
drainage systems due to increased local hydraulic gradients; and concentration of agricultural chemicals together with 
salt. 

Where disposal water contains toxic materials, the issue of creating a point source of pollution needs to be careally 
considered in terms of danger to wildlife and the surrounding environment (see the recommended national ater 
quality guidelines (National Water Quality Management Strategy, 1992) atid guidclmcs for groundwater protTinn 
(National Water Quality Management Strategy, 1995). It should be recognised that, in this instance, the pollutan: is a 
concentrated form of salt, herbicides and pesticides that were already present in the shallow groundwater prior t: the 

development of the basin. Under most circumstances, if the principles from this paper are adhered to. chermcals 
external to the drainage system are not added to disposal basins. The concentration process within the basins may, 
however, lead to toxicity problems with certain chemicals, especially herbicides and pesticides. However the 
potential for herbicides and pesticides toxicity is reduced if surface drainage is excluded from the 	.sin. 
Nevertheless, a comprehensive chemical screening program of water pumped into a prospective basin is rec :red 
prior to implementation. This should ensure that no unforeseen toxicity problem occurs as was found oh sea am 
in basins in California (Tanji et al., 1993). 
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The extent of the above effects is highly variable depending on site conditions and basin design and management. In 
viewof these potential undesirable environmental effects, any use of disposal basins as a useful salt management tool 
must be carefully considered. The success of any disposal basin depends very much on the local environmental, 
physical, legislative, economic and social constraints of the specific site. It is important that disposal basins be 
efficiently designed, properly sited and effectively managed under controlled conditions. If this is achieved, a basin 
may in fact be seen as an environmental asset (Roberts, 1995). 

Principles 

The intention of the following principles is to define desirable objectives for disposal basin siting, design and 
management. They should apply unless there are compelling reasons to move away from them. However, it is 
recognisedthat in some instances they may contradict each other and so consideration will need to be made as to 
which is the overriding principle in such situations. It is important to note that they should not be considered as 
regulation or law as they have not received any endorsment from any of the jursidictions they encompass. 

I 	It is recognised that current legislation permits disposal of some saline water to the river systems under the EC credit 
scheme of the Salinity and Drainage Strategy and the future use of large regional basins will continue where 

appropriate. However, further development of disposal basins may not have the option of river disposal and so 

I 	

the following principles have been developed under the assumption that no export of saline drainage water is 
allowed from the area of extraction. 

It is also implicitly assumed that best management engineering practices for above ground storages will be employed 

I 	for siting and design (e.g. Queensland Water Resources Commission, 1984; New South Wales Agriculture, 1999), 
and that the principles should be considered within the framework of appropriate existing Land and Water 
Management Plans, State and Federal legislation, and Local Government regulations (viz. EPA Vic, 1994; EPA 

I 	
NSW, 1997), where appropriate. 

The geographic area for which these principles have been developed is the Riverine Plains region of the 
Murrumbidgec and Murray Rivers. 

I Principle 1 

' 	Evaporation basins should be used for the disposal of highly saline drainage effluent, after all potential 
productive uses have occurred or the water is shown to be economically and environmentally unsuitable for 
use. 
(in order to minimise the volume of disposal, thereby minimising the basin size and cost; and to ensure the best use 

of water as a resource) 

Disposal basins are expensive to construct, will generally occupy land which would otherwise be used for agricultural 

I 	production or other economic purposes, and usually will not generate any revenue. To minimise the volume of 
disposal water, and hence the basin size, the basin should only be used as a terminal point for saline drainage water 
that cannot be used elsewhere. This will also maximise the economic benefits to be gained from irrigation water. 

I 	Opportunities for economic re-use of both surface run-off and sub-surface drainage water should be carefully 
considered, especially if the water is not too saline. Re-use of this water by mixing with groundwater (Bethune et al., 
1997) or surface water supplies should be considered. For example, in the Shepparton Irrigation Region there is 

I 	already in excess of 2650 re-use systems in operation (Irrigation Committee, 1996). For greater levels of salt 
concentration prior to basin disposal, serial biological concentration schemes should be considered (Heath et. al., 
1993). 

I Principle 2 

I 	

Salts remaining in a basin due to evaporation should be stored not only in the ponded water but also in the 
soil and aquifer system below the basin. 
(in order to maxim ise and maintain disposal capacity) 

I 	
Disposal basins can be used to store salt in a confined area above ground in the basin and in the soil and aquifer 
system immediately below (in an environmentally responsible manner, see Principle 4). If storage is to be confined 

I 
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only to the basin then leakage must be prevented by lining the basin with impermeable materials such as plastic 
membranes. Widespread experience has shown that it is very difficult to maintain the impermeability of any type of 
lining after several years of operation. 

There are two problems associated with basins in which leakage is prevented. 	Firstly, the basin water will 
continually increase in salinity causing an associated decline in evaporation rate (and hence disposal capacity), 
therefore necessitating a much larger basin for a given disposal volume. Secondly, precipitation of salts will occur in 
the basin, which will need to be removed and disposed of. The only situations where this would be appropriate is if 
salt production of commercial quality is desired, or when export to the sea or to a location where any adverse impacts 
would be acceptable, and is technically and economically feasible. 

A basin in which limited leakage is allowed will concentrate salt in the basin water to a much lesser extent and so 
there will be minimal loss in evaporative potential, and hence disposal capacity. 	There will not be precipitation of 

salt in the basin under normal conditions. 

It is important to note that leakage from a basin creates a localised concentration of salts in the underlying soils and 
aquifer system which is simply a redistribution of the mass of salt already stored within the soil and groundwater 
system. 	Provided leakage is contained to within the area of the drainage system it does not represent an external 

pollutant. 	However, it should be noted that the basin will still have a finite life, but instead of it being only a few 
years or decades (as in the case of a basin which is not allowed to leak) it may be of the order of hundreds of years. 

Principle 3 

Salt stored below the basin should remain in the area of influence of the drainage system, or within a specific 
salt containment area around a basin located outside the limits of a drainage system. 
(in order to ensure that salt is not exported to adjoining land outside the drainage area benefiting from the drainage 

water disposal) 

The principal consideration in disposal basin design is the containment of salts accumulating in a basin. The salt 
leaking from the basin needs to be kept local so that it does not salinise adjacent land and to ensure that there is no 
export of salt from the area. Thus, it is preferable that a basin be located within the area of influence of the drainage 
system. The option to locate a basin within the area of drainage influence should always be considered first. This 
will result in the salt remaining in the area from which it was extracted and ensures that ownership of the disposal, 
and its control, remains with the beneficiaries of the drainage system. 

Under exceptional circumstances where no suitable disposal site exists within the drainage system, the basin may be 
located outside the area of influence of the drainage system. However, this effectively exports the salt from the area 
of extraction and so there must be more stringent restrictions on design, location and management to ensure that the 
salt stored in and below the basin will be guaranteed to be contained in close proximity to the basin. Increased buffer 
zones (referred to as impact or attenuation zones in environmental protection agencies) and effective interception 
drains or tubewells will be required in these cases. 

If well managed, a fully operational drainage/basin system can contain salt within the drainage system. However, if 
the drainage system or basin is no longer required or should other salt disposal options become available in future, 
salt containment may be compromised. Therefore, basins require a decommissioning plan, which should be 
developed before implementation of the basin. These sites should be registered and managed under existing EPA 
guidelines (EPA NSW, 1997; EPA Vie., 1994), if appropriate, or other specifically formulated guidelines. 

Principle 4 

Leakage from a basin should not pollute groundwater with existing or potential beneficial use. 
(in order not to pollute usable groundwater resources) 

Leakage to the groundwater below the basin is only acceptable if the leakage will not pollute a resource beyond it 

defined impact (attenuation) zone, as measured by change in usability (usefulness) of that resource. To minimise the 
risk of polluting good quality groundwater, disposal basins should, if at all possible, not be sited in such areas. 
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Broad indications of groundwater quality can he obtained from various maps covering the Riverine Plain (Wool1.. 

I 	
1991; Woolley Ct al, 1992; Williams and Woolley, 1992; Woolley and Williams, 1994 and O'Rorke et al, 199= 
While there is no agreement between the States regarding the exact definition of beneficial use, these maps broacl' 
indicate water uses which are suitable for the range of salinity classes presented. However, it should be noted th.at 

I 	
these maps are on a very broad spatial scale. Hence, more detailed local information should be acquired as part 
site investigations for any prospective basin to assess any site specific changes and to determine the potential impa:t 
of these changes on the resources and bio-diversity of the area. 

I Principle 5 

Water stored in disposal basins should not be released to surface drainage systems. 

I 	
(in order not to pollute fresh surface water resources) 

For on-farm and community basins located on or close to the areas where the drainage is generated, there is no 
advantage in allowing periodic emptying of such basins to surface drains or streams. The historical practice 'f 

I 	periodic emptying of regional basins located near rivers during high river flows is not appropriate for these types :f 

basins. 

I 	
Emptying of basins into surface drainage systems introduces high levels of salt to flows that would otherwise 
replenishing surface water bodies with fresh water. Also, periodic release sends an inappropriate signal to has:a 
users that the use of their basin and drainage management system will be periodically relaxed and thus a high le vel :f 

irrigation and drainage management is not required. Moreover, this may also create opportunities for other tc.:c 

I pollutants to enter the surface drainage systems. 

If a basin becomes full then drainage pumping must cease, unless there is serious waterlogging in the farmland. Th 

I 	
this situation the possibility of pumping directly to the surface drainage could be considered - this is better 
releasing the highly saline basin water to the surface drainage system. For well designed and managed basins there 
should be no need for emptying. The effect of extreme rainfall periods may result in slight waterlogging bu: :s 

I 	
generally a second order effect in comparison to poor irrigation or drainage system management. 

In extreme floods, it may not be possible to guarantee that basin water will not enter the surface water s' stern, or 
river or local runoff water will not enter the basin. The basin should be designed to ensure that flooding does 

I affect the basin except in extreme events. 

Principle 6 

I Basins should be sited, designed and managed to minimise environmental, socioeconomic and aesthetic 

impacts 

I 	
(in order to ensure that detrimental side effects of basin use are minimised) 

Various side effects, such as local salinisation of land around the basin, insect and bird problems, poor aesthetics 	i 

unpalatable odours, have led to a poor image of disposal basins with the general public. This community dislike s 

I 	
exacerbated where the basin is not within the property boundaries of those who benefit from it primarily by usir. :t 

for disposal of their drainage water. 

Basins can be designed and managed to be a community and ecological resource (e.g. Roberts, 199. To 	n 

I 	greater community acceptance, disposal basins should be sited and constructed in a manner that enhances the kcal 
environment by providing wildlife habitat (e.g. bird nesting areas) and reducing the visual impacts by planting tree-s 
in buffer zones around the perimeter and installing flatter batters to minimise erosion and exposure of bare soil. C'n 

I 	
the other hand, adverse environmental impacts on the community surrounding a disposal basin may arise fr:m 
breeding of insects (e.g. mosquitoes), increased bird population feeding on farmers' crops and airborne salt b1cn 
from dried out areas of the basin. These impacts should be minimised in all cases. This will be assisted by 	t 

I 	
allowing the siting of basins near residential and business areas, community facilities such as schools, hospitals a 
sporting grounds, and other sensitive land uses. 

As discussed in the Introduction there are a number of other socioeconomic issues related to the choice between - 

I 	
farm and community basins. These include: distribution of drainage costs back to the beneflciaries, quality of ha: in 
management, land equity and other legal aspects, the need for long-term commitment to basin operation. and the 

I 



of decommissioning. 

As with most engineering structures, there are environmental risks associated with the use of saline disposal basins. 
The movement of salt (and possibly toxic materials) outside the drainage or salt containment area poses the greatest 
threat. As described above, this can be minimised by siting basins within the drainage system or within a well 
buffered containment area (both employing interception drains or tubewells). The risk that salt export poses to water 
quality, stream health and bio-diversity of surface waters can be further reduced by not allowing siting of basins close 
to streams, rivers, water supply channels, and hood-prone areas. 

All basins should have a management plan which clearly identifies the off-site risks posed by the basin and the 
monitoring which will be undertaken to ensure basin integrity. Furthermore, all basins should have a 
decommissioning plan which details the likely off-site impacts of no longer using the basin and/or the associated 
drainage system. 

Concluding Remarks 

These principles are by nature generalised and non-specific, however by adhering to the six principles above. 
evaporation basins should provide a safe and effective tool for the disposal of saline water in the Riverine Plain. The 
use of saline disposal basins needs to be within the framework of Land and Water Management Plans and conform 
with existing environmental guidelines and legislation. The above principles set out the most desirable set of 
conditions for the design, siting and management of evaporation basins, however there may be exceptional and 
unforeseen circumstances or issues not identified or covered by these principles. As such, the use of saline disposal 
basins should be accompanied by policies of risk assessment and management. 
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Introduction 

One of the most critical parts of all land and water management strategies in the Murray-Darling Basin is the 
disposal of large volumes of saline effluent from groundwater interception schemes and drainage effluent from 
irrigation regions. Saline disposal basins have been used since 1917 for disposal of such .ater on the land surface in 
topographic depressions in the landscape, salt lakes and freshwater lakes. The number of disposal basins in the MDB 
is currently estimated to be about 190 (Evans, 1989) but this number is on the rise. Concerns have been raised about 
the possibility that saline disposal basins can increase salt leakage into aquifers and ultimately into the ri\er system 
(Chambers et al., 1995). The ever growing number of disposal basins, increasing demands for disposal capacity and 
potential environmental impacts disposal basins may have means that we need to be aie to assess and compare a 
large number of disposal basins across the entire Murray Basin in a consistent. efficient and timeI manner. This will 
allow for effective management decisions to be made within reasonable time frames. 

A small number of disposal basins have been studied in detail using hydrochemical and modelling technoues. e.g., 
Lake Ranfurly (Narayan and Armstrong, 1995), Lake Tutchewop (Simmons and Narayaii, 1998), Noora Basin 
(Watkins et al., 1991) and Wakool (DWR, 1988). These studies have provided insight into the key h\'drceologic 
processes that affect basin leakage, subsequent impact on underlying aquifers as vell as surrounding land and 
streams. In addition, the factors that affect disposal capacity and storage potential are well understood. The 
development of generic criteria that make use of knowledge gained from extensi\c and detailed site-specific 
investigations provides a framework for rapid characterisation, ranking and inter-basin comparisons. In th:s 	we 

can readily identify "safe" and "at-risk" sites within a large group of disposal basins in relation to some particular 
objective e.g., minimum leakage. This would allow us to quickly identify sites for potential further storage, compare 
performance of basins in a relative sense, identify disposal sites which require additional information and also those 
at which we might look at a little more closely in terms of negative impacts. 

Hoxley (1993) developed criteria for ranking a small number of disposal basins within Victoria. Howe\er. a basin 
wide comparison of disposal systems has not been undertaken. In this study, we compare on a srandard basis major 
disposal basins throughout the Murray-Darling Basin in New South Wales, Victoria and South Australia Many of 
the more notable basins detailed in Evans (1989) were especially selected for the study. The criteria used within 
this study are an extension of those developed by Hoxley (1993). In addition, ney. characterisation criteria are 
developed to reflect the potential leakage caused by density-driven convection (Simmons and Nara an, 19P 'as well 
as to include time scales for return flows to the river system. This study also employs a series of separate 
characterisation and ranking objectives. In this way, several disposal basin ranking lists for each defined ranking 
objective are produced and a basin's overall performance score can be linked directi to spectGc attrihu:es of the 
system. This is more informative than a single ranked list produced using a "lumped sum" approach the: makes it 
difficult to assess what aspect of a disposal basin system makes it either a "good" or had" s::e. In pn:ctple. the 
methods developed in this paper can be easily applied to all disposal basin sites within the lcriay Bas.: using an 
automated framework that is updated continually as more data becomes available for the disposal basins. 

Site Selection and Ranking Methods 

It was necessary to firstly select an appropriate number of disposal basins, "characterise them and then rank them. 
Two criteria were employed for basin selection. The first was that a reasonable number of basins should he selected 
from each of New South Wales, Victoria and South Australia. Secondly, given ire inhere:: hydrcgeoiogicai 
ditfcrcnccs between the MalIce and Riverine sections of the Murray Basin. an atica::: vus :n de to :alarce the 
number of sites between these two regions. An examination of the inventory cj[ saline :posa1 : asins (Ho:ciiCr and 

Radke, 1995) reveals an obvious bias towards disposal basins in the Malice region, makin 	morc u.:flcuit to 

choose suitable disposal basin sites in the Riverinc Plain region. 
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28 sites were selected from the three major states that encompass the Murray-Darling Basin and also host a number 
of disposal basin sites. They were selected from the inventory of saline disposal basins (Hostetler and Radke. 1995). 
Several of these sites, as starrcd below, were previously identified by Evans (1989) as the more "notable' basins 
within each state. They are: 

Sour/i Australia: 	Noora, Katarapko Island, Disher CreeV, Bern', 

I
Bulyong Island , Loveday', Woolpunda, K Country. 

Victoria: 	 Tutchewop , William, Hawthorn', Ranfurly', Wargan', Lamberts Mer-3, Karaioc 
Swamp, Yatpool, Woorinen (Murrawee), Woorinen (Holloways). Tresco (Goif Club 
Tresco (Round), Girgarre. 

I 	
New South Wales: 	Wakool', Rufus River', Mourquong', Holland Lake, Fletchers Lake, Farm l(l, Farm 

1068. 

I
Ranking Objectives 

Given a set of disposal basins, a multitude of rankings may be possible depending upon what is being assesse. and 
therefore the criteria the ranking is based upon. It was therefore necessary to define clear "ranking ohie.aives". Eie 

I
ranking lists were produced based upon each of the following ranking objectives (Simmons et al., 1999 

I. Minimum leakage and salt loss from basin 

I 	
2. Maximum capacity for storage of water 

Minimum leakage and salt loss & maximum capacity (combining 1 and 2) 
Minimum impact on River Murray, neighbouring streams and other environmentally sensitive land 

I 	
5. Minimum loss of water and salt, maximum capacity and minimum impact on River Murray (combinrig 1, 	4) 

It is clear that leakage and salt loss are prime issues that must be addressed in the potential impact of any disrasal 
basin. For many sites, leakage inadvertently becomes a major part of the disposal mechanism. Hc'. ever. 'ere 

I 	
possible, leakage should be minimised especially to protect groundwater quality in regions where underl.ing 
groundwater is not overly saline already. Another critical issue that must be addressed is determitarig sites that 
could be used for potential further storage. Potential impacts on neighbouring streams, environnien:aily sers::.ive 
land and the River Murray system were also considered. Furthermore, hybrid combinations of the a:'ove rar.ing 

I 	objectives were examined e.g., a ranking which considered minimum leakage of salt as well as maximum capa: to 
store water. A "lump sum" total score was also produced that included all ranking objectives. 

I
Characterisation Parameters and Data 

Several key variables were identified in order to develop a quantitative method of characterising the see.:ted 

I 	
disposal basin sites before ranking them. The following parameters were used as characterisation variables. 

Potential leakage (head difference between basin and groundwater) (in) 

Vertical hydraulic conductivity (ni/day) 

I . 	Salinity difference between basin and groundwater (TDS gIL) 

Ratio of inflow volume to evaporation volume 

Capacity of basin (ML) 

I
. 	Distance between basin and streams/River Murray in the Murray trench (in) 

Horizontal hydraulic conductivity (ni/day) 

Viability (hydraulic pulse transmission time to River) (years) 

I
. 	Size of basin (ha) 

All data used in this ranking exercise was collected from the inventory of saline disposal basins i-iostetie: and 
Radke, 1995). This inverrtory documents all known disposal basins in the Murray Basin. Where information 	not 

I 	
available in the inventory, an attempt was made to find that information from individual reports on the isposa asin 
under consideration. However, in several cases, the information could not be found. This then creatco the po 1cm 
of an incomplete data set and how to most appropriately deal with such cases within the charactcrisato: and 	.:ing 

Iramework. Information that could not he determined from the inventory or reports is inserted as "unko: . n. 

I 
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I 
Ranking Methods 

To assist in the ranking process, an Excel sprcadhseet was developed. Saline disposal basin data could then be 
converted into a score on a relative scale. The basic methodology incorporated in the study was that for each 
criteria, a point scale was assigned from 0 - 10, with 0 (or lowest score) representing a "best" site in terms of that 
criteria and 10 (or highest score) representing the "worst" site. Any particular ranking objective could consist of 
more than one criterion or field. For example, minimum leakage and salt loss from the disposal basin would be a 
function of several parameters including the difference in head between the basin and groundwater, the vertical 
hydraulic conductivity and salinity difference between the basin and underlying groundwater. A summary of the 
score tables is given in Table 1. A brief description of the variables is provided below. Further detail may be found 
in Simmons et al., (1999). It is worth pointing out that any basin for which information is unknown, a points value of 
10 is assigned. This places the basin in the "worst" or poorest performing category. This may or may not be the case 
but in the absence of knowledge or data for the criterion, it is better to assume that the basin is in the poor 
performance category by assigning highest points value to it rather than to assume that the converse is true. This 
could potentially prompt further data collection to revise the scores in an effort to reduce the score assigned to the 

basin. 

Points Potential Vertical Salinity Ratio of j Basin Distance Hydraulic 

Leakage hydraulic difference inflow capacity times trench Pulse 

hba - h2, conductivity between basin volume to (ML) (0 or 1)*  (m) transmission 

(in) (Ky) and groundwater evaporation time (years) 

(in/day) capacity 

0 <(-5) - <0 - - 0 t= 

1 (-5) .- (-2) <000001 0-I <0.2 >10000 Dis.>25000 time >1000 

2 (-2) 	(-1) 0.00001-0.0001 1-5 0.2-0.5 5000-10000 20000-25000 500-1000 

3 (-1) - (0) 0.0001-0.001 5-10 0.5-0.8 1000-5000 15000-20000 300-500 

4 0- (1) 0.001-0.01 10-20 - 0.8-0.9 500-1000 10000-15000 200-300 

5 1-2 0.01-0.05 20-30 0.9-0.95 100-500 5000-10000 200-100 

6 2-3 0.05-0.1 30-40 0.95-1.0 50-100 2000-5000 50-100 

7 3-5 0.1-0.5 40-50 1.0-1.05 10-50 1000-2000 25-50 

8 5-10 0.5-1 50-100 1.05-1.1 5-10 500-1000 10-25 

9 >10 >1 >100 >1.1 <5 <500 <10 

10 Unkwn no Unknown Unknown - Unknown Unknown Unknown I 	Unknown 

* If the basin is in the Murray trench, the effeciive distance is distance X i. it the basin is out 01 Inc Murray UeIIeII, uieu V 

+ Indicates that flow is away from the river. Effective transmission time is infinite. 

Table I. Scores assigned in the basin characterisation process. 

Potential leakage 

The potential for leakage can be assessed by consideting the hydraulic head difference between the basin and the 

surrounding groundwater system. The critical parameter is hba - hgw, where hb, is the hydraulic head in the disposal 

basin and hgw  is the hydraulic head in the groundwater system. If hba - h8w  < 0, this indicates that flow is like lv to be 

into the disposal basin (i.e., the disposal basin acts as a discharge feature). Conversely, if hba - 	>0, this indicates 

that groundwater flow is likely to be directed out of the basin (i.e., the basin acts as a recharge feature). 

Vertical hydraulic conductivity and salinity difference between disposal basin waters and groundwater 

Whilst horizontal leakage is a function of hydraulic head drop between the basin and the hydraulic head in the 
aquifer at some point away from the disposal basin, for many basins a significant proportion of the leakage can occur 
through the basin floor, it is intuitively obvious that vertical hydraulic conductivity of underlying aquifer material or 
basin sediments must play a role in the resultant vertical leakage processes. In addition, Simmons and Narayan 
(1997) showed that vertical leakage of salt could be enhanced through a process called free convection, which is a 
density driven process. The key driving forces for this vertical leakage are the vertical permeability of the aquifer 
material (or hydr$3jlic conductivity) and the salinity difference between the basin of higher salinity and the 
groundwater system of lower salinity. In any case, increasing the vertical hydraulic conductivity will enhance salt 
leakage and the potential for density-driven convection and increasing the salinity difference will enhance diffusion 
(as per Fick's Law of diffusion) and also promote the onset of even more rapid leakage through convection. A lower 
value of salinity difference between basin and groundwater also indicates better 'compatibility" between basin 
waters and the groundwater in the region, a situation Iliat is considered more favourable from environmental risk and 

impact view points. 
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I 
Ratio of inflow volume to discharge volume 

The ratio of inflow volume to outflow or discharge volume is a primary measure of a basins capacity to store inflow 
water without overtopping. Inflow is primarily the drainage disposal water. Evaporative outflow volumes are 
calculated using the surface area of the lake and the evaporation rate. 

Basin capacity 

In addition to the ratio of inflow volume to discharge volume, another indicator that should be considered is basin 
storagecapacity. A low ratio of inflow to discharge volume is considered good, but might also indicate that the lake 
doesn't have significant storage potential in the first place and as such inflows are minimised. Even a very small 
disposal basin can have a low inflow to outflow ratio. The area of the basin could be used as an indicator, but has 
already been used in the evaporative volume calculations for basin discharge. Another useful indicator is basin 
volume or holding capacity. 

I 	
Distance between basin and streams, rivers or environmentally sensitive land 

A basin located in close proximity to the River Murray or other streams and environmentally sensitive lan. is 
considered to be a poorer site in terms of its relative environmental risk. In addition, whether the basin is located 

I 	inside the Murray trench or outside of it is also considered. If the basin is located within the Murray trench, flov. is 
generally directed towards the Murray River. The distance between the basin and the river is used to allocate a p.oint 
score to that basin. Conversely, if the basin is located outside the Murray trench, the basin is assigned a 0 p.'int 

I 	
score, since flow would not be directed towards the River Murray. 

Hydraulic pulse transmission time 

I 	
As discussed in Evans (1989) over time, a perched groundwater mound may develop beneath a disposal basin 
resulting in leakage to deeper aquifers and then the subsequent transmission of a hydraulic pulse and solute pulse 
through the aquifer to a lower hydraulic potential discharge location. In most cases in the Murray-Darling Basin the 

I 	
discharge location is the Murray River. The rate of movement of the hydraulic pulse can be calculated using 
Darcy' s Law. The approximate time taken before first arrival at river of actual water disposed in basin can be fL: and 

using the simple distance, velocity and time calculation: 

Time (years) = (Distance to river)/(Kh  X hh,/Distance to river)/365 	 (1) 

where Kh  is the horizontal hydraulic conductivity of the aquifer (rn/day), LlhhIg, is the horizontal hydraulic head drop 

between basin and river (m) and the distance to the river is measured in metres. It should be noted that this time is 
significantly higher than the approximate time before displacement of existing regional groundwater occurs. 

Results 

For each of the ranking objectives, a total score was calculated by forming a weighted average of the criteria tha: are 
used to form that objective. For example, to calculate a total score for the objective of Minimum leakage ana salt 

loss from the basin, three criteria, namely, potential leakage, vertical hydraulic conductivity and salinity difference 
between basin and groundwater are used. For each basin, a score out of 10 was assigned for each of these three 
criteria. An average was formed to provide a total score also out of 10 for the basin. The basins were then raied 
based upon that total score. Table 2 provides the list of ranked disposal basins for all five ranking objectives. 	Th1st 

there is an obvious range of total scores for each objective, it should be noted that there are often several bands 
observed where a group of basins all received the same total score. This makes it hard to distinguish beteen basins 
in that band. What is useful, however, is to be able to then look back at the data which was used to provide the total 
score and to identify at a glance what attribute lead to the score the basin ultimately received. 

Discussion and Conclusions 

It is useful to firstly provide some general comments on the ranking system. When the ranking system 	as 

designed, a concerted effort was made to make data fields independent from one another. It is inevitable. hove. er. 

that certain fields will be dependent upon one another. For example, in the category of inflow to outiov c_me 
ratios, the area of the basin was used to compute the total discharge flux as a result of evaporation. The total hc - hag 
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Scenario 1 Scenario 2 Scenario 3 Scenario 4 - 
N 

Scenario 5 - 
Fletchers Lake 

I- 
2.7 lWoorinen murr. 1 

-___ 
Fletchers Lake 2.6 Woolpunda 0 Fletchers Lake 1.9 

Hawthorn 2.7 lWargan - 2 Katarapko 2.8 Noora basin 0 Tresco Golf 2.0 

Holland Lake 3.0 Lake Tutchewop 2 Tresco Golf 2.8 Rufus 0 Woorinen murr. 2.3 

Tresco Golf 3.0 Katarapko 2 	lTresco (Round) 2.8 lFletchers Lake 0 Noora basin 3.0 

Tresco (Round) 3.0 Bulyong Island 2 	lWoorinen murr. 3.2 Holland Lake 0 Katarapko 3.1 

Yatpool 3.0 Karadoc Swamp 2 Lake Tutchewop 3.8 Lamberts Mer-3 0 Holland Lake 3.3 

Katarapko 3.3 IWoorinen Holl. 2 Hawthorn 4 Wargan 0 Wargan 3.4 

Noora basin 3.3 Tresco Golf 2.5 Woorinen Holl. 4 Wakool 0 Lake Tutchewop 3.4 

Girgarre 4.7 Tresco (Round) 2.5 Noora basin 4.2 K Country 0 	1  Lamberts Mer-3 3.6 

Berri 4.7 Fletchers Lake 2.5 Lake William 4.2 Woorinen murr. 0 	lHawthon 3.7 

Rufus 4.7 Loveday . 3 Bulyong Island 4.4 Tresco Golf 0 	1 Lake Mouquong 4.3 

Woorinen murr. 4.7 Lake William 3 Holland Lake 4.6 Lake Mouquong 3 Tresco (Round) 4.3 

Farm 1061 4.7 Lake Mouquong 3.5 Karadoc Swamp 4.6 Lake Tutchewop 3.5 Woolpuda 4.6 

Lake William 5.0 Lamberts Mer-3 4.5 Lake Mouquong 4.8 Berri 4 Rufus 4.6 

Lake Tutchewop 5.0 Noora basin 5.5 Wargan 4.8 Loveday 4.5 Karadoc Swamp 4.7 

Disher 5.0 Berri 6 Lamberts Mer-3 5 Disher 4.5 Loveday 5.1 

Woorinen Holl. 5.3 Hawthorn 6 Berri 5.2 Farm 1068 5 Berri 5.1 

Lamberts Mer-3 5.3 Woolpunda 6.5 Loveday 	- 5.4 Girgarre 6 Woorinen Holl. 5.1 

Lake Mouquong 5.7 Disher 6.5 Disher 5.6 Yatpool 7.5 Disher 5.3 

Bulyong Island 6.0 lHolland Lake 7 Yatpool 5.8 Katarapko 8 Lake William 5.3 

Farm 1068 6.0 ILake Ranfurly 7 Girgarre 5.8 Hawthorn 8 1 Bulyong Island 5.9 

Lake Ranfurly 6.0 JGirgarre 7.5 Woolpunda 6.4 Karadoc Swamp 8 Yatpool 6.1 

Woolpunda 6.3 IRufus 9 Rufus 6.4 Lake Ranfurly 8.5 Girgarre 6.4 

Karadoc Swamp 6.3 JWakool 9.5 Lake Ranfurly 6.4 Bulyong Island 9 Farm 1068 6.6 

K Country 6.7 1 K Country 9.5 Farm 1061 6.8 Tresco (Round) 9 Lake Ranfurly 7.0 

Wargan 6.7 IFarm 1061 10 Farm 1068 7.6 Woorinen Holl. 9 Wakool 7.0 

Wakool 6.7 JFarrn 1068 10 Wakool 7.8 Farm 1061 9 K Country 7.0 

Loveday 7.0 Yatpool - 10 K Country 7.8 Lake William 9 Farm 1061 7.1 

Table 2. Disposal basin ranking lists for ranking objectives 1-5. Scenario 1: Minimum leakage and salt loss from basin, Scenario 2: Maximum capacity for storage of water, 

Scenario 3: Minimum leakage and salt loss & maximum capacity (combining I and 2), Scenario 4: Minimum impact on River Murray, neighbouring streams and 

other environmentally sensitive land, and Scenario 5: Minimum loss of water and salt, maximum capacity and minimum impact on River Murray (combining 1. 2 & 4). 
Weighted average scores for each basin are given out of 10. Low scores indicate a good ranking and higher scores a poorer ranking. 

- - - - - - - - - - - - - - - - - 
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capacity criterion is also a function of area as well as basin depth. The interdependencies cannot be avoided but do 
mean that some "doubling up" effects might be encountered resulting in higher scores in some cases. 

The number of "unknown" fields is still an issue that biases results in the ranking lists. The resources required to fill 
all data fields completely and accurately would be enormous. Where data was not available, it was felt assining a 

higher score was more appropriate than assigning a lower score. This means that a basin might receive an unfair 
high score in a ranking but that further data collection or measurement is necessary to move that basin to a more 
favourable position within a ranking list. Given the likely errors in some of the collected data and the missing data in 
some fields,1 it can also be difficult to determine which basins suffer from "real" physical problems and those which 
we simply do not know enough about. Nevertheless, the basin scores presented in this report are considered to be 
representative of the potential risk to the environment presented by a disposal basin under each ranking obiective. 
For all cases, the higher the score, the greater the risk. Whether a high score is due to a lack of data or potential 
physical problems may not be apparent until a detailed investigation of the data used to form the ranking list is 
undertaken. The ranking lists produced here help to identify the sites that we might choose to look at more closely to 
make such distinctions. A review of the objectives for a ranking exercise must be undertaken before any furrner data 

surveys are conducted specifically to upgrade a ranking list. 

There are still various factors that must be considered in sustainable management of a disposal site, not all of ' hich 

are simply physical factors. For example, current and future use of the disposal basin, the surrounding environment 
and its environmental value, social and political attitudes towards the use of the basin not to mention the economics 
and costs involved in any decision. These factors will also be a critical part of any decision making process and in 
this light, the rankings provided in this report only provide a first order feel for the different disposal basins aad ho; 
they compare to each other. However, the characterisation and ranking methodology developed is a relati'e quick 
and simple method for comparing basin performance for a large number of basins. It helps to rapidly identit:~, basins 

which we might look at in further detail or those that more data might be collected for. The developed methcdo1og 
could be applied to many more disposal basin sites within the Murray Basin preferably within an au:omated 

framework and be updated continually as more data becomes available. 
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Background 

The majority of irrigated agriculture in the Murray Darling Basin (MDB) occurs in the Riverine Plain of NS\V and 
Victoria. The viability of irrigation in this region is closely linked with the management of high water tables and 
disposal of the resultant saline drainage effluent. Approximately 180 evaporation basins have been located in the 
MDB in natural depressions or engineered in convenient locations (with exceptions) on an ad hoc basis. There is 
increasing pressure on landholders to store salt at the source where the benefits of drainage are being derived rather 
than export the salt elsewhere into the river system or to regional disposal basins. This has led to the increasing use 
of small-scale on-farm (single landholder) and community (small number of landholders) disposal basins. 

Different irrigation areas have different policies towards the choice of disposal strategy and the division between 
export outside the irrigation area, and the storage in regional, community and on-farm disposal basins. These 
different policies have not been uniformly developed nor have they been based on uniform guidelines for the 
responsible siting and use of on-farm and community disposal basins. Such guidelines are currently being developed 
and only recently has a set of principles been produced to underpin these (Jolly et al., 1999). Even if they had been 
developed uniformly, there are likely to be differences in disposal strategies due to the differences in physical 
characteristics of the different irrigation areas. 

The key planning issue for saline disposal basins is their siting. \Vhilst there are obviously siting issues with respect 
to odours, aesthetics, insects etc, there are also issues with respect to environmental sustainability. It is this latter 
issue that forms the basis of this paper. If a site is not suitable for a disposal basin, it is difficult and expensive to 
engineer and manage the basin sustainably. However, such sites do not occur uniformly and planning a suitable 
disposal strategy needs to account for the variation in availability of suitable sites. 

The key issue in siting is leakage, both rate and impact. 	There is an expectation that basins will leak and it is 
acknowledged that a small amount of leakage up to 1mm/day is beneficial (Muirhead et a!, 1997). 	However, 
excessive leakage can have adverse impacts on ground and surface water resources. 	The environmental impacts 
include degrading a potential groundwater resource, increased salt discharge in the stream network and 	land 
salinisation in adjacent areas. Not only is it important to ensure that the leakage rate is low, but also that the adverse 
impacts of any leakage (and associated contamination) is minimised by not siting o\er good quality groundwatei nor 
allowing any contamination plume to move outside the vicinhly of the disposal basin. 

Thus, different policies for disposal may be needed between, and even within, irrigation areas. 	While export of salt 
may be philosophically undesirable, it may be necessary if there are insufficient sites available to store the amount of 
disposal water. 	Similarly, if there is a strong likelihood that most land holdings have no suitable land for disposal 
basins, any policy towards on-farm basins does not make sense. 	An objective method for the decision process is 
useful 	to 	show why 	different decisions 	have 	been 	made, 	while 	maintaining 	a responsible 	policy 	towards 
environmental sustainability. 	Thus, while siting of disposal basins requires specific on-site investigations. o'. erall 
planning may benefit from a broad scale suitability analysis. 

This paper addresses the question of whether such a broad-scale analysis, while useful Ru plaiiiiiiig, is actually 
feasible. 	To enable us to do this, we have in this study assumed some likely suitability criteria, suggested a method 
for combining suitability criteria and applied this to some test areas. 	However, the overall feasibility is likely to be 
dependent on whether appropriate data is available, and how closely this data is directly translatable into suitability 
criteria and lesson the choice of criteria. 	In trying to develop an objective methodology that can be applied across 
the Riverine Plains, it is necessary to use datasets available across the Riverine Plains at a regional scale. 	It may be 
possible to use finer resolution data within irrigation areas to provide a better analysis. 

Thus, the specific aims of this study were to: 
(i ) Investigate the suitability of datasets available for the whole Riverine Plains for planning of disposal basin s: 
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Investigate whether these datasets when used for a suitability analysis can aid decision-making on d:sosal 
strategies 

Assess whether finer resolution data available within irrigation areas would improve the analysis. 

Methods 

The Murrumbidgee Irrigation Area (MIA) and Shepparton Irrigation Region (SIR) were chosen to develop t:: :esi a 
suitability analysis at a regional scale (-1:250,000 or —250iii grid resolution). The software used for the ana1 	was 
the Arclnfo (ESRI, 1996) Geographic Information System (GIS). All GIS coverages were converted to 	.ds in 
Universal Transverse Mercator projection, and classes were then amalgamated into a single suitability map sing a 
relational overlay process in the Grid module of Arclnfo. Interpolated surfaces were generated using the Tcagrid 
module. 

Suitability Criteria 

I 	Much has been done in the area of land suitability evaluation, particularly by the FAQ (1976) in standajsing 
terminology and procedures. This analysis was adapted from methods described fully in Dent and Young (l 	. In 
essence, suitability ranges were defined separately for each of the inputs, which were then combined accordng to 

I 

	

	
relative importance (priorities defined by the user) to derive a manageable number of overall suitability clas.es from 
optimal to not-suitable. Without recognised guidelines on what criteria, or acceptable ranges, are needed fc: siting 
evaporation basins, those used here are considered as a first approximation that are flexible and may be re:.ed as 
new data become available. 

Data were identified based on availability and critical factors that reduce leakage and associated risks::) the 
surrounding environment. The criteria for siting evaporation basins were: 
L Low hydraulic conductivity (heavy impermeable soils) is most important and has the greatest cor.l on 

leakage. A rate of 1mm/day found to be beneficial to basin function (Muirhead et al., 1997) was taken 	the 
optimum with increasing rates being more detrimental. Other classes were arbitrarily defined for the su:anilitv 
analysis as: 1-31nmlday acceptable and> 3mmlday not suitable. 
Shallow watertable depth was taken as 0-21n being optimum, 2-4m was acceptable and beyond that .- as not 
acceptable. This criterion was used to avoid significant gradients away form the basin being deveioEaa and 
heoce the migration of plumes away from the basin. 
Poor groundwater quality (existing salinity or degradation) is preferable to minimise the risk of contarating 
fresh water resources. Ranges were defined as >14,000 mg/I TDS being optimal, 3,000 .- 14.000 accc::able. 
1500— 3,000 marginal and <1,500 unsuitable, as it is too potable to be put at risk. 

Others, such as low slope or existing depressions (minimising engineering costs and disturbance to soil profiis and 
safe buffers to streams, irrigation channels and towns (reasonable distance dependent on soil hydraulic conduca\ities 
and other factors) could have been used in a GIS analysis but were not considered here. 

Available Data 

To explore what is achievable at a regional scale (1:250,000) it was necessary to know what consistent daav were 
available covering the entire Riverine Plain. There are few data sets available that are; a) relevant to siting c:soosal 
basins, h) seamless coverages across the Riverine plain, c) appropriate scale or resolution, d) current1 obtaina:.e and 
affordable and e) digital. Those found were: 
a) 

	

	Soil-Jandforms of the MDB (Bui et al., 1998) is a coverage of the MDB which predicted soil landfcris and 
dominant Principal Profile Forms (PPFs) using land systems and other soil surveys and included geoei:cphic 
elements of the MIA. It was linked via PPFs to a soil attribute look-up table (McKenzie and HooL 992: 

McKenzie et al., 1999) to soil properties, including hydraulic conductivity. However, closer inspection szi.owed 
that these estimates were not particularly useful (for reasons discussed later), except to provide a 'road 
classification of low to high permeability soils. 

h) GIS of the Murray Hydrogeological Basin (BRS, 1999) provided interpreted map data for watertabie depth 

and salinity. The watertable depth data generally had contours no better than 5 m and the ranges of the above 

watertable classes were changed to <Sm and >5m. 
c) Geodata 9 second Digital Elevation Model (DEM), (AUSLIG, 1996). Elevation data was used to r:vide 

terrain attributes of slope and depressions to further discriminate between classes. Artifacts present in ::a: DEI'I 
suggested highly variable data quality. To avoid propagating errors in derived grid layers the decision 	zaken 

to exclude the DEM from this analysis. 
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Finer resolution data was sought primarily for validation of the coarse analysis, but was found to be only availaL for 
relatively small areas. Data found included: 
a) Geomorphic elements of the MIA (Butler et at., 1973) contained soils information under a 

classification scheme to the Soil Landforms data. 
h) 

	

	A review of hydraulic conductivities of soils of the MIA (Hornbuckle and Christen. 1999) - it .s diffh : to 
relate soils attributes to the other coverages. 
Soils and land use of the northern Victorian irrigation region ( Skene, 1963; Skene, and Freedman. 
Skene and Harford, 1964; Skene and Poutsma, 1962; Butler, 1942: Johnston, 1952). 1 :25.LI sur. 	. in 
Technical Bulletins of the Victorian Dept. Of Agriculture. These surveys, produced between 	-2 and 
have a local soil name and a rating for irrigated agricultural suitability. These groups only partI corresg: - to 
expected hydraulic conductivities because those assessments were based on a range of criteria and not jus: >011 

physical properties. 
Piezometer databases for the MIA and SIR. For the MIA, a database for 1996 from the Department of ind 
and Water Conservation (DLWC). Bores screened below 15m were removed before interpolatine a grid For 
the SIR, a database was available for 1996 from Sinclair, Knight Merz (SKM) from which bores deeper h-ian 
15m could not be removed. A subset of the 1996 MIA piezometer data set from DLWC conulining so.titv 
information was also interpolated. 
Shallow aquifer potential salinity map of the SIR. Ife (1987) mapped shoestring aquifers with assoc_ted 
potential salinities at a scale of 1:250,000. 
Water use data for the Murray Irrigation Ltd (MIL) area for 1995-6. This dataset was collected by Mrav 
Irrigation Ltd and contained point information on water use and areas used for rice growing. The rresumr: 	is 

that areas of low rice water use have low conductivity soils. 

Test at 250,000 scale 

Since there is no appropriate permeability data, landforms from the Bui et at. (1998) datasets were linked thrcuzn a 
lookup table of McKenzie et al. (1999) to derive hydraulic conductivity classes. These classes were d:stributec - -I a 
log scale centred around a median value (see Fig. 1 for details). Classes were then grouped in order to :ave 
reasonable map coverage of at least two of the ranges, which led to the inclusion of some extrernel high 'u .jes. 
These were viewed as representing relative conductivities given the error and reliability estimates assc'iated  
data. Ranges for the BRS (1999) depth to groundwater and salinity data were amended similarly. O\erall sutti 
classes for the combined criteria were defined and are shown in Fig. 1. 

Test offiner resolution data 

No appropriate permeability data was available at high resolution either. Instead, irrigated agricultural suittrhity 
groups (not based on rice) were amalgamated on the basis of clay content as best they could. With no eonducity 
estimates attached to soil groups the thresholds could only be defined qualitatively. The resolution of the water ILnle 
and salinity data meant that the original defined ranges of suitable criteria could be used. The thresholds nd 
combinations of criteria are shown for the SIR in Fig. 2. 

Validation test 

To our knowledge, there is very little data available for testing the analysis. Obviously, a comparison with :Ther 
resolution data gives some level of confidence, but hardly constitutes a validation, particularly when one 	:he 
datasets (landforms) is being used as a surrogate for permeability. Even matching soil maps at different sct 	is 
difficult due to the difference in mapped attributes. Correlating results to existing evaporation basin Iocatior.s vas 
undesirable because they were not sited using the criteria defined in this paper. Maps of rice area provide 	me 

indication (generally being on slowly permeable soils) although rice is grown at sites which may not be suitac 	for 

evaporation basins, for example, in close proximity to irrigation channels. Leakage estimates (water use lest :rop 
adjusted evapotranspiration) in the Murray Irrigation Ltd area, are being used to provide a validation. althou.j: at 
time of submission, only some preliminary results are available. The use of these relies on wider availability of ater 
use, detailed soil maps, potential rice growing maps or irrigation leakage data, some of which are commercia.. . and 
privately sensitive - and hence not widely available. 
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Hydraulic conductivity classes were on a log scale. 
Median values, for each class were (rn/day); 
1 - 00072 
2-0024 
3-0072 
4-024 
5-072 
6-24 
7-72 
8-2.4 
9 - 7.2 

N 

20 0 20Km 
_I 

Si =ksl,2,3 gw<=5 and sal >=14000 
S2 = ks 4,5 gw < 5 and sal >= 1500 
S3 = ks 6,7 gw < S and sal >= 1500 
S4 = ks 6,7 gw > 5 and sal >= 1500 

Classes were changed from initial definitions 
to accommodate the coarse resolution of the data 

\Miile in practice only ks class 1 is suitable for 
evaporation basins, the groupings above were 
made to include most of the data and assumes 
that the relative degree of suitability is shown. 

— — — — — — — — — — — — — — — — — — — — — 
(a) (b) (C) 

Hydraulic conductivity 

Watertabiedepth(rn) W1 ___ 
024 	072 0 	5  I 0- 1500 

.24-72 1500 	14000 

>2.4 

I 	iii 	I 	\tl \ 	I\IIrs t1srd In 	lI(' coalse ii.liiiiiti siIiiliiltty ilIilv.l' 	if 1 IN'llal-lit I 	liiiliIiIt\'iIV. Ii) W:itet 111111' ilelillt, ci Niiliiiily iiiil 	II I )vci:ill slIllalillily. SI 	1 	clii Ill '.iiil;iliiliIy lii 	ii Ihc 1111cs In Ille key 
above, where ks is hydraulic conductivity class, gw is depth to groundwater table and sal is gi'ouiidwater salinity. Black in each map indicates lie best ranges for the theme while lighter shades are decreastngly 
suitable. 
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Si = ks 5,6 gw =< 2 and sal => 14000 
S2 = ks 5,6 gw =< 2 and sal => 1500 
S3 = ks 4,5,6gw =< 4 and sal => 1500 
S4 = ks 4,5,6gw =<4 and sal >= 1500 

Salinity for the background, ie where no 
shallow aquifers are mapped are induded 
as suitable in all cases. 
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Figure 2. Suitability classes calculated for the SIR using irrigated crop suitability groups (Victorian Department of Agnculturc. 
1:25000), water table depths from piezometric data (SKM) and saline aquifers (Ife, 1987). Texture of the underlying shstnng 
aquifers is evident. 
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Figure 3. Soil groups from Victorian Department of Agriculture (1:25000) overlayed on a single Soil Landforms class polgon 
Groups indicate irrigated agricultural suitability based on 1940-60 technology and management practices. There are no links 
between attributes in the two data sets. 

Water use vs Soil type 
Soil Type 
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Figure 4. Correlation of high resolution soil types with water use/unit area for the Murray Irrigation Limited iicniliquin 
Water use (into) was calculated by dividing rice water use by area under rice. The graph illustrates the dlfflcu1\ relatin 
permmihilty to soil types. There are many reasons for variations in water use besides hydraulic conductivity ft.0 limit th 

usefulness of this data. 
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Results 

Overall suitability maps were produced for the MIA and SIR at both resolutions. Only a selection of the results can 
be addressed here to show; I) what the method could produce if the appropriate data could be obtained. 2) what 
differences the finer resolution analysis provides and 3) how much we can relate soils to hydraulic conductivity. 

Results for the MIA coarse resolution are shown in Fig. I, which summarises the process and shows the overall 
suitability map using the available data and thresholds we used. Anomalies that contradict local knowledge and the 
finer resolution datasets are evident in all input coverages (Figs. la-c). While the overall suitability map (Fig. Id) 
shows virtually nothing predicted for the most suitable class (51) it does imply a ranking of the probability of finding 
suitable sites within broad areas and those areas most likely to have Not Suitable (NS) areas. The areas are generally 
large contiguous regions that, if true, indicate a higher likelihood of suitability for on-farm basins. 

Figure 2 shows the suitability map derived for the SIR and the greater fragmentation obtained from using the fine 
resolution data. While it is difficult to assess the accuracy, except by local expert opinion, the map shows areas of 
relative suitability that could be investigated in more detail. For the MIA 52% of the region was predicted as the 
same suitability (or NS) class and for the SIR 39%. Correspondence in any class S1-S4 were 62% for the MIA and 
12% for the SIR pointing to differences in the underlying high resolution datasets. 

Figure 3 highlights some of the problems in validating data sets and therefore the overall suitability maps. There is a 
huge amount of detail represented in one soil-landform polygon where both datasets have different attributes that are 
not linked but are both surrogates for conductivity. Proportions of soils are; 66% permeable (groups 1,2,3), 13% 
least permeable (groups 5,6) and 20% mixed (group 4). Group 4 was included with 5,6 as suitable soils for the 
overall suitability classes. Figure 4 shows one attempt to bridge this gap between datasets by correlating the soil 
associations used in the MIL area with rice water use / unit area. There are many reasons for the poor relationship 
(and no attempt to account for them) including the inadequacies of the soils map, variable depth to water table, 
variable rainfall and channel leakage (accidental or otherwise). 

Discussion 

The suitability approach used allows for any number of spatial datasets of any attribute to be incorporated simply by 
defining acceptable ranges in the data and overall suitability classes in the GIS. If you can believe the input data then 
the overall suitability maps indicate, in relative terms, the likelihood of finding land suitable for evaporation basins 
from which to begin more detailed investigation. The coarse resolution analysis is relevant at a very broad level and 
the fine resolution can be used more locally but in both cases requires careful consideration of the accuracy and 
relevancy of the inputs for the particular use. 

Soil attributes are the only data available to derive adequate suriogates for hydraulic conductivity. Methods to 
extract more from the soil properties look-up table need to be investigated, although the look-up table was intended 
only to give a generalised view of soil properties. Better estimates may be obtainable, at considerable cost, by cross-
referencing fine resolution data sets to the Soil Land Forms of Bui et al. (1998) through one common attribute such 
as Principle Profile Forni. Figure 3 shows the variability of 1:25,000 Victorian soil maps occurring in a single 
1:250,000 Soil-landform polygon. Apart from the differences in detail, the irrigated agriculture groups in the 
1:25,000 data are ambiguous with respect to hydraulic conductivity, and none of the attributes, including soil classes 
and groups, have any commonality. Information, including hydraulic conductivity and soil salinity, exists in the 
associated Technical Bulletins, however extracting that information is a significant task. Given the very high spatial 
variability of hydraulic conductivity it is questionable whether the effort to make use of this data is warranted. 

Validation of water table depth and salinity was easier because there is a substantial coverage of monitored 
piezometers and bores in both areas. Salinity in both resolutions was reasonably similar for the MIA. Discrepancies 
in water levels in the SIR may be indicative of the age of the data given the rapid changes in water tables over the last 
decade. It is not surprising that the BRS (1999) hydrogeological data are inconsistent between regions given the 
number of authors who collated and interpreted the data and the variability in its quality and resolution. Salinity 

I 

	

	maps highlighted problems with data from different sources. While comparisons in the MIA using interpolated data 
showed broad agreement, the SIR was dissimilar between resolution because of the nature of the mapped shallow 
shoestring aquifers having substantial areas of no data. 
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Conclusions 

Suitable data was found to be the limiting factor in this analysis, not the availability of -  development of GIS methods. 
We have attempted to make the best use of the available data, using three different regions (MIA, SIR and MIL) as 
test areas. Spatial resolution appears to be less a problem than the accuracy of measured attributes and 
inconsistencies between data sets. Surrogates for essential criteria were necessary in the absence of measured 
attributes. Effectively there is no choice but to use soil type as a surrogate for leakage though it still needs validation 
through the limited datasets available. The suitability maps are easy to produce and manipulate as new knowledge 
and data become available (or possibly scenario testing). Determining how much confidence we can have in the 
suitability maps at this stage requires local expert opinion. 

Suitability maps show broad trends and areas in which to focus more detailed investigations. Methods and 
interpretations need to consider temporally changing attributes such as rising water tables and groundwater salinities. 
and differing soil classification schemes. Ultimately it would be useful if resources were put into updating these. 
Inevitably, detailed site investigations are needed to validate the predictions. With further work, suitahilit\ 
approaches like this could be used to help make planning decisions. 
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1. Abstract 

I 	This analysis studies the economic viability of subsurface drainage systems considering the evaporation basin as part 
of the whole drainage system rather than as a separate entity. The results indicate that in the MIA subsurface drainage 
with an evaporation basin is an effective strategy in controlling waterlogging and therefore improving crop yields, 

I 	
especially in more waterlogging sensitive crops. The financial performance of a subsurface drainage scheme is more 
attractive in larger farms because of economies of scale associated with farm size. The use of evaporation basins is 
better suited to waterlogging sensitive crops with high yield and price. Efficient irrigation management is a key factor 
affecting the financial attractiveness of a drainage system. 

1 	2. Introduction 

The use of on-farm evaporation basins is often part of Land and Water Management Plans (L&WMPs) to reduce the 
salt load leaving irrigation areas. Thus, when installing tile drainage, an evaporation basin would have to be installed 
to hold drainage water, than discharging into the surface drainage system. This reflects the reality that in many 
present situations off site disposal is no longer possible. Therefore, with the constraints on salt export from the irrigation 
areas under the Murray Darling Basin Salinity and Drainage Strategy and the large cost involved in the construction and 
operation of a subsurface drainage system with evaporation basin, it is important to determine the financial desirability of 
the drainage system and identify and quantify the impact of key factors for successful use of subsurface drainage 
basins. 

Methodology 

The yield impacts due to waterlogging for grapes and citrus in the MIA, which have different sensitivities to 
waterlogging, were analysed using the BASINMAN model (Wu et al. 1999). The yield data generated were used in a 
cash flow budget for financial analysis of the subsurface drainage basin system. The budget was constructed for a 25 
year period and total yearly benefits and costs were discounted at a rate of 8%. Details of the data sources, analysis 
and methods are in Singh and Christen (1999). Three scenarios were evaluated: (1) no subsurface drainage (ND), (2) 
subsurface drainage without an evaporation basin (DNB) and (3) subsurface drainage with an evaporation basin 
(DWB). Sensitivity analysis of the subsurface drainage/disposal systems was carried out using @ RISK©, a program 
that allows variation in variables, in this case farm size, market price and yield to be taken into account. 

Results and Discussion 

4.1 Financial viability of subsurface drainage with an evaporation basin 

Comparison of the total costs and net income per year (average) were conducted for DNB compared to ND, DWB 
compared to ND and DWB compared to DNB, (Table 1). 

Table 1. Income and cost comparison for a new vineyard under different drainage /disposal scenarios 
Drainage 	scenarios 	Basin area 	Yield (tonnes/ha) 	Cost ($Iha) 	Net income ($Iha) 
comparison 	 fla) 
ND to DNB 	 0(0.0) 	+2.01 (15.1) 	+445 (10.1) 	 +962 (19.5) 
ND to DWB 	 -3 (-7.5) 	+1.75 (13.1) 	+1068 (24.3) 	 +157 (3.2) 
DNB to DWB 	 -3 (-7.5) 	-0.26 (-1.7) 	+623 (12.9) 	 -805 (-13.6) 
Figures in parentheses are the percentage change 
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1. Abstract 

This analysis studies the economic viability of subsurface drainage systems considering the evaporation basin as part 
of the whole drainage system rather than as a separate entity. The results indicate that in the MIA subsurface drainage 
with an evaporation basin is an effective strategy in controlling waterlogging and therefore improving crop yields, 
especially in more waterlogging sensitive crops. The financial performance of a subsurface drainage scheme is more 
attractive in larger farms because of economies of scale associated with farm size. The use of evaporation basins is 
better suited to waterlogging sensitive crops with high yield and price. Efficient irrigation management is a key factor 
affecting the financial attractiveness of a drainage system. 

Introduction 

The use of on-farm evaporation basins is often part of Land and Water Management Plans (L&WMPs) to reduce the 
salt load leaving irrigation areas. Thus, when installing tile drainage, an evaporation basin would have to be installed 
to hold drainage water, than discharging into the surface drainage system. This reflects the reality that in many 
present situations off site disposal is no longer possible. Therefore, with the constraints on salt export from the irrigation 
areas under the Murray Darling Basin Salinity and Drainage Strategy and the large cost involved in the construction and 
operation of a subsurface drainage system with evaporation basin, it is important to determine the financial desirability of 
the drainage system and identify and quantify the impact of key factors for successful use of subsurface drainage 
basins. 

Methodology 

The yield impacts due to waterlogging for grapes and citrus in the MIA, which have different sensitivities to 
waterlogging, were analysed using the BASINMAN model (Wu et al. 1999). The yield data generated were used in a 
cash flow budget for financial analysis of the subsurface drainage basin system. The budget was constructed for a 25 
year period and total yearly benefits and costs were discounted at a rate of 8%. 	Details of the data sources, analysis 
and methods are in Singh and Christen (1999). Three scenarios were evaluated: (1) no subsurface drainage (ND), (2) 
subsurface drainage without an evaporation basin (DNB) and (3) subsurface drainage with an evaporation basin 
(DWB). Sensitivity analysis of the subsurface drainage/disposal systems was carried out using @ RISK©, a program 
that allows variation in variables, in this case farm size, market price and yield to be taken into account. 

Results and Discussion 

4.1 Financial viability of subsurface drainage with an evaporation basin 	 I 
Comparison of the total costs and net income per year (average) were conducted for DNB compared to ND, DWB 
compared to ND and DWB compared to DNB, (Table 1). 

Table 1. Income and cost comparison for a new vineyard under different drainage /disposal scenarios 
Drainage 	scenarios 	Basin area 	Yield (tonnes/ha) 	Cost ($Iha) 	Net income ($/ha) 
comparison 	 (ha) 
NDtoDNB 	 0(0.0) 	+2.01 (15.1) 	+445 (10.1) 	 +962(19.5) 
ND to DWB 	 -3 (-7.5) 	+1.75 (13.1) 	+1068 (24.3) 	 +157 (3.2) 
DNB to DWB 	 -3 (-7.5) 	-0.26 (-1.7) 	+623 (12.9) 	 -805 (-13.6) 
Figures in parentheses are thejercentagc change 
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I ,  
Subsurface drainage with no basin (DNB) was most attractive in terms of income. The income and cost differences 
betweenNo drainage (ND) and subsurface drainage with basin (DWB) indicated that the subsurface drainage with an 
evaporation basin has about 3 % higher returns than No Drainage. This marginal difference of returns between ND 
and DWB however, is not an indication of the long term financial attractiveness of a subsurface drainage scheme with 
basin (DWB) over the ND situation which may vary depending upon the cost of installing subsurface drainage and 

I

hing, design and construction of evaporation basin and the land value associated with the basin. The long term 
financial viability of any system is expressed by the performance of financial indicators as shown in Table 2. 

Table 2. Financial performance of drainage /disposal schemes for a new vineyard 

I Evaluation criteria Subsurface drainage/ disposal schemes 
ND DNB DWB 

Net Present Value (S 000) 1039 1338 899 
Benefit Cost Ratio (%) 1.47 1.54 1.35 

I Break Even Time (years) 8 8 8 
Net Cash Flow (S/ha) 4946 5908 5103 

The financial analysis of DWB for a vineyard indicated that in the long term ND is more financially attractive than 
DWB due to the large cost differentials between the two schemes and that vines are relatively less sensitive to 
waterlogging. The analysis, however, is purely based on waterlogging losses. In the long term salinity effects may be 
greater and hence make DWB more attractive than ND. Another factor to be considered for long term financial 
viability is the stability of annual returns in terms of Net Cash Flow (NCF) Figure 1. The fluctuations in NCF 
resulting from fluctuations in water table due to variation in rainfall were highest with ND, more stable in DWB and 
were most stable with DNB. In these terms DWB is desirable to give a better/ more stable cash flow. 
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Figure 1. Annual Net cash Flow for new vines with different drainage/ disposal schemes 

4.2 Factors affecting  the  financial  viability of subsurface drainage basin schemes 

The financial performance of subsurface drainage schemes with a basin (DWB) under various physical and economic 
factors were examined to identify important factors affecting financial desirability. 

4.2.1 Farm size 

Farm size has a considerable impact on the financial attractiveness of a drainage scheme for a new development 
Figure 2. The analysis showed that financial attractiveness of all the subsurface drainage schemes improved 
considerably with increasing farm size, however the rate of increase declines as farm size increased. The main reason 
behind such a trend is that with increasing farm size, all the capital assets are fully utilised due to greater economies 
of scale. It can be seen that drainage schemes with or without a basin became financially unattractive at farm sizes 
below 20 ha. Every unit increase in farm size between 20 and 40 ha increased profitability of different subsurface 
drainage schemes. 
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Figure 6. Effect of farm size on the financial attractiveness of drainage/disposal schemes in new vines 

4.2.2 Crop price 

Table 3 shows that crop price has a considerable impact on the financial attractiveness of a subsurface drainage 
system. The profitability of DNB changes at a rate of 1.6% per unit change in price, this rate of change for DWB was 
about 1.4 %. The DNB scenario becomes unattractive when about 40% decline in crop price occurs, whereas the 
DNB scenario becomes marginal with only a 20% decrease in crop price. However, the use of a basin makes the 
enterprise more sensitive to price fluctuations 

Table 3. Effect of crop price on drainage schemes' financial attractiveness (farm size and yield constant) 
Financial criteria 	Drainage 

scheme -40 
% change in 

-20 
price (base 

0 
price $700/tonne) 

+20 +40 
BC ratio 	 DNB 0.92 1.23 1.54 1.86 2.17 

DWB 0.81 1.08 1.35 1.62 1.90 
NPV ($000) 	DNB -1931 574 1338 2103 2866 

DWB -500 202 899 1595 2291 

4.2.3 Crop yield 

The subsurface drainage schemes were less sensitive to change in yield than change in price, though a unit change in 
yield has more impact on the profitability of a subsurface drainage scheme than a unit increase in price Table 4. This 
is due to the fact that price change has an impact on gross income only whereas a yield change affects both income 
and costs. These results show that DNB can sustain a yield loss of up to 40% whereas DWB becomes financially 
unattractive when the yield declines by about 20 %. Lower yield also results in longer Break Even Times. 

Table 4. Financial attractiveness of drainage / disposal scheme under changed crop yield of new vines 
Financial criteria Drainage % change in average yield 

system -40 -20 0 +20 +40 
BC ratio DNB 1.00 1.28 1.54 1.79 2.03 

DWB 0.86 1.12 1.35 1.58 1.79 
NPV ($000) DNB -8 673 1338 2013 2687 

DWB -331 293 899 1513 2127 
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4.2.4 Irrigation efficiency 

The viability of a subsurface drainage/ disposal scheme is largely determined by the amount of water a system 
handles. Under inefficient irrigation management (applying more water than needed, here assumed 120% of 
evapotranspiration) there are several consequences; increased cost of water, more recharge to ground water, crop 
yield decline and larger basin area to handle the increased drainage. In this analysis the effect of inefficient irrigation 
is considered DNB and DWB with a 7.5% basin area, Table 5. Poor irrigation and hence greater 

Table 5. Effect of irrigation efficiency on the financial attractiveness of drainage! disposal 
Scheme in new vines 
Criteria Subsurface drainage /disposal scheme 

DNB DWB 
Efficient Inefficient Efficient Inefficie,zt 

(110% of ET) (120% of ET) (110% of ET) (120% of ET) 
Average yield (tlha) 15.35 15.35 15.09 14.70 
BC Ratio 1.54 1.54 1.35 1.32 
NPV ($000) 1338 1333 899 820 
BET (years) 8 8 8 9 
Annual NCF ($fha) 5908 5899 5103 4853 

Waterlogging had no effect in DNB as the drainage system removed excess water. However, for DWB this resulted in 
about a 3 % decline in average yield and about 5% decline in the net cash flow, the BCR value declined by about 2%, 
and the Net Present Value by about 9%. Therefore, efficient irrigation management is a key factor in deciding the 
financial attractiveness of a subsurface drainage/disposal system. 

4.2.5 Crop development - new or existing vineyards 

The results in Table 6 show that the financial attractiveness of DWB is greater for existing vineyards. The income for 
existing vineyards increased by more than 20% whereas total cost was about 13% less than for a new vineyard 
development. The profitability of drainage disposal was more than doubled for existing vineyards, which strengthens 
the scope for adopting subsurface drainage with a basin in existing vines, assuming these do not have a drainage 
scheme already. 

Table 6 Financial attractiveness of drainage/ disposal scheme for an existing vineyard 
Criteria Vineyard development 

New Existing 
Average yield (tonnes!ha) 15.09 18.13 
BC Ratio 1.35 2.54 
NPV ($000) 899 3038 
BET (years) 8 0 
Annual NCF ($!ha) 5103 7888 

4.2.6 Crop choice 

Analysis of ND, DNB and DWB was undertaken for citrus, which is more sensitive to waterlogging than grapevines 
(Table 7). These results show that subsurface drainage is essential for a waterlogging sensitive crop such as citrus. 
Unlike grapevines the DWB outperforms ND for citrus. 

Table 7. Income and cost comijarison for a new citrus orchard under different drainage !disposal scenarios 
Drainage 	scenarios Basin area Yield (t!ha) Cost ($!ha) Net income ($Iha) 
comparison (ha) - 
ND to DNB 0(0.0) +33.37 (1269.0) +1376 (26.9) 	. +8335 (202.5) 

ND to DWB -3 (-7.5%) +29.37 (1117.0) +1628 (31.8) +7083 (167.7) 
DNB to DWB -3 (-7.5%) -4.0 	(11.1) +252 (3.9) -1452 (33.68) 
Figures in parentheses are the percentage change. 
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I 
The income and cost difference between ND and DWB indicated that subsurface drainage with an evaporation basin 
has about 168% higher returns than no drainage situation, which are much higher than for vines. These results 
indicate that DWB has greater potential for citrus that are highly sensitive to waterlogging. 

5. Conclusions 	
I 

1. 	Subsurface drainage with an evaporation basin is an effective strategy in controlling waterlogging and therefore 
improving crop yields, especially in crops that are more sensitive to waterlogging. 

2. 	The financial performance of a subsurface drainage scheme is better with larger farms because of economies of 
scale. 

3. 	Subsurface drainage systems with an evaporation basin are financially more attractive for crops with high yields 
and prices that are more sensitive to waterlogging. 

4. 	Irrigation management is a key factor in deciding the financial attractiveness of a drainage system. 
5. 	Subsurface drainage with an evaporation basin has greater economic viability for existing planting than for new 

developments. 
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I

Abstract 

Land treatment of wastewater using cropping and forestry are often considered less economical than engineering 

I 	
solutions due to cost of winter and wet weather storage and adverse impacts on reuse site. In order to overcome 
problems associated with traditional wastewater disposal schemes, the FILTER (Filtration and Irrigated Cropping for 
Land Treatment and Effluent Reuse) technique was developed at CSIRO, Griffith. FILTER combines the use of 
nutrient-rich wastewater for intensive cropping with filtration through the soil to a subsurface drainage system. This 

I 	technique thus has the capacity to handle high volumes of wastewater during the periods of low cropping activity or 
periods of high rainfall. In order to produce minimum-pollutant drainage water which meets general environmental 
criteria for discharge to surface water bodies, the wastewater application and subsurface drainage in the FILTER 

I 	
system needs to be managed to ensure adequate removal of pollutants, while maintaining required drainage flow 
rates. 

In this paper we describe the field evaluation of a pilot FILTER trial at the Griffith City Council sewage works site. 

I 	The trial was designed and operated as one of eight irrigation blocks of a proposed 120 ha commercial FILTER 
system, required for around-the-year treatment of all Griffith's sewage wastewater. The field data from the winter 
cropping season of 1998 including hydraulic flows and removal of pollutants such as nitrogen, phosphorus. BOD, 

I 	
suspended solids, oil and grease, chlorophyll-a, and E.coli are discussed. Results indicate that a well rnana2ed 
FILTER technique can reduce pollutant levels in drainage waters below NSW EPA limits, while maintaining 
adequate hydraulic flow, crop yields and nutrient removal to potentially make it a sustainable system. 

I
Keywords 

wastewater treatment, pollutant removal, hydraulic properties, controlled subsurface drainage. 

I Introduction 

I 	The FILTER (Filtration and 
IniiTated cropping for Land 

Fig 1. Schematic diagram of FILTER p'ots 
Treatment and Effluent Reuse) 
technique was developed as a 
new approach for sustainable 	 o irrQatr ue, 
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filtration through the soil to an 	 - 
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activity and/or high rainfall. In this system wastewater application and subsurface drainage is controlled in order to 
achieve adequate nutrient removal by the soil bio-chemical processes and crops, thereby producing low-nutrient 
drainage. This drainage water needs to meet EPA criteria for discharge to surface water bodies or EPA criteria for 
non-potable reuse. This system involves manipulation of the watertable depth above the subsurface drains by 
controlled pumping from the drainage system. The drains are located at about 1.2 m deep at a spacing of 8-10 M. 

The system needs to be managed to provide optimum conditions for crop growth and pollutant removal, while 
maintaining the required drainage flow rates. 

Each fortnightly effluent application cycle or filter event consists of four consecutive stages. These four stages are 
effluent application (irrigation), followed by a post-irrigation equilibration period and by a pumping period (until 
drainage outflow approximately matches the net inflow) and finally a no-pumping equilibration period (leading to 
flattening of the watertable). The manipulation of these four-stage effluent application and drainage operations 
could be used to maximise the removal of nutrients, and increase the uniformity in nutrient distribution and retention 
in the soil across the FILTER plots. 

Preliminary testing of the FILTER technique on one-hectare plots showed that the FILTER system met its objectives 
of reducing nutrient in drainage waters below EPA limits, while maintaining adequate drainage rates (Javawardane 
et aL, 1 997a, b). In addition, significant crop yields were obtained, which could be used to offset costs in a 
commercial system. The other beneficial effects were reduced suspended solids, increased N:P ra:io and the 
potential to use the technique to ameliorate saline soils as well as handling saline effluent. Initially, the 
concentrations and loads of salt were increased in the drainage waters compared to incoming effluent load and this 
was mainly due to leaching of accumulated salts which had built up in the soil profile through previous effluent 
application without subsurface drainage. However, after a certain period an equilibrium will be reached and there 
will be no additional leaching of salt from the soil profile. Salt in the drainage water will then be due to the 
incoming effluent. 

After the successful and encouraging results of the preliminary FILTER trials, a commercial FILTER system was 
planned on Griffith City Council's land which is located close to its sewage works site. The commercial FILTER 
system is planned to be easily operated and managed by council staff. This system will consist of eight irrigation 
blocks of which six will be located on a 100 ha allotment at the experimental site. Each irrigation block is 
approximately 15 ha. It is proposed that each of the eight irrigation blocks will be irrigated with sewage effluent for 
two days on a sixteen-day rotation.. The irrigation rotation period will be shortened if one or more blocks are out of 
rotation for agronomic management practices, such as planting or harvesting. This will allow for continuous land 
treatment of the Griffith's sewage effluent throughout the year. If the pilot trial indicates that a larger land area is 
required to ensure sustainability, additional irrigation blocks could be added and the rotation system adjusted 
accordingly. 

Presently we are researching the performance of one (15 ha) of the proposed 8 irrigation blocks, when it is managed 
according to the plans for running a commercial FILTER system at the site. This paper presents the field results on 
the hydraulic flow, pollutant removal and crop growth measurements during the first winter cropping season. 

Materials and Methods 

To establish the pilot FILTER trial, the site was laser levelled to provide an irrigation slope of I :-000. Four 
irrigation bays (430 m long by 82, 80, 86 and 102 m wide) with 0.4 m banks were constructed to provide good 
control of irrigation. A subsurface drainage system was installed within the pilot trial area, which was connected 
through the collector drains and the main drain to the main sump, fitted with an electric pump and flow meter. The 
subsurface drains were spaced 8 m apart at a depth of 1.2 m. The irrigation channels and associated structures for 
controlling and monitoring irrigation were installed. A dethridge wheel, MACE flow and current meters were used to 
measure irrigation and drainage volume. 

A 200 m long ag-pipe was installed lengthwise (in the south-north direction) in the bottom half of each of the bays. 
at 1.3 m depth. These ag-pipes were located approximately at the mid-width of the plots, and placed exactly at the 
mid-distance between the two previously installed central ag-pipes of the sub-surface drainage system. All these ag-
pipes were connected to a vertical PVC pipe, located just outside the bottom end bank of each bay. The watertable 
height inside this vertical PVC pipe indicates the watertable height in each of the four bays. 

In autumn 1998, two of the bays were sown with Coolibah Oats (90kg/ha) and 150kg of diammoniui:: phosphate 
(18:20) fertiliser was drilled in with the seed. The other two bays were planted with rvegrass pasture mix: 17 kg 
multimix, 6 kg demeter fescue, 8 kg Victorian rye and 5 kg guard rye per ha. Eight irrigation FILTER e ents. of 
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weeks duration each, were carried out during that winter cropping season. Each FILTER event consisted of four 

	

I 	
stages, namely a two-day effluent application period, a one-day post-irrigation equilibrium period, a 8-10 day 
pumping period and finally a no-pumping period to allow a flattening of the water table. 

	

I 	

Measurement of drainage rates and soil hydraulic properties 

An important factor in optimising the design and operation of the FILTER system is the maintenance of adeuate 
flow rates to the drains during the pump down period. The drainage flow rate depends on the hydraulic conductivity 

	

I 	
at different soil depths, depth to impermeable soil layers, depth of the drains and the spacing between drains. Hence 
the creation of soil macroporosity during FILTER installation to increase the soil water storage and soil hydraulic 
conductivity, and the maintenance of the macropores during subsequent FILTER operations are important 

	

I 	

considerations. 

Accurate measurements of the soil hydraulic characteristics that influence flow rates to the sub-surface drains are 
necessary to optimise the drain spacing and depths for a given site. These measurements need to be representative of 

	

I 	
the whole FILTER plots. A method to evaluate such hydraulic characteristics of the entire field plots, which uses the 
drainage flow rates and watertable depths measured in the field is described by Youngs (1985). For subsurface 
drains running normally without back pressure Youngs (1985) found the Hooghoudt's equation could be simplified 

	

I 	

to: 	

= 	 (1) 

	

I 	
where q, is the drainage flow rate (m sd); H. is the water table height (m) at the midway point between the drains: K 
is the saturated hydraulic conductivity of the soil (m s'); and 2D is the spacing (m) between drains and a is a 

coefficient given by: 

i 

	

I 	 = 2t_JD 

(2) 

	

I 	
where d (m) is the depth below the drain to the impermeable layer and 0 !~ dID 0.35. For the situation where d D 

—* oc, the value of a was found by Youngs (1985) to be approximately equal to 1.36. Where dID = 0, the value of a 

is equal to 2.0. 

I Rearranging (2) and substitutin the value of the watertable height at a given time (H) for Hm, we obtain 

q1 = 

logq, = alogH, + [logK - alogD] 	 (4) 

I From Eq. (4) it is seen that q, equals K, when H, equals D. Thus in field experimental test plots in which the 
maximum measured H, <<D, the estimated value of K is highly dependent on the accuracy of the measurement of 

I

slope a, which is used in extrapolating the data from the measured H, range to H, = D. 

Measurement of pollutant removal 

	

I 	
Continuous irrigation and drainage water samples were collected using a GAMET auto sampler and a sample 
bleeding tube arrangement, respectively. Samples were stored at 4°C before analysis for pH, electrical conductivity 

(EC), biochemical oxygen demand (BOD5), total suspended solids (TSS), ammonium, oxides of nitrogen (NOt), 

	

I 	
total kjeldahl nitrogen (TKN), total phosphorus (TP), chiorophylla, total faecal coliforms, and oil and grease. 

Analyses were carried out following APHA, AWWA and WEF methods at the Analytical Services Laboratory of 
NSW Department of Public Works artd Services, Lidcombe, Sydney 2141. 

	

I 	
The soil profile was sampled up to a depth of 2 m and the core divided into intervals of 20 cm. The samples were 
analysed following the methods of Rayment and Higginson (1992) for 2M KCI extractable ammonium and NO, 

(method 7C2), Colwell extractable P (method 9132), 1:5 soil:water pH and EC (methods 4A land 3A I) to assess 

I 	
nutrients and salt in the profile, at the beginning and end of the cropping season. The pasture and oats were cut for 
hay in November 1998, dry matter yields were recorded. The crop was analysed for total N using Etheridge et a. 
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(1998) method whereas total P and micronutrients were determined using Zarcinas ci al. (1987) method in order to 
estimate nutrient removal. 

Results and Discussion 

Drainage rates and soil hydraulic properties 

The relationship between drainage 
flow rate (q) and the height of the 
watertable measured at the mid-
point between sub-surface drains (H 
or Hm) in the pilot FILTER plots 
during the pumping period of filter 
events 3 to 8 is given in Fig. 2. 
Analysis of this data using equation 
4, yields values of K and a of 
7.26x10 7  m/s and 1.21, respectively. 

The value of a indicates that 
substantial flows occur below the 
depth of the drains to the sub-surface 
drains. The q t  on H relationship for 
different filter events appears to 
overlap and does not show any 
trends during successive filter 
events. This indicates that the soil 
hydraulic properties have not 
changed substantially during the 	Figure 2. Relationship between flow rate and watertable height in the pilot FILTER plots 
winter cropping season. 

A comparison of the predicted 	-15 

relationship between q and H 
worked out from previous FILTER 
trials, with those observed for the 
pilot plots is given in Fig 3. The 
predicted line is based on the whole 

	18 

plot soil hydraulic properties 	-19 
measured on the preliminary one 
hectare plots and adjusted for the 

	Li.. -20 	 y=1.2131x-15.817 

change in drain spacing of the 	_J -21 	 R2=0.6108 
present pilot trial in equation I. The 
predicted line shows a good fit with 

	-22  

the measured data indicating similar 	 -3 	-2.5 	-2 	-1.5 	-1 	-0.5 

soil 	hydraulic 	properties, 	 Ln Watertable height (m) 

FILTER bays and the drainage 
irrespective of the size of the 	

Pilot study - - - . Predicted 	 Linear (Pilot study) 

spacing. 	 Figure 3. Comparison of measured relationship between flow rate and watertable heights in 
the pilot FILTER trial with predicted values based on the preliminary experiments 

Pollutant removal 

In the pilot FILTER experiment, the total-phosphorus (TP) concentrations were reduced from a mean value of 6.1 
mg/L in the applied effluent to a mean value of 0.39 mg/L in drainage waters, which was far below the EPA limit of 
I mg/L as shown in Table I. In contrast, total nitrogen (TN) concentrations were initially high due to leaching of 
pre-FILTER soil accumulated nitrogen, which then fell below 10 mg/L after FILTER event 4. However, the overall 
TN concentration in drainage water throughout the season was 15 mg/L and matched the EPA limit for freshwater 
discharge. Moreover, during the following summer cropping season, the drainage water always had TN below 10 
rng/L. With respect to BOD5, total suspended solids, chlorophylla, oil and grease, and E.co/i levels in drainage 
water, these were all well below the EPA limits. 
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The incoming and outgoing load of pollutants at the FILTER site as well as the pollution load reductions for TP. TN, 

I 	
BOD5, chiorophylla, E.coli and oil and grease are given in Table 1. During the period of eight effluent irrigation and 
filtration cycles, pollutant load reductions for TN, TP, and BOD were 57, 96 and 95% respectively. In addition to its 
nutrient removal capacity, FILTER completely removed all of incoming effluent's pathogen (E.coli), chlorophvlla, 
oil and grease loads. 

Table I. Pollutant concentration and pollutant load reduction during winter Filtration 1998 

Pollutant from Griffith 	Pollutant concentration 	Pollutant loads 	%Load 

I sewage effluent 	 (mg/L)' 	 (kg/ha) 	removal 

Incoming FILTER Effluent Drainage 
effluent 	drainage 

Total phosphorus 6.1 0.4 46.7 1.7 96 

Total nitrogen 19.0 15.0 131.0 56.0 58 

Organic nitrogen 6.3 1.5 46.3 6.0 87 

Ammonium-N 12.5 0.2 84.0 6.1 99 

Nitrate-N 0.4 13.3 1.7 49.0 increase 

BOD5 10.3 0.6 81.5 3.9 97 

Chlorophyll, 0.1 0 1.3 0 100 

Oil and grease 1.8 0 15.9 0 100 

Total suspended solids 70.8 16.9 573.0 88.8 85 

E.coli(CFU/lOOmL) 9 0 - - 100" 

E.coli is expressed as colony forming unit (CFU) per 100 mL Based on E.coii number in effluent and drainage 

Salt concentrations 	 EC (1:5) dS/m 
and loads in the 
drainage water were 	0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

higher than in the 	0 
effluent largely due 

-o--Pdorto FILTER 
to leaching of the 	20 1 

-o- pre-FILTER 	soil 	 Ryeg lass bays 
40 

profile salt. As a 
ts 

Oats bays 
result, the salinity of 	60 
the soil layers above 
the drains in the 	80 
pilot trial were 

100 

0 

without building up 	200 '- 	_________ 	 _____ 	 1 2 3 4 5 6 7 8 

salt 	in 	the 	soil 	
Filter event 

profile, but can also 	
Figure 4. Effluent and drainage water salinity and salt in FILTER soil profile during winter 1998 

ameliorate previously salinised sites. 

Crop growth and nutrient removal by crops 

Good dry matter yields of oats (8.9 t/ha) and pasture (14.3 t/ha) were obtained with substantial removal of N. P. K. 
Ca, Mg, Na, boron and heavy metals including copper, manganese, and zinc (Table 2). During the same timeframe 
net addition (effluent minus drainage) of N and P was 76 and 45 kg/ha respectively. This explains the measured 
depletion of the soil nitrogen storage and an increase in the soil phosphorus storage, during the winter cropping 
season. This data needs to be combined with nutrient addition and removal during summer 1998 cropping season in 
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season. This data needs to be combined with nutrient addition and removal during summer 1998 cropping season in 
order to calculate the land area required to maintain annual nutrient balance, and to develop short-term and long-term 
options for nutrient management. 

Table 2. Removal of nutrient and heavy metals by crops in pilot FILTER trial, and addition ofN and Pin the effluent 

Crops 	DM yield Nutrient and heavy metal removal (kg/ha) 
(t/ha) 

N P K Ca Mg Na Cu Mn Zn B 

Pasture 	14.3 	182 21.4 142 19.8 12.3 47.8 0.03 0.56 0.21 0.08 

Oat 	8.9 	76 	19.9 	131 	12.1 	8.82 	69.2 	0.03 	0.63 	0.34 	0.08 

Supplied by effluent 	76 	45 

However, these results emphasise not only the use of nutrients from wastewater for cropping, but also the economic 
benefits through crop production. Further, through the combination of FILTER design and cropping management it 
will be possible to avoid build up of nutrients, salts and heavy metals at the reuse site. 

The results from the pilot FILTER trial during the winter 1998 cropping season showed that a well managed sstem 
can maintain adequate hydraulic flow rates to the subsurface drains and reduce pollutant levels in drainage water 
below NSW EPA limits. The FILTER provides economic benefit when crops are grown commercially. Through the 
combination of an appropriate FILTER design and irrigationldrainage/cropping management, it should be possible to 
develop a sustainable system, which avoids build up of nutrient, heavy metals and excessive salt at the reuse site. 
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MINING GROUNDWATER FOR SUSTAINABILITY IN THE 
MALLEE REGION 

STEVE BARNETT, Groundwater Program, Primary industries and Resources, SA 
GLENNIS McKEE, Murrayville Groundwater Taskforce 

Introduction 
The Mallee Region of South Australia and Victoria is a traditional wheat and sheep grazing area which has been 
undergoing serious rural decline (declining population, loss of services etc). The sole water supply for farms, towns. 
and irrigation, is the extensive Murray Group limestone aquifer which lies about 50 m below the surface. The 
increasing development of irrigation (mainly for potatoes using centre-pivots) has injected over $10 million into the 
region annually, but has raised two important issues - the sustainability of the development of the resource, and local 
drawdowns around areas of concentrated pumping. 

Sustainability 
In recent years, there has been a growing awareness of the imperative to achieve ecologically sustainable 
development of our resources. With this awareness has come a widespread recognition of the need to consider the 
long term effects of groundwater development on surface water availability, on natural ecosystems, and on the 
availability of water resources for future generations. 

Most estimates of sustainable yield in Australian groundwater management rely on an extraction volume based on 
the average annual recharge rate. It is now widely recognised that this concept of safe yield is no longer valid for the 
purposes of sustainable management of groundwater systems over the long term, particularly in the context of 
ecologically sustainable development (Evans et al, 1998). 

Sophocleous (1997) previously observed that under natural conditions, recharge is balanced in the long term by 
discharge to springs or streams. Consequently, if pumping subsequently increases to equal recharge, the discharge 
will decrease and probably cause adverse environmental impacts. 

Evans et al proposed that sustainable yield in relation to Australian aquifers be defined as the level of extraction that 
should not be exceeded in order to protect the higher value uses associated with the aquifer over a specified 
planning timeframe. These may be agriculture, ecosystems, infrastructure, industry or other activities which are to 
some extent dependent on groundwater, and which the community reasonably expects will be maintained or 
developed for a defined period. The task of determining and ranking the value of potential uses/demands for any 
aquifer is likely to be a subjective process that will require a combination of community input and expert opinion. 
Achieving sustainable management will take considerable time, money, effort and ingenuity. 

The Mallee Situation 
Circumstances in the Mallee are unique. In the main aquifer developed for irrigation,town water supplies and stock 
and domestic purposes, the Murray Group Limestone, groundwater moves slowly from the margins of the Murray 
Basin in southwest Victoria toward the River Murray where it discharges (Fig.1). Current recharge rates in the semi-
arid climate are low, less than 1 mm/yr. In fact, the large areas of good quality groundwater (Fig. 2) were probably 
recharged about 20 000 years ago during wetter regimes (Leaney and Herczeg, 1999) in areas of deep sand, such as 
the Sunset and Big Deserts. The effects of clearing have not yet reached the deep watertable, but when they do. not 
only will water levels rise, but salt previously stored in the unsaturated zone will be flushed into the aquifer and 
potentially raise its salinity by up to 3000 mg/L where it is unconfined in the west of the region. 

The main attribute of the Murray Group Limestone aquifer in this region is its thickness, which averages over 100 m. 
with a maximum of about 140 in on the SA/Vic border to the north of Pinnaroo (Fig. 3). The volume in storage is 
estimated at 100 million megalitres, with a rate of groundwater movement of only 0.5 m/yr. Fully penetrating bores 
(about 180 m deep) yield up to 60 L/sec from open hole completions over the bottom 100 m. 

There are no ecosystems dependent on groundwater, and it could be argued that it would be beneficial if saline 
groundwater discharges to the River Murray were to be reduced in the very long term by extractions in the Mallee. 
Also, if the current rate of rural decline were to continue, there would be virtually no future generations left in the 
Mallee to benefit from the use of the groundwater resource in years to come. 
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Figure 1 Potentiometric surface contours for the Murray Group Limestone aquifer 
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Figure 2 Salinity zones for the Murray Group Limestone aquifer 
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Figure 3 Murray Group Limestone aquifer thickness 

Previous Management Strategies 
The current management strategy in South Australia, which is currently under review, allows for controlled deple:on 
or mining of the huge reserves in storage. The Permissible Annual Volume (PAV) is based on components of 
recharge, lateral throughflow and mining of storage which would result in a drawdown of no more than 5 cm/yr 
(Harris and Barnett, 1986). In Victoria, the current policy does not allow mining, and because the limestone aqunr 
is confined (no vertical recharge), only lateral throughflow is considered in determining the PAV which is 
consequently more conservative than SA. 

Current Investigations 
Evaluation of recent drilling information has shown that the Murray Group limestone aquifer is also confined in 
South Australia where most of the extractions are taking place. This has several consequences. Firstly, the 
extractions are from elastic storage and the current drawdowns (up to 14 m) are declines in the potentiometric su_ace 
and do not as yet, represent dewatering of the aquifer. Secondly, there is no contribution to the aquifer from ver:c.l 
recharge, which is a long term blessing because the aquifer will be protected from the salt being flushed down 
through the unsaturated zone. 

Examination of the potentiometric surface for the underlying confined Renmark Group aquifer and construction cf a 
five layer MODFLOW groundwater model of the area (Yan and Barnett, this volume), have confirmed that upwa± 
leakage from the Renmark Group makes significant contributions to the water budget for the Murray Group 
limestone aquifer that has not been previously considered in management plans. 

After taking the derived inflows, outflows and inter-aquifer leakage volumes from the model (Fig. 4), and assu 
that current extractions were to increase by over three times to reach the maximum PAV, the mining of the resou:: 
would lead to a depletion of only 15% after 300 years, mainly due to the huge amount of groundwater in stora 
(100 million ML). Obviously, the drawdowns and salinity levels will have to be carefully monitored and modch: 
for adverse impacts from irrigation and the management strategies fine tuned as more information becomes avaa:ie. 
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I
Local drawdowns 

I
A major issue for the dryland farmers is the drawdown associated with irrigation bores and the effect on stock and 
domestic bores which extend only a few metres into the top of the aquifer and are often over 40 years old. In S.A. the 
expansion of irrigation has been gradual, and irrigators have generally 'done the right thing' and paid for the 
deepening of pumps and bores, even though there was no legal requirement to do so under the legislation. 

I In Victoria however, the relatively sudden and concentrated development of irrigation in a small area close to the SA 
border caused a regional drawdown of 14 in by March 1998, which affected 32 stock and domestic bores. This 

I 	
understandably raised strong community concerns about the sustainability of the resource and culminated in the 
formation of the Murrayville Groundwater Task Force, a committee of 12 community representatives. A public 
meeting attracted 230 people. 

Negotiations with the managing authority, Wimmera Mallee Water, ensured compensation for the costs of those 
affected (which was paid by the irrigators), and established cost sharing arrangements for future development. These 
include the installation of low flow cutoff switches at the landowner's expense, the lowering of pumps at the 
irrigator's expense, and a sliding scale of landowner! irrigator contribution for bore replacement depending on the 
age and casing type. 

Management Options 
Managementplans are being formulated for the Mallee area in both States. In SA, a Water Allocation Plan is being 
prepared for the Mallee Proclaimed Wells Area, whilst in Victoria, preparation of a Management Plan is underway 
for the newly designated Murrayville Groundwater Supply Protection Area. The current cross-border cooperation in 
technical matters should continue in the policy area to ensure that sustainable development of the common aquifer is 
not hindered by superficial State boundaries and political interference. Extensive community consultation and 
education is also an essential ingredient in this process. 

Figure 4 Water budget for the Mallee Region (a) before irrigation (b) after 30 years of maximum PAV irrigation 
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Prioritising Salinity Management in the Goulburn - Broken Dryland 

Bruce Gill', Greg Holland2  ,Bill Trewhella2, Xiang Cheng', and Mark Reid' 

ABSTRACT: This paper describes the process developed to prioritise the salinity status of 69 dryland sub-
catchments within the Goulburn - Broken Catchment. Using the available data throughout the catchment, scores 
were given for 6 key salinity parameters, namely discharge to land, discharge to streams, high water table, rising 
watertable, groundwater salinity and land clearance. A scoring system was developed which took into account the 
reliability and availability of data. A process to check the validity of the scores and overall rankings using expertise 
from throughout the catchment was also included in the study. The resultant ranking table allowed 16 high priority 
sub-catchments to be defined. This prioritisation exercise provides an objective system by which salinity monitoring 
and management expenditure decisions can be supported. 

Background 

In the Goulburn - Broken Catchment in North Central Victoria, significant on-ground works have been carried out 
during the last 10 years.to  combat dryland salinity . Despite these works it is uncertain as to whether the current 
monitoring and implementation programs are targeted to the most appropriate areas. 

With the need to weigh up the merits of salinity management projects in over 69 sub-catchments, a less subjective 
decision support system was required. It is with this aim in mind that the following project was undertaken. 

The project utilised the greatly enhanced GIS database and mapping capabilities that are now available to make 
assessments of 69 sub-catchments (or parts of sub-catchments) in the Goulburn - Broken Catchment. These sub-
catchments represent the more significant tributaries, but it is recognised that more detailed sub-divisions may be 
made in the future. 

The key task was to systematically rank all the Goulburn - Broken Catchment Dryland sub-catchments in terms of 
the severity of existing salinity problems and future salinity risk. The catchment ranking produced will be used b 
the Goulburn - Broken Catchment Management Authority to prioritise works, identify areas where planning 
controls may be necessary, and expose areas where monitoring data was inadequate. 	 I 
However it is recognised that in identifying sub-catchments in need of salinity mitigation works, a separate decision 
making process is necessary to determine the type of works that are appropriate. For example, some priority sub-
catchments may have little prospect of effective groundwater pumping due to the absence of suitable aquifers, hence 
incentives for groundwater pumping would not be applicable. These catchments may therefore be more suitable for 
agronomic or saline drainage management options instead. 

Method 

Measures of Catchment Salinity Status 

The sub-catchment boundaries of 62 defined sub-catchments were adopted in this exercise. However, due to 
significant differences in topography and salinity issues in sub-catchments containing both lowland hills and plains. 
seven were further sub-divided into plains and uplands sections. Of the 69 resulting sub-catchments, CLPR carried 
out assessment on the 53 upland sub-catchments (Cheng 1999) and SKM assessed the 16 plains sub-catchments 
(Goulburn-Murray Water 1999. G-MW was responsible for coordinating the whole exercise and in developing 
consistency across all the sub-catchments. 

I 

I 

I 

I 
Si,,clair Knight Merz, 11013ox 260 Tatura. 3616 
Goulburn - Murray Water, POBox 165, Tati,ra 3616 
Centre for Land Protection Research, 110I3ox 3100, Bendigo 3554. (Dept. Natural Resources, Victoria) 
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The broad causes and symptoms of dryland salinity in the Goulburn - Broken Catchment are reasonably well 

I 

	

	
understood. Based on this broad understanding, a group of key parameters was developed against which each sub- 

catchment could be scored. 

The following listing is the initial group of potential salinity related parameters that were developed to assess the 

I 

	

	physical attributes of catchment salinity status together with an indication of local community readiness to recognise 

and confront salinity issues. The key parameters ultimately used for the ranking process are the 6 highlighted. 

I
D 	Groundwater discharge to land(ie known salt pro b/ems) 
D Groundwater discharge to streams (ie elevated stream salinities) 
0 	Watertable depth (ie risk of salinity problems) 

I
D 	Rapidly rising watertables (ie risk of salinity problems) 
D 	High groundwater salinity(ie severity of land or stream salinisation) 
0 Land clearance (major causalfactor) 
0 Land use (impact of salinity and management options) 

I D The catchment geology (landscape predisposition and expression of salinity) 

0 The level of community support (likely success of management programs) 

o The current level of monitoring (adequate or inadequate) 

I
D Recognition of previous priority areas 

After some initial attempts to prioritise some trial catchments using the above list of parameters, it was realised that 

the main outcome desired was to rank the sub-catchments purely on the current salinity indicator conditions. 

I 

	

	Parameters such as the current level of monitoring, level of community support or geology were excluded from the 

ranking excercise for the following reasons: 

I . 	The level of community support is a management or implementation issue rather than a salinity risk factor. It 

should therefore be considered at a later stage when options for salinity control are considered. 

I
. 	Geology and land use have a significant role in groundwater hydrology, however their affects are indirectly 

considered within other groundwater related parameters. Where the geology is considered to be a significant, 

salinity risk factor it has been noted, but not included as one of the scored parameters. 

I . 	The current level of monitoring was initially to be used as a major 'skewing' factor to raise the ranking of 

catchments with little or no data. Catchments without bores for example would have received the maximum 

score for watertable depth. After trialing this approach, it was considered more appropriate to identify those 

I 

	

	catchments with inadequate monitoring. In this way, sub-catchments where there was little available data 

would be ranked relative to the available information but the need for investment in monitoring would be 

clearly identified. 

I Data sources 

The results of the assessment for each sub-catchment is dependent on the data available. Data relevant to key 

I 	
parameters was collected from available maps, reports, files and public or community monitoring databases. The 

main activities related to the collection and interpretation of the existing information are described below: 

D Discharge to Land Known groundwater outcropping and salinised soil areas. A GIS discharge layer mapped 

I 

	

	by Allan (1994) was used to calculate the area of discharge to land. Any additional information from 

government or community groups was also considered. 

0 Discharge to Streams - Information on long term stream flow and salinity data was used to infer salinity levels 

I 

	

	due to either groundwater baseflow or salt wash-off from discharge areas. Some spot stream salinity data was 

also used. (Cook 1995 and Cook 1996) 

D High Watertables - Recent standing waterlevels in shallow boreswere used in conjunction with discharge area 

and topography to determine if a high watertable occurred, and if so, an estimate of the area. 

D Rising Watertables - Where adequate time series data was available for observation bores, hydrographs were 

assessed for rising or falling trends. 

I 
I 
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I 
D Groundwater Salinity 	Observation bore salinity records were used to characterise the sub-catchment 

groundwater salinity. 

D Land Clearance - The percentage of forest cover in each sub-catchment as determined from the 1:1 00,000-scale 

tree cover mapping in the GIS was used. 

Scoring Procedure 

It was agreed that existing saline discharge to land and streams are the most obvious symptoms of the economic and 

environmental damage arising from salinity. High watertables, rising watertables and land clearance were 

considered to be the main underlying factors of equal importance. Therefore, using the available data all sub-

catchments were given a score out of 10 for each of the above parameters with the exception of groundwater 

salinity. 	 I 
Although at higher salinities, groundwater has a greater impact on stream salinity, the impact on land salinisation is 

less critical. The long term presence of a shallow watertable can lead to waterlogging and significant land 

salinisation irrespective of the groundwater salinity. Groundwater salinity was therefore given only half the 

weighting of the other parameters (i.e. a score out of 5).. 

Many sub-catchments had only limited stream salinity data or no stream data at all. In many cases, the data 

available was drawn from a range of lower reliability sources rather than formal monitoring programs. In many 

cases it was impossible to allocate an informed score. 

There is likely to be some interaction between the colluvium/weathered bedrock mantle and the fringe riverine plain 

sediments at the fringes of the uplands. This potential interaction is relevant for development of remedial actions 

and monitoring strategies at the individual sub-catchment scale. Where this interaction is considered likely, 

comments highlighting likely interface issues were added to the ranking table. 

Ranking Process 

The average of the available parameter scores for each sub-catchment was computed and used for an initial priority 

listing. The results were used at a workshop attended by various people familiar with local characteristics of each 

sub-catchment. Recognising that scoring each parameter contains an unavoidable degree of subjectivity, extension 

staff and community representatives were able to discuss parameter scores and make adjustments if appropriate. For 

some sub-catchments, perceived similarities with other areas within the catchment justified modifications to a score. 

Through this process. care was taken to check for consistency across the Goulburn - Broken Catchment and the 

local input provided greater confidence to the scores given to each sub-catchment. 

Based upon final ranking results, the 53 upland and 16 plains sub-catchments were divided into three priority 

groups, namely: high, moderate and low. However, the division of ranking into these categories is somewhat 

arbitrary. The considerable data variability and subjectivity applied in deriving some of the scores limits the ability 

to put definitive order to the rankings. In other words, the final ranking must be seen as a working document rather 

than as set in concrete order'. More detailed comparison of closely ranked sub-catchments. or subsequent 

consideration of other salinity management factors highlights the use of the ranking as no more than an aid to 

decision making. 

Results 

Ranking Summary Table 	 I 
Summary tables produced for the Goulburn-Broken Catchment list all the sub-catchments with their scores and 

comments. They have been separated into plains and uplands sub-catchment groups because the salinity impacts 

and management options between the two physiographic divisions are likely to be substantially different. 	 I 
Of the uplands catchments, 21 of the 53 have discharge sites mapped. The majority of these sites are found at break 

of slope locations or along stream incisions. Discharge sites are largely unknown in the plains sub-catchments. with 

only one having known discharge distant from the break of slope. 
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I 
Stream gauging stations are present in only 27 of the 69 sub-catchments. Trend analysis results available for some 
of the gauged creeks providing improved confidence in the score. For many of the ungauged sub-catchments, spot 
salinity readings have been collected over two different years providing a score of moderate confidence. For the 

I 	
remaining catchments, determining the lack of data was a key outcome of the process. 

There is a large variation in the quality and quantity of groundwater monitoring data in both the upland and the 
plains catchments. Of the 69 sub-catchments, 46 are considered to have inadequate groundwater monitoring. 

I 	The majority of catchments have more than 50% vegetation clearance, although the range is from less than 1% 
clearance in the mountainous south to nearly 100% clearance in many of the plains sub-catchments to the north. 
Many catchments therefore score quite highly for the land-use parameter. 

I 	

Discussion of Results 

Based on the ranking order and the priority divisions used, in the uplands there are 12 high, 19 moderate and 22 low 
priority sub-catchments. Within the plains, there are 4 high priority, 7 moderate and 5 low priority sub-catchments. 

It is notable and not unexpected that the highest ranking catchments generally have a very high percentage of the 
land cleared. It has long been recognised that land clearing is a major causative factor in dryland salinity. 

Sub-catchments with inadequate monitoring of groundwater and stream salinity have been clearly indicated. It 
should be noted that the scores only reflect an 'average' priority for the sub-catchment. For example, sub areas 
within a moderate priority sub-catchment may have significant salinity problems and a high priority at that smaller 
scale. This particularly applies in a large sub-catchment such as the Broken River/Creek sub-catchment. 

It is also necessary to clearly highlight the limitations of the prioritisation process. Although one of the main aims 
of the project was to develop a more objective method of identif'ing areas most in need of resources to combat 
salinity, the variability in data quality and coverage has meant that many scores are inevitably based on subjective 
assessment.. Other scores may have been derived by extrapolating limited or unevenly distributed point data, for 
example observation bore readings targeted within saline discharge areas. 

Nevertheless, the ranking tables do provide a starting point from which to begin addressing known dryland salinity 
problems. As additional data is collected and improvement to our understanding of the salinity condition of each 
sub-catchment evolves, so too would the sub-catchment rankings change over time. 

Conclusions 

o 69 dryland sub-catchments in the Goulburn - Broken Catchment were assessed for salinity status and risk. The 
ranking process produced 16 high priority, 26 medium priority and 27 low priority sub-catchments. High 
priority sub-catchments are predominantly cleared of their indigenous vegetation.. 

n The majority of presently salinised land occurs at the fringes of the uplands (break of slope) and along drainage 

I
lines. 

D The method developed could be readily transferred to other catchments in the Murray-Darling Basin. 

ID 
	Due to the variability in data quality and availability, the results of the ranking process should not be considered 

as a final product, but rather a working document which may be modified as a greater understanding of the sub-
catchment is gathered. 

D The ranking tables produced will provide useful input to the Goulburn-Broken Catchment Management 
Authority Salinity Management Planning process to support management and monitoring funding decisions. 

I 
I 
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I 
D The results of the assessment should be regularly reviewed as more and better data become available. The 

format of the formal scoring process provides a ready reference for inclusion of new data as it becomes available 

and supplementary comments can be re-assessed at any time. It is expected that individual sub-catchment 

priorities will be reviewed on a needs basis while the overall catchment priorities can be reviewed as part of the 

Catchment's Salinity Management Plan five yearly review process. 
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Community Salinity Planning (Central West NSW) 
Elita Hurnph ries, Salinity Strategic P/ann er, 

I)epartnient of Land and Water Conservation, Wellington, NSW 

ABSTRACT 

One of the greatest environmental threats facing the Central West of NSW is Saliniix. 
The Central West Catchment Management Committee (CWCMC) has recognised that 
dryland and irrigation salinity requires immediate attention. A Strategic Plan is being 
developed to ensure that it is addressed appropriately and effectively. This plan offers a 
management approach which reflects a catchment perspective, identi'ing high hazard 
areas and then suggesting possible tools or techniques that will assist in achieving 
change. The process is based on the subjective evaluation of five criteria (geology, 
soils, landuse, slope and hydraulic loading) and exploring their individual and combined 
roles in salinity development. This project aims to promote community awareness and 
ownership of salinity within the Central West. 

1. INTRODUCTION 

The Central West Catchment includes the Macquarie, Castlereagh and Bogan Rivers, 
seen in I'igure 1 and 2. It is located to the West of the Great Dividing Range, but is 
Central to the State of NSW. The Catchment is 92,000 km2. approximately 10 percent 
of the Murray Darling Basin. The main drainage divisions of the Macquarie and 
Castlereagh Rivers head north west and join just before they meet the Darling River in 
the North of the Catchment. The Bogan River also heads north west and joins the 

Darling River downstream of the Macquarie. 

I 
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Figure 1. Central West Catch inent. NSW 
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I 
Salinity is regarded as one of the greatest environmental threats facing the Central 
West of NSW. It has been estimated that by the year 2050, the amount of salinised 
land in New South Wales will rise from current estimates of 120,000 hectares to 7.5 
million hectares (PMSEIC, 1999). The Central West Catchment Management 
Committee (CWCMC) have recognised the importance of salinity within the 
catchment, but they do not have a comprehensive understanding of its extent, severity 

and distribution. 

Dryland, irrigation and urban salinity are growing issucs within the catchment 
community, but to date, no management approach has been developed that identifies 
focus areas, providing positive direction to the community. The CWCMC have 

identified that salinity requires immediate attention. 

A strategic plan was needed to ensure that salinity was addressed and managed in the 
most effective way. This meant that the areas throughout the catchment that were most 
at risk from a current or potential salinity hazard could be recognised and given the 
necessary attention. More importantly, it would provide a catchment approach that 
identified the interrelationships that exist between biophysical features and land 
management occurring within the catchment. It would provide focus to areas that 
needed to be managed differently and in doing so, create benefits for the total 

catchment. 

The overall objective of the project is: 

Jo /)/ovide the Central West ('atchnient Management ( 'oinnnttee aiicl 
the conmninhly, wi/h a c/ear framework whereby salmity related 

activities are managed effectively and appropriately by all groups 
involved in their management 

More specifically, the plan will provide the opportunity: 
Joj'ocus our elforts and concentrate on high priority sal/lilly UiCU5. 

To provide effective methods of dealing with salinity throughout the catchmen/. 
To provide a bridge between current activitIes and future objectives. 
To improve the way we work together, striving for the common goal ?f ipro1 'ed 

catchnient management. 
Th provide insight to individuals living in the caichnient and improving theii 

mi are/less ?f the extent, distribution and severity of sal,nulv. 
To provide an opportunity to equate ac/n ities at a local scale to those thai are 

occurring throughout the cat chineiii. 
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2. BACKGROUND 

Project Initiative 

Recognition of the extent and scale of the problem, has until now, been the limiting 
factor in developing a strategic approach to salinity management. Natural Resource 
Government Agencies (Department 	of Land and Water Conservation, NSW 
Agriculture, Rural Lands Protection Board etc) have successfully recognised and 
addressed salinity issues at a local scale for a number of years. The majority of this 
work has occurred in response to community identification and concern and in most 
cases this has coincided within highly active Landcare Networks. 

The strategic planning process was initiated by Allan Nicholson, Salinity Investigations 
Officer from the NSW Department of Land and Water Conservation (DLWC). He 
saw the need to improve the way salinity related activities were approached within the 
catchment. He recognised the need to move away from salinity related activities being 
determined, in the majority of cases, by public outcry. While remediation activities in 
response to public demand were justified, the question arose as to whether enough 
attention was being given to other areas within the catchment. Mr Nicholson was 
confident that his activities and those of the Salt Team (Salinity staff working in the 
Central West) were aimed at the right areas. He also recognised the need for a more 
strategic approach to facilitate better planning of activities at a catchment scale. The 
DLWC, in conjunction with the CWCMC applied for National Heritage Trust (NI-IT) 

funding to support this planning process. 

The eighteen month project was approved and began in June of 1998. The first stage 
to this process was to determine what was required as project outcomes. The 
CWCMC outlined the following project objectives. 

I. 1111pïoVd direciioii ciiid activity occurring u',thin high risk catchinenis designated 

by the p/an 

Improved integration of i'orks occiuring by managing agencies u'ilhui high risk 

caichnients 

Greater cofliflhllility awareness of the extent and scale of salinity HI/In/i the ('en//al 

J4esI 

A management approach that iejlected a caichnieni perspective, ie. actn'ilies in 

one sub- caichmeni atfecii,ig the total catchnieni and uark plans that consider these 

/i,iks 

These objectives formed the foundation of the planning process. 
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Establishing an Audience 

	
I 

The diversity of stakeholders' and costs' involved in salinity, made it very difficult to 
plan for salinity in an integrated catchment manner. The only way to ensure planning 
success was to promote the involvement of key stakeholder groups throughout the 

project. 

In the early stages of the project, time was spent identifying and interviewing various 
groups within the catchment. These people included Landcare groups and 
coordinators, Local Government Officers, Rural Lands Protection Board 
representatives, NSW Agriculture staff, DLWC staff, University Employees, Murray 
Darling Basin Commission etc. Each of these groups identified the importance of 
encouraging community participation this would ensure that the planning outcomes 
were owned by the relevant stakeholder groups. All stages of the project were 
presented for comment to various community groups. The project's Steering 
Committee (CWCMC representatives) provided ongoing support for this process and 

continual community input. 

Developing a Community Plan 

To develop a community plan it was essential that the community had ownership over 
the project. The plan needed to incorporate the major concerns of stakeholders. These 
concerns were determined early on in the process and they highlighted the basic needs 
of stakeholders in improving their response to salinity. The plan needed to ensure that 
these issues were given consideration and addressed, while providing direction for 

future management. 

The major concerns of stakeholders are: 

I47hat is the cu,reiil salinity situalioli in the ('e,itral Wesi? 

What ui/I the future situation be? 
Who is res/)oflsihle for salinity management? 
What does 'salinity managenient iiicorporale? 
How can it he addressed in an integrated way with a caichmenl per.specliu'e? 
Do Federal, State and Local Agencies ack,'ioii'ledge the problem and do 117e.i Iicoe 

the skills tools to address it? 
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I 
1 	3. THE PROCESS 

I
Identifying Influential Criteria 

I 	
Salinity is a response to a system out of balance, it is a symptom of change in our 
environment. Rate of groundwater rise and the amount of salt stored in the landscape 
were identified as the two defining factors in salinity development. Poor data coverage 
for these two criteria meant that other data would need to be identified and utilised to 

I reach a similar outcome. The data listed below were nominated as preferable for the 

process. 

- Salt Producing Potential of Lithology 
- Geological Complexity Categorisation 
- Change in Slope Categorisation 
- Landuse Hazard Categorisation 
- Soil Salt Store Categorisation 
- Soil Permeability Categorisation 
- Irrigation Loading Categorisation 

Workshops were conducted for each of these criteria, where estimations were given 
for the percentage area of each category type. These areas were verified using spatial 
data in ArcView GIS. The percentage areas were multiplied by a subjective factor that 
indicated the hazard potential for that category. An example of the landuse factors 
used in this process are given in Table 1. These values represent a relative \vater use 

efficiency' factor for each land use type. 

Cropping 	 - 10 

Annual Pasture 9 

Perennial Pasture (low water use) 6 

Perennial Pasture (high water use) 2 

Horticulture 8 

Timber I 

Infrastructure (urban, water etc) 10 

Table 1. Landuse Hazard Factors 

These values were added together to obtain an overall value for each criteria, for each 
of the 37 sub-catchments. This value represented a 'hazard potential' for that criteria 
Each of the criteria were then given a relative weighting against each other (1-10), to 
be used in a multi-criteria analysis process. This information aimed to highlight the 
significance of certain criteria in the overall development of salinity throughout the 
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catchment. There were mixed opinions on the most appropriate way of weighting thes 
criteria, however two schools of thought were evident. The first gave greate: 
importance to the 'modifiers' of salinity such as Landuse and Irrigation loading. Th 
second regarded the salt producing potential of the landscape to be the definin facto: 
Using either of the weighting options resulted in very similar outcomes, however t 

CWCMC regarded the 'modifiers' as being more important in the future manatemer: 
of salinity and hence the weighting's indicated this, seen in Table 2. 

Salt Producing Potential of Lithology 4 

Geological Complexity Categorisation 6 

Soil Salt Store Categorisation 8 

Soil Permeability Categorisation 5 

Landuse Hazard Categorisation 10 

Change in Slope Categorisation 4 

Irrigation Loading Categorisation 10 

Table 2. Final Weighting's for Bio-Physical Criteria 

The final aim of this process was to rate sub-catchments or management areas  

according to their salinity hazard potential. A high 'hazard potential' could d 
generated as a result of an increased potential for salinity development within th: 
catchment. However, it might also indicate the importance of chaned lai: 
management in that catchment for the benefit of the total catchment. Each rnanageme: 
area was given a rating (Very Low, Low, Medium, High, Very High), indicatin 

combined 'Bio-Physical' salinity hazard. 

Acknowledging the Role of Soclo-Econornics 

While each catchment had a 'biophysical' risk, they also had a range ot sock:- 
economic inhibitors. The project investigated what social and economic issues \\e:-

being faced by people living within the Central West Catchment. One question need.: 
to be asked What constraints are experienced by people living in a salinity affecte:: 
catchment and how do these constraints limit the implementation of chan:: 

management techniques? 

It was identified that there were a great range of issues that restricted individuals fr::: 
adopting changed practices throughout the catchment. The Prime Ministers Science. 
Engineering and Innovation Council, 1999, identified four issues that contribute to t. 

lack of change occurring within a catchment. 
Failures in communication result in the poor adoption of changed managem-T 

styles. 
The economic inability for farmers to act plays a significant role. 
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I
. 	Stimulating innovation to try something new conflicts with issues of histoncal anc 

conventional farming trends, reliable markets, risk etc. 
. Access to technical information is often a significant constraint in rural areas. 

This plan allows for these issues to be recognised and considered. Four aspects have h 
incorporated into the plan, which explore the social and economic situations 
experienced in the Central West, the associated constraints, the factors that limi: 

s change and ome recommendations on possible tools that would assist in achieving 

chanrte. 

CONCLUSION 

This Salinity Strategic Plan for the Central West Catchment focuses on the recognitior 
ownership and responsibility of salinity. It does this by providing a framework whereby 
the extent and severity of salinity throughout the catchment can be prioritiseci. giving 
focus and direction to future management. It explores the factors which tip the balance 
in certain areas, resulting in further risk and it investigates the social and economL 
issues that influence the ability of a landowner to implement changed practices. By 
bringing this information together, a valuable tool has been provided to assist i 
promoting higher levels of awareness within the catchment. It also illustrates th 
connectivity of land resources and management over the catchment, clearly idfltf\iflg  

the need for a integrated approach to salinity management in the Central West 
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Hydrogeochemical Processes Associated With the Occurrence of Dryland 
Salinity in the Longneck Creek Catchment, near Windsor, New South Wales. 

Wendy McLean and Jerzy Jankowski 
IJNSW Groundwater Centre, School of Geology, University of New South Wales, Sydney, NSW, 2052 

Abstract 
The development of dryland salinity in the Longneck Creek catchment, near Windsor, New South Wales. is related 
to vegetation loss and soil structure decline caused by the discharge of saline waters with up to 25000 mg/I TDS. The 
source of salinity is attributed to connate salts in the Wianamatta Group Shales. Saline groundwaters from the deep 
confined fractured shale aquifers mix with lower salinity groundwaters in the Hawkesbury Sandstone and Rickabys 
Creek Gravel. The discharge of mixed groundwaters under artesian pressure with high sodium and chloride 
concentrations and hydrogeochemical reactions including ion exchange and the conversion of kaolinite to 
montmorillonite, coupled with reduced vegetation cover, results in the dispersion and erosion of soil. 

INTRODUCTION 
Dryland salinity is a land degradation issue of increasing environmental and economic importance. The 
consequences can be severe; declining agricultural productivity, reduction in surface water and groundwater quality. 
soil erosion and hiodiversity loss; and subsequently dryland salinity has been the focus of mans' investigations. 
Dryland salinity can be expressed in two main morphological forms; seepages or scalds. The fundamental 
mechanisms involved in saline seepage development are the removal of native vegetation or change in land use. 
resulting in alteration of natural hydrological regimes and an increase in recharge and the mobilisation and 
redistribution of salts. 

Scalding is the development of a hard impermeable surface on saline or sodic soils as a result of erosion of the 
surface horizon by wind or water or by the redistribution of salts in the absence of a groundwater system. The term is 
usually applied to the development of dryland salinity not associated with groundwater discharge. The term seepage 
scald, however, has been applied to bare saline patches characteristic of dryland seepage salinity in a classification 
by Williams and Bullocks (Taylor, 1993). The development of hard impermeable saline surfaces through deposition 
of salts and clays following evaporation of groundwater discharging under artesian pressure at Longneck Lagoon 
could therefore be called seepage scalds according to this classification. Aerial photograph studies have indicated the 
occurrence of dryland salinity at Longneck Lagoon prior to 1948. By 1982 five seepage scalds had developed around 
the perimeter of the lagoon. 

Groundwater and surface water investigations at Longneck Lagoon have been conducted by Brodie (1991). Dames 
and Moore (1991), Kinhill Engineers (1992) and Barnes (1996). The aim of this study is to gain an understanding of 
the hydrogeochemical processes and water-rock interactions involved in the development of dryland salinity in the 
catchrnent from chemical and isotopic analysis. This study eniphasises the importance of water-rock interactions and 
numerous hydrogeochemical processes in the development of dryland salinity identified in other studies (Jankowski 
et al., 1994). The majority of dryland salinity occurrences in New South Wales were found to be in areas with an 
average annual rainfall of 600 -. 700mm, Ordivician metasediments as the geology and texture contrast soils 
(Wagner, 1987). The study at Longneck Lagoon is significant because it represents a different environmental setting 
for the development of dryland salinity, with a sandstone/shale geology and average annual rainfall significantl\ 
greater than 700mm. 

ENVIRONMENTAL SETTING 
Longneck Creek catchment is a semi-rural subcatchment of the larger Hawkesbury-Nepean catchment. located 40km 
northwest of Sydney (Figure 1). The catchment covers an area of 14km2  and is drained by two intermittent streams. 
Longneck Creek and Llewellyn Creek, which feed into Longneck Lagoon at the northern end of the catchment. The 
catchment has an average annual rainfall of 785mm pa and is often subject to flooding from rainfall runoff and 
backwater flooding from the Hawkesbury-Nepean River. The topography of the lower catchment is comprised of 
alluvial terraces associated with past and present ourses of the Hawkesbury River and the upper catchment consists 
of low undulating hills lying on top of the Wianarnatta Group Shales. 

Longneck Creek catchment is located on the Cumberland Plain, a topographic depression at the centre of tL 	dne\ 
Basin. The Wianamatta Group Shale, predominantly Ashfield Shale, is the dominant geological unit and ..:derlies 
the majority of the catchment. The Ashfield Shale consists of shallow marine sediments and represents the ase unit 
in a sequence of shales and minor lithic sandstones deposited during a single regressive episode in the Tertiar\  

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
n 

I 

I 
I 
I 
I 

243 



250 

(Gobert, 1976; Bembrick et al., 1991). The medium to coarse grained quartz sandstones of the Hawkesbun. 
Sandstone outcrop to the east of Longneck Lagoon. To the west of the lagoon, Tertiary alluvial sediments known as 
the Rickabys Creek Gravels, associated with former courses of the Hawkesbury River over 6 million 'ears aco 
cover the sandstone and shale units. A relatively impermeable clay unit, known as the Londonderry Clay. deposited 

during the Tertiary as overbank deposits, overlies the gravels to the west of the Lagoon (Gobert, 1976) A surficia 
layer of Quarternary sand deposited by recent depositional events on the Hawkesbury River floodplain 

O\ erlies the 
Londonderry Clay adjacent to the lagoon (Dames and Moore, 1991). 
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I -Inure Ia. Location map for Longneck Creek catchment. 	
Figure I h Piezometer location at Longueck Lagoon 

3. HYDROGEOLOGY 
The groundwater regime of the Longneck Creek catchment is characterised by a number of shallow and deep aquifer 
and aquitard systems. Shallow aquifers are located in recent and Tertiary alluvium along the Hawkesbur\-Nepean 
Valley and deep confined aquifers are associated with Wianamatta Group Shales and Hawkesburv Sandstone. The 
majority of groundwater in the Hawkesbury Sandstone is located in fracture zones at depths less than 30m and 
bedding plane partings at greater depths. The groundwater table is controlled by the topography and varies from 10 - 
3Oiii across the catchment. 

Longneck Lagoon forms a discharge zone for local and regional groundwater systems due to its position in a 
topographically low area. The Wianamatta Group Shale hills in the upper catchment form the recharge zone and 
have been cleared extensively for agriculture. Precipitation recharges the water table through fractures in the shale 

and the Hawkesbury Sandstone is supplied either by precipitation in outcrop areas or via saline accessions from 
Wianamatta Group Shales. 

Transects of nested piezometers were installed on salt affected areas surrounding the lagoon by Dames and Moore 
(199 1 ) and Barnes (1996) (Figure lb). Deep piezometers have depths greater than 3m and lie in the Rickabs Creek 
Gravels which are confined by the overlying Londonderry Clay. Studies by Barnes (1996) of nested piezonleters 

indicate that groundwater discharges under artesian pressure from the Rickabys Creek Gravels to the surface at the 
scalded areas. Prior to this investigation above average rainfall was experienced in the catchment and flooding and 
expansion of the lagoon resulted. Groundwater levels were much higher than previous studies, ranging from the 
surface to 0.24m. In wetter conditions the water level in the deeper piezometers was found to be lower than shallow 
ones at some piezometer nests (Figure 2), indicating rapid response to rainfall and recharge via rainfall and lagoon 
waters. 
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4. GROUNDWATER CHEMISTRY 

The groundwater chemistry of nested piezometers and deep bores is shown in Table 1. All groundwaters e
-e ot similar type, being either Cl-Na-Mg or Cl-Na. Electrical conductivity (EC) generally increases along the flo 
	atli 

from approximately 3000pS/cm in recharge zones to 32750pS/cm in the discharge zone at Longneck Laoon 
Salinity generally increases with depth in salinised areas whilst the dissolved oxygen level and the Eh decrease The 
pH values range from 3.9 to 7.0. Acidic groundwaters occur in the discharge zone through the oxidation of 	rnite present in lagoon soils according to the reaction: 

FeS7  + 15/407 + 7/21120 —* Fe(01-1)2  + 2S042 + 411' 

The sodium and chloride in the system are derived from the simple dissolution of Ilrnrine salts deposited H the 
Wianamatta Group Shales and concentrations of both ions increase along the flowpath. Mg is mainly derived H the 
weathering of chlorite in the aquifer matrix according to the reaction: 

Mg5Al2Si3010(oH)8()  + 1­17CO3 	5Mg2  + HCO3  + ft + H4S104  Al2S1205011)4  

Some groundwaters in the discharge zone have a deficit of sodium to chloride (Figure 3) as these are located b.ow 
the 1:1 dissolution/evaporation line, indicating the importance of reverse ion exchange and clay mineral fomia::c - in 
the discharge zone. If it is assumed that C1 is a conservative ion derived only from the dissolution of '.Cl 
evaporites or mixing with connate salt waters, bivariate plots against Cl can be used to identify hydrogeocheE.caJ 
processes other than dissolution. Iii reverse ion exchange Na exchanges for Ca2  and Mg2  resulting in an increase in th e  latter to the system according to the equation: 

2Na + Ca(Mg)-clay -> Na2-clay + Ca2 (Mg) 

In this study chemical data was plotted on stability diagrams with respect to the aluminosilicate minerals and s. - 
waters were found to be in equilibrium with kaolinite indicating that under wetter climatic condT 
montmorillonite formation is not occurring. Barnes (1996) found the majority of waters were in equilibriun: .. 
Mg-montmorillonite and Na-montmorillonite under normal climatic conditions. Na is therefore reactinu 
kaoflnite in the discharge zone to form Na-rnontmorillonite according to the reaction 

3.5Al2Si205(0H4)5  + 4H4 SiO4  + Na —* 3Na033A11 33Si3 67010(OH)2 ± ft + II .5H70 

Both ion exchange and reverse ion exchange processes are occurring in the discharge zone. Figure 4 sho\k 
relationship between Ca + Mg versus SO4  + HCO3. The relationship will be 1:1 if the dominant nrocesses H 
system are the dissolution of gypsum, calcite and dolomite. Groundwaters undergoing ion exchange plot belo.k ::e 

I dissolution line, with Ca and Mg depleted with respect to SO4  + HCO3  and those involved in reverse :n 
exchange plot above the line, due to an excess of Ca and Mg. The majority of groundwaters in the discharge z.: e 
plot above the I : I dissolution line indicating that they are undergoing reverse ion exchange. Ion exchange is n t:: a 
significant process in deep bores but is in the discharge zone where there are readily available exchange sites :n 
kaolinite and montmorillonite clays and abundant Na which increases along the flow path due to the interacT 
between groundwater and the aquifer matrix. 

Figure 5 shows the relationship between Ca vs Na-Cl, Mg vs Na-C! and Ca-Mg vs a-Cl. This figure can be use: 
discriminate between controlling ions (Ca or Mg) in ion exchange processes. Linear regression on the data :.et 
reveals the strongest correlation between Mg and Na-Cl (r2  = 0.42). Therefore ion exchange proces :es 
(predominantly reverse ion exchange) are controlled by the exchange of Mg for Na 

Bicarbonate levels are extremely low or negligible in groundwaters with low pH due to the oxidation of p'.re 
Corresponding S042  concentrations are high for these groundwaters. Acid sulphate soils lie I — 3m belo 
surface around the lagoon and seasonal fluctuations in surface water and groundwater levels expose p: 
sediments to oxygen, resulting in their oxidation and the generation of S042 . Although pyrite is common in she 
does not contribute S042  to deep groundwaters in the recharge zone because pvrite is not oxidised in the red: 
en Ironments that occur at this depth. Pvrite oxidation contributes significant amounts of Fe2  (up to 48111g I 
groundwater in the discharge zone. 
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Oxygen-I 8 and deuterium isotopic data indicates that shallow groundwaters are rapidly recharged b\ rainfa:1 ut are 
effected by evaporative concentration during drier climatic conditions (Figure 6). Shallow groundsaers l%ic-cc to the 
right of the local meteoric water line (LWML) indicate enrichment in heavier isotopes. This suge-s-s that 
evaporation has occurred since recharge and is supported by a negative deuterium excess of-3.91 ;. Evapo -a:ion is 
likely to be occurring from the unsaturated zone or surface on discharge of saline groundwaters under .anesian 
pressure. Shallow groundwaters that lie to the left of the LMWL and are located in non scalded areas are de::ed in 
the heavier isotopes and are likely to have been recharged by heavy rainfall or infiltration from deep anuifers 

All groundwaters plot on a straight line indicating mixing of shallow and deep groundwaters in this system Saline 

I 	groundwaters from the Wianamatta Group Shales are mixing with fresher groundwaters from e 0. Ha:as 
ed iments along the flowath 

burv 
Sandstone and shallow groundwaters in the Tertiary alluvial s 	 p. Mixed saline .aters 
discharge near the lagoon. Thc scatteicd ielaiioriship between oxygen-18 and Cl (Figure 7) indicates that Eng is 
not complete and values that are depleted in heavy isotopes are likely to be caused by rapid 

I 	
recharge and inc : - iplete 

mixing of these groundwaters with pre-existing groundwaters in the catchrnent. A linear relationship on this :oram 
sould indicate evaporation. Evaporative concentration is only occurring in shallow groundwaters 

iF seepae scald 
areas from the surface discharge of saline groundwater. 
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Figure 6 Plot of deuteriuni versus oxygen-18 	 Figure 7. Relationship between oxygen- I 8 and chloride 

5. DEVELOPMENT OF SALINISATION PROCESSES 
The Wianamatta Group Shales are the main source of salinity in the Longneck Creek catchment Values cn to 

I 	31750mgi TDS have been recorded in groundwaters from the shale (Woolley, 1991). The high salinitx 	the 
groundwater arises from connate seawater trapped during sediment accumulation in the Tertiary. Groundwatera /com 
the Hawkesbury Sandstone are generally of reasonable quality, with TDS values ranging from 200 — 

I 	(Woolley, 1991). In the Longneck Creek catchment, isotopic studies indicate that saline groundwater access: 	and 
mixing with groundwaters from the Wianarnatta Group Shales, has increased the salinity of grouiidwa:ers 	the 
Hasskesbuiy Sandstone. The discharge of mixed saline groundwaters from the deep confined frac:cred cc /ers 
through the Rickabvs Creek Gravels under artesian pressure has led to the development of seepage scalds re-a- the 

I 	lagoon. Groundwater movement through the system is slow due to low permeabilities and hydraulic corducti 	a: of 
the sandstones and shales, resulting in increased water-rock interaction and accumulation of salts. Cearin: 	he 
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catchrnent for agriculture since the early 19' century has increased groundwater niovement through the s stein and 
enhanced the mobilisation of salts in shale and clay. 

The discharge of saline waters with up to 25000mg/I TDS has resulted in the loss of vegetation surrounding the 
lagoon and a decline in soil structure with subsequent development of seepage scalds. Groundwaters are dominated 
by sodium (140 - 6310mg/I) and chloride (130 - I 1225mg/I) and also contain appreciable amounts of magnesium 
(35 - 840mg/I). The ion exchange of Mg2  and Na' for Ca2>  has resulted in a loss in soil structure and subsequent 
dispersion of soils. Dispersion occurs because Na ions have a greater hydration radius than Ca 2  and Mg ions and 
their incorporation into exchange sites in clays prevents contact between clay particles. 

Salts are concentrated by evaporation, as indicated by isotopic data and ionic ratios, on seepage scalds during the 
summer months and a white salt crust often forms. in winter, heavier rainfall dissolves concentrated salts and 
increases the salinity of the soil pore water, resulting in the dispersion of soils surrounding the lagoon. The cyclical 
dissolution and precipitation of salts by evaporation and rainfall dilution has the effect of increasing salt 
concentration in the top of the soil profile. Run-off containing salt laden sediment has deteriorated the quality of 
lagoon waters, increasing the salinity and turbidity of Longneck Lagoon. 

Swelling of clays reduces the permeability of the soil leading to a decline in drainage efficienc\ and increasing 
waterlogging. Waterlogging is prevalent in low-lying areas surrounding the lagoon. It is not necessaril\ related to 
salinity, but rather is the continuous saturated condition maintained by water tables located at or near the surface. 
The dispersion and erosion of soils on scalds has lowered the landsurface and effectively brought the ater table 
closer to the surface. Waterlogging induces an oxygen deficiency in the root zone, placing vegetation under stress. 
The anaerobic conditions created by waterlogging allow reduction processes, such as the reduction of sulphate to 
HS and H7S and nitrate to N7, and fermentation processes, producing CO, and Cl-I4, to dominate A combination of 
waterlogging and soil nutrient deficiencies induced by this process, in addition to discharge of saline groundwaters 
and insect attack has resulted in the dieback of mature eucalypts around Longneck Lagoon Eucalvpts began dying in 
1975 and by 1978 were completely dead. 

Indicators of water quality for irrigation include the sodium adsorption ratio (SAR) and the n1agr1csiur hazard 
(MH). The SAR relates the concentrations of sodium to magnesium and calcium ions in the soil h\ the [cow ing 
equation and indicates excessive sodium: 

SAR = Na/(Ca - Mg2 

All groundwaters have a very high salinity hazard and a SAR above 8. which is the threshold for good soil sTructure 
and plant growth (Figure 8). Deep groundwaters have a lower SAR than shallow groundwaters near the lagoon 
because Na concentrations have been enhanced in shallow groundwaters by ion exchange processes in cla\ in the 
discharge zone. The magnesium hazard (MH) for irrigation waters is calculated b\ 

MH = Mg/(Ca + Mg)x 100 

All groundwaters in the Longneck Creek catchment had a MI-I which exceed the threshold of 50. indicating a very 
high magnesium hazard (Figure 9). High magnesium concentrations are derived from the weathering of chl> 	and 
reverse ion exchange. 
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I 	6. CONCLUSIONS 
The discharge of saline groundwater with up to 25000mg/I TDS under artesian pressure has led to the developmer: 
of dryland salinity at Longneck Lagoon. Salts are derived from the simple dissolution of connate salts in the marine 

I 	sediments of the Wianarnatta Group Shales. Groundwaters from the deeper confined fractured aquifers are mixin: 
with shallow groundwaters in the Tertiary and recent alluvial deposits and are discharging under artesian pressure 
near the lagoon. Many hydrogeochemical processes including ion exchange and the reaction between cations and 

I 	
kaolinite to form montmorillonite, have altered ion concentrations of discharging  groundwaters Discharge cf 
groundwater with high TDS, SAR and toxic concentrations of Na, Cl, Mg, reduced elements and gases has resulted 
in the loss of vegetation, dispersion of soils and subsequent development of salt scalds. In addition, the oxidation of 
pvritic sediments near the lagoon has resulted in acidic groundwaters with low pH and bicarbonate concentratior 

I 	and high sulphate and Fe° concentrations. The discharge of acid, saline ground'1vaters into Longneck Lagoon coil: 
have serious consequences for aquatic lilè and vegetation. 
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Abstract: 	A 'regional-scale' approach to drvland salinity prediction can provide a more consistent appraisal of 
salinity risk, and also allow a comparison of local problems with the wider region. This paper reviews a range of 
methods and approaches that have been used by various researchers and State Agencies to assess drvland salimtv 
risk for a range of areas at different spatial scales. Salinity assessment methods are described in the first part of the 
paper. The second part of the paper then considers the use of historical trend data as part of a predictive approach to 
a consistent regional scale drvland salinity risk assessment. 

I. Introduction 
Researchers and State Agencies have used a variet\ of methods and approaches to assess changes in drvland salinit\. 
depending on the spatial scale required and the data availability. A range of these predictive approaches are 
discussed in this paper. This review highlights that there is still no readil' accepted and adopted method to predict 
drvlaiid salinity in a consistent manner at a regional scale. Confidence in the results of predictive approaches is 
needed. to allo the extrapolation of oilier areas as part of an assessment of 'regional scale or Basinw -ide drvland w  
salinity risk. This can allow managers to assess local problems in context with the wider region. and help them to 
focus their attention on key areas. Confidence in the outcomes of comparable predictive approaches at a regional 
scale can result front an understanding of the physical processes which are driving the expansion of dryland salimut 

Given that drvland salinity is a problem that needs to be examined consistently at a regional scale. tins paper 
discusses methods which have been used to predict the spatial extent, and the temporal changes of drvland salinit 
extent into the future. The first part of the paper presents methods which have been used to assess dryland salnut\ 
risk, describing some approaches which have used spatial data to assess dryland salinit risk. The second part of 

this paper then suggests an approach which incorporates teiiiporal trends in groundwater level to aid the predicti\ c 

capability of dryland salinity risk prediction. 

2. Salinity risk assessment 
A number of previous studies have been conducted to predict the area of potentialI salinised land. ' itlun se cml 
locations throughout Australia. A iange of methods and assumptions have been used in this work which creates 
limitations when the results of these approaches are extrapolated to a regional or Basin-wide scale. This section first 
describes the links between drvland salinity processes. spatial data sets, and risk factors. It then discusses three 
categories of methods which have been used to weight the relative importance of these individual risk factors. 	ote 

that many of these approaches have aimed to predict the IIrrL'nt rather than a/more extent of salinity. 

2.1 Processes leading to dryland salinity 
Landscape features. surface biophvsical processes and climatic drivers are three ke catelinient processes that 
contribute to drvland salinity, and which need to be considered when assessing salinity expansion in Australia. 
Although these processes and attributes are generally well understood, scientists and managers are not so clear on 
their spatial distribution at a regional scale or their precise contribution to salinity risk. This spatial distributiott of 
salinity risk factors has been attempted in a number of previous studies. although the choice of data sets rele\ atit to 
these factors has been inconsistent. 

The clearance of native vegetation has led to higher groundwater recharge. w Inch in turn has led to increaod 
discharge of saline groundwater (Allison & Hughes 1953). As such. knowledge of both recharge processes and 
groundwater movement processes in a particular catchment can be used to predict the future extent of salt-affected 
land (or salt impact on streams). and also to make an assessment of various available options. However, without an 
extensive and costly groundwater investigations program needed to determine groundwater characteristics and otliet 
parameters across large areas. it is difficult to extrapolate these predictions to a regional scale. 

The difficulty of predicting future drvland salinity extent is further exacerbated by the vanation between 
catchments that can lead to different catchment behaviour. This variation can be the result of differing spatial scale. 
since groundwater systems can be regional or local in nature, or bN impedimeiits to groundwater flow which can 
cause discharge of saline groundwater (Figure 1). As a result of these variations, the extrapolation of sallmt\ nsk 
prediction across functionally different catchnients remains problematic. A framework is required 	hich L111 

provide confidence in this extrapolation of results front study areas to pro ide larger scale asscsitients. 
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bedrock 	impermeable barrier 

clay soil 	- - - groundwater table 

sandy soil 	****** saline seepage 

hgulT I Ixampies ot physical constrictions in grounds ncr t1os kadiiig to grounds\ ater eCpage 
(and the onset ofdrN lanu salinity) 

I 	
2.2 Salinity Risk Factors 
The catcmnnent processes leading to drvland salinity include recharge and groundwater ntovcnienl These can be 

separated into a rumber of parameters or risk factors' which can then be used to assess drvland saliru risk 

. 	

Recharge rainfall characteristics, vegetation cover / land-use. soil hydraulic conduc:' tt\ 

Groundwater 	slope, aquifer width, aquifer conductivit\ . groundwater elevation 

In order to provide an assessment of drvland salinity risk, these risk factors need to be linkee :o appropnate 
spatial data sets (Table 1). This is where much of the difficulty of prediction arises, due to the laco of spatial data 
sets at suitable scales. The paucity of catciunent data often results in the need to use whatever doti are actually 
available, as surrogates for actual 'risk factors'. For example. digital elevation data is one of iho few dat.a sets 
available across Australia which can be used in studies at a range of scales: it has increasingly beci used to infer 
parameters for which no other data is available. Previous studies have also implicitly determmnee ground\\ ate" 

processes. from attributes such as land surface elevation (terrain attnbutes). since these groundwaic: processes are 

particularly difficult to determine spatially. 

PRO('ES( ('iI.R.\(TER1STI(' 	SP.T1.\L J),\'J 0 

I'iec1iar'e 

rainfall characteristics 	 interpolated rainfall 
vegetation cover land-use 	 land cos er 

I 	
soil storage conductis itS 	 soil ts pe gologv 

(roUnd watel' 

slope 	 topography 
as)ii ('er width 

I 	 aquifer eoitductivit\ 	 geoioes 
groundwater elevation 	 interpolated bore itt orniat ion 

'ahk I Data sets used as parameters for diland .ahInit\ procev 

I 	of the smna1l-scle study' are1s. it is 1101 ccessar to explicitly ntentmon the \arlatmon :o 'risk factors' 

such as rainfall seasonality. For example. it is common to use only median or mean annual ra:n1tll, although 
regional factors such as winter dominance and episodicitv of rainfall are known to be salinity 'ns factors 	The 

I 	
effect of these differences across Australia are show ii clearly by the choice of annual rainfall belts :'cr sallnht\ risk 

in northern Australia. the high risk rainfall belt has been 50)) - ISO)) mm. w Itereas in south w ce'crn AusTralia it 

has generally been 300 - 1100 nun, and in south eastern Australia 40)) - 00 lunD Another reason for tic use ol 

implicit factors is that potential problems can emerge due to the lugh degree oi correlation boiw c: Jilfor .. t isk 

I 
I 
I 

I 
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factois'. causing difficulty NNith the statistical anal sis used to assess risk (e.g. clevation can be IiighI\ ac :related 
NNIIIi rainfall. soils and land use). 

2.3 Methods to Predict Salinity Risk 
Salinity risk assessment is concerned essentially with two types of prediction - spatial and temporal. \Vh:.a some 
approaches are calibrated to incorporate change by lulling training sets to sonic estimated potential, most app:oaches 
aim only at predicting the current spatial extent of salinity. 

Salinity risk assessment methods need to assign different 'risk factors' to a range of suitabla process 
characteristic, depending upon their relative importance to salinity risk in the area of interest. In order to prc'uce an 
overall prediction of salinity risk for a given catchinent. the salinity risk factors need to be combined. There arc 
several tecirniques of combining these risk factors. although most of the existing approaches use simple 
index metJu)ds which use authors' experience to weight the individual risk factors, strong/n inverse ,nethoo' nat reir 

on statistical analysis. or trend based methods which incorporate temporal change. 
As well as inconsisldncies between these different weighting methods, there is also a range of approaehes used 

to gauge their reliability. In sonic cases. the training sets encompass the whole study area, making it hard to 

distinguish whether the underlying assumptions are correct, or if the data is just being recycled. Idr:tllv the 
prediction should be calibrated with a completely separate 'validation' area, which should be somewhat dirThrent in 
the combination of 'risk factors'. The use of a separate 'validation area' has been used occasionally, but rare\ on an 
area distant from the training set. An example is the NSW study by Tassell (1 995). which divided the Tout Perk area 
into a northern part (training area) and southern part (test area). 

2.3.1 Composite index methods 
This tpe of method is one of the more simple ways of combiiung the salinity risk factors, and predicting a sa1imt 
risk from se cml layers of spatial data. The methods involve weighting a combination of risk factors base. on the 
authors' experience and their understanding of the processes. Each of the data layers (e.g. soil t\ pe. :lar. CO\ er. 

topography et(. ) are given a rank and weight. and then the data layers are summed theni using a linear .dditis 
model (LAM). to provide a spatial representation of areas of drvland salinity risk (Figure 2). 

Examples of approaches which have used this method include Tickell (1994) who used a LAM to ,applr an 
equal weighting to five salinity risk factors for the Northern Temtorv. Another approach was used b 	earle 

Bailhie (1 99) who ranked each risk factor using a 'nile based' weighting before using an index based  

predict landscape salinity haiaird for an area of SE Queensland. Fuzzy logic approaches have also been applied. 
where a normahisation technique is used to weight each factor evenir. Rules are then used to combine var:: , 

factors' (Dow hag ci of, 1997. NSW). A training set can then be used to define a threshold of this compos::e lndc\ 

related to salinity risk. 

2.3.2 Strongly inverse methods 
These methods are differ from the composite index methods. since the current saliiused area is included as spatial 
data set. These methods uses an approach which is able to objectively determine the relativc weights e : the risk 
factors based on the current salinised areas (Figure 3). This requires a large number of saline sites. w itli a.e actual 
number depending on the relative independence of the 'risk factors' for each process. The strongly inverse aethioa 
havc rchicd on dccision trcc analysis' (Tassehl 1995: NSW). or 'weights of evidence' (Bradd ci al. 1997: '__'l. as 

method for weighting risk factors. 	'Rule-based' and 'expert' methods are also being increasingi'. .tppliee 
(Kirkby 1996: SA). However, one of the major limitations of these strongly inverse methods is that any ..s:ects 01 

future salinity which is unrepresented in the current training set will not be predicted. This is of conce a''. shcre 
regional flow systems which have may contribute to the future onset of salinity but ss hich presentir . .a C no 

indication of salinity can not be predicted as an arca of future salimtv risk. 
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Groundwater salinity 

+ 

Land-use 

+ 

Rainfall 

Summed risk factors 

(used as salinity risk map) 

I 
I 
I 
I 

I Figure 2 ('omposite index model. 

The assunied risk Ijictors for each data layer are summed 

to produce an overall salinity risk map. (l1ter Tickell 1994). 

Groundwater salinity 

+ 

Land-use 

+ 

Rainfall 

Actual mapped 

salinised area 

I Figure 3 Strongly inyerse model 
The relative importance of risk P.ictors in the data lavers is predicted statistically, using a map of actual current salinits. 

2.3.3 Trend based methods 
Most approaches used to predict drvland salinity are concerned with the spatial extent of drvland salinity rather than 

attempting to provide a prediction of the timing of that salinity extent. Historical trend data provide a useful tool to 

link trends in salinity with changes in catchment processes. This link is the ke\ to the accurate prediction of trends 
into the future. Although consistent trend data are not always available, especially at a regional scale. our 
knowledge of processes in a range of small-scale well-instrumented caichnients can be used to extrapolate to the this 
larger scale The use of trends in past land salinisation. stream salinity, and groundwater elevation, are discussed in 

this section. 

Land salinisation trend approach 
To obtain an actual trend in land salinisation. a measure of change is needed. This can be aclueved using 
topographic land surface data when extrapolating mapped trends of the expansion. By making an allowance for the 
land elevation, prediction of future salinity trends can be improved. This method has been used to obtain a 
prediction of land at risk for regional studies in NeNN South \Valcs. Western Australia. and for the Victorian 
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component of the Murray Basin (Ultimate Salt Loads Project. C. Clifion, pers. co/in!). This approach compares the 
changing area of shallow groundwater depth with surface salinity trends. 

Historical changes in the salinised area over discrete time intenaIs can also be used to predict future trends in 
land salinisation. Sequences of remotely sensed maps have been used to look at tciiiporal changes in land 
salinisation at a regional scale. For example Furbv ci al. (1995) used a series of Landsat data to determine the 
change in area affected by salinity in representative areas of the Western Australian wheatbelt. Kirkbv (1996) also 
used Landsat data to determine vegetative cover for the Jamestown study area in South Australia. For both these 
studies the ground truthing for these images was gained from the analysis of visible salinity in historical aenal 
photographs. and through field work. 

In most cases. the land salinisation trend method tells vou the obvious - that existing salinised areas are 
becoming larger. As such it is most useful for shorter tenu predictions, since over longer periods salinisation ma' 
begin to occur in locations which currently show no signs of salinity, and these will not be included in any future 
salinity extrapolation. Also rates of expansion of salinised areas may change as a result of underlying catchment 
processes. or the effects of changes in the topography of the affected area. 

Sfreani salinity trend approach 
Stream quality as it exits a catchment represents one of the best mntegrators of all subcatclunent processes and can be-
used 

e

used to indicate of catchment salinity status (or other aspect of catchment health). Trends in stream salinit can 
provide a measure of catchnient change. although this can be problematic with the extremely large natur 
fluctuations that occur in Australian stream flow and salinity. Methods have been devised to cope with these 
fluctuations, although finding sufficient and systematic records of stream salmmtv to determine stream salimtv trends 
has been a major problem (Jolly ci al. 1997). In a recent study within the Murray-Darling Basin. areas charactensed 
by increasing stream salinity trends were likely to have high salt imbalances, increasing confidence in Joll 
interpretation (Walker etal. 1998). Greig & Devonshire (1981) have also developed a regression between an 

implicit trend in stream salinity and various - risk factors' includmg rainfall, proportion of forest cover. and 
proportion of rock type for Victorian catchnienls. Unfortunately. such regressions are not necessarily transferable to 
relationships that exist outside the small-scale catciunents from which they were derived, and so can not readily be 
used to predict the impacts of land use change on stream salinity in other catclunents. 

Long-term monitoring networks have been established to measure surface water discharge. although water 
quality parameters have not been measured in such a consistent pattern until recently. Even so. given that man\ 
catclunents have long-term discharge records, stream data can still be used to compare the relative importance of 
various processes to salinity risk, for different catciunents. However, the fact that stream salinity data is an 
integrator of catchment processes limits its potential for precise spatial prediction of salinity risk, since the ijends are 
not specific enough to identify individual processes. 

Groundwater trend approach 
Groundwater trend data can be used as a first stage in predicting a land salinisation trend. They can provide a 
detailed temporal account of catchment changes. which can then be linked to other salinity risk processes. Since 
groundwater movement is a fundamental factor leading to drvland salinth. the use of groundwater trend data can 
improve our understanding of the processes directly. Comprehension of the processes that lead to changes in 
groundwater elevation at a study catchment scale will enable die relative contribution of physical processes and 
attributes to be quantified The ability to analyse the effect of historical catchment processes over time makes 
groundwater elevation data a powerful tool. 

The assessment of groundwater elevation trends for an entire region or Basin can be simplified b di idmn 
groundwater bores into separate categories such as groundwater type. 'bio-region'. landscape element or screened 
aquifer. Bores that are located within a similar climatic zone. subject to the same land use. or in consisteni 
groundwater type, could be expected to show similar trends. A recent study showed this to be the case in the 
Loddon Camnpaspe catchment in Victoria (Salama et al. 1996). If this result is more widely applicable, then the 
landscape could be disaggregated into individual groundwater catchment types, and data from fewer bores would ne 
required in total. 

From a management perspective, the effects of land use changes on drvland salinity are important information 
Changes in land use which produce a change in groundwater recharge. could be expected to lead to groundwater 
elevation change and hence alter the salinity risk of an area. So the use of historical groundwater trends is a step 
towards assessing the effects of known land use changes with respect to changes in drvland salinity CXtCflL 
However, increased recharge does not necessarily translate into a long-tenn groundwater rise. Drainage from the 
groundwater svsteni. recharge of deeper fractured rock systems. or subsumIace movement may all cause 
overestimation of the modelled prediction of groundwater rise and thus nusprediction of aquifer behaviour. So. in 
the absence of detailed iiroundwatcr data_ catchment niodelliiw,  is perhaps the only option to help fill the gaps jIl 

current know led ec 
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I 	
3. Predictive methods to predict dryland salinity risk 
Most of our understanding of drvland salinity processes has come from the results of a number of well-studied 
catchmenis, which have been intensively mapped. instrumented, and in some cases subjected to changes in land use. 

I 	
The aim of such studies was to understand processes with the intent of applying this process understanding to other 
catchments. However. the cost of universally undertaking such detailed techniques is prohibitive. providing 
incentive for the development of less expensive extrapolation techniques which are able to expand this 
understanding more widely. 

' 

	

	 In order to develop 'risk factor' assessment monitoring and modelling to allow this extrapolation to areas other 
than the location of the study. it is necessary to have an approach based around a process understanding for a range 
of similar catchment types. Disaggregation of the landscape into sets of catchinent categories will then allow the 

I 	
results of iEitensivelv modelled catchments to be extrapolated to other catchments with a much greater level of 
confidence than is currently possible. 

A range of appropriate modelling tools can be developed and tested for each catcluuent type. such as the types 
described by the recently developed National ('lassification of ('atchments (for land and river salinity control) 

I 	
(Coram 1999). This classification operates at a range of hydrogeological scales. linked to the scale of the 
groundwater processes (although it can then be aggregated up to the scale of interest is required). 

' 	3.1 Catchment modelling 
Conventional groundwater models usually require estimation of the parameters recharge. specific yield. 
conductivity, and aquifer thickness at each cell. The confidence of the predictions is dependent on the quality of the 
conceptualisation and the quality of available data. However, even in an intensively studied catchment. such as the 

I 	Liverpool Plains (NSW). there is scarcely enough data in the non-irrigated areas to justify
,  the time and difficulty in 

interpreting results from complex modelling. The paucity of data means that a less time consuming approach could 
achieve similar degrees of confidence in output to that of complex modelling. However. in some of the more 

I 	
complex regional systems a simpler approach is not possible. In these special cases complex models will be 
required. since if appropriate data is available, any type of groundwater system can be modelled. 

In catclurments with sufficient data. it is possible to model groundwater processes. recharge and costs of impacts 
of salinity using conventional groundwater models such as MODFLOW and AQUIFEM-N (except in some fractured 

I 	rock systems). Models such as TOPOG-IRM and MIKE-SHE are also able to simulate both surface water balances 
and groundwater. These models require not only the groundwater parameters for each cell, but parameters 
associated with soils, vegetation, climate and terrain. To model surface water processes accurately, cell size needs to 

I 	
be less than about 5() in. with an accurate digital elevation model (DEM). In practical terms. this leads to a 
maximum modelled area in the order of l() km. 

In some cases. the groundwater system is such that a simplified groundwater model can capture the ke 
processes (e.g. FLOWTUBE model in the Liverpool Plains. or the groundwater component of HARSD approach). 

I 	Other useful models may be those that specialise in the simulation of deep drainage leading to groundwater recharge 

(e.1-1 WAVES. APSIM. PERFECT and AgET). The advantage of these simpler models is their ease of calibration 
and interpretation, while a drawback is their lack of applicability to even groundwater system. 

3.2 Salinity risk prediction 
It is unlikely that there will ever be sufficient measured data tu fully calibrate a complex. process model such as 

I 	
MIKE-SHE) at a regional scale. A more realistic approach is to imiodel a range of data-ricli catclunents as a basis for 
understanding the physical processes and estimating 'risk factors' for each catciunent type. Thus will require great 
familiarity with geomorphic and groundwater processes within each region. a strong sense of the biophysical 
attributes influencing groundwater recharge. and an appreciation of their relationship with local land management 

I 	
practices. 

An appropriate strategy would be to develop a tool-kit of various models, as part of a 'best approach over the 
wide range of differing groundwater systems. An appropriate groundwater modelling framework can be applied to a 
data-rich example of each catcisment type. in order to develop a set of simple niles relating to the relati\ C 

I 	contribution of salinity risk factors. Temporal changes in groundwater elevation can be linked to a Si of 'risk 

factors' based on relevant physical salinity risk processes. After confirming the accuracy of the predicted salinn 
risk using mapped land and stream salinity data. results can then be extrapolated over the larger. data-sparse areas in 

I 	
catchments of the same type. using spatial interpretation through a geographic information system (GIS). together 
with the use of digital elevation models. 

4. Conclusion 

I 	
To date, confidence in the results of a range of drvland salinit risk prediction studies has been generally restricted to 
the actual study catchmnents. This has prevented the consistent assessment of potentially salinmsed areas a: either a 
regional or Basin-u ide scale. particularly in data-sparse catchinents. As well as an inconsistency between :iieilioes. 

I 
I 
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there has been inconsistency in the way in which the different risk factors have been weighted or combined to 

produce a salinity risk prediction. 
A suitable approach is to use groundwater trends as a basis for modelling catchnicnt behaviour, By modelling a 

particular catclunent. a set of simple rules can be developed, which can be used to predict dryland sa1init risk 
Confidence in the transportability of these rules to other catciunents of a similar type. is gained by the 

underlying 

comprehension of the processes in each of the catchmcnt types. 
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URBAN SALINITY IN WAGGA WAGGA (NSW): 
SOURCES OF RECHARGE AND IMPACT OF PUMPING 
THE FRACTURED ROCK GROUNDWATER SYSTEM 

'Cook P.G., 'Stauffacher M., 2Halihan T., 'Narayan, K. 3Williams, R.M., 3Cartcr, A., 

Richardson P.,4  Sutherland M., Short B. and 
4  Maddox N. 

'CSIRO Land and Water 
2  University of Texas, Austin 

NSW Department of Land and Water Conservation 
' Wagga Wagga City Council 

Introduction 
Damage caused by salinity to infrastructure is estimated to cost at least $100 million per annum. In addition to 
transport, telecommunications and electricity networks, townsites themselves are under direct threat. At least eights 
rural towns Australia-wide are affected by salinity, and the number is growing. Urban salinisation is a result of 
rising groundwater tables and the recharge processes involved can be complex. In urban environments, recharge can 
either be local (leaky reticulation system, garden and park irrigation, residential rubble pits) or regional (agriculture 
in surrounding catchments). Understanding the partitioning of recharge between the different sources is critical for 
salinity control, and this understanding can not be complete without an in-depth knowledge of the groundwater 

system. 

Management of urban salinity is more difficult in fractured rock catchments. Fractured rock aquifers underlie 
approximately 40% of Australia, including much of the southern and eastern highlands of Victoria, NSW and 
Queensland. Groundwater flow in these systems is governed by the length, spacing, aperture and orientation of the 
fractures. Well yields are usually highly variable, largely depending on the number and size of fractures intercepted 
by boreholes. Hydraulic conductivity is usually similarly variable, making determination of groundwater flowrates 
difficult. Also, in most cases, fractures have a preferred orientation, which may create a large anisotropy in 
hydraulic conductivity. This can mean that the groundwater flow direction will often not be in the same direction as 
the hydraulic gradient, and the drawdown cone under pumping may be elliptical, rather than circular. 

Wagga Wagga was one of the first towns to recognise and attempt to address problems of urban salinity. Over the 
past six years, several studies have been undertaken to determine the magnitude of the problem, and investigate 

management options (e.g. Hamilton, 1995; Paul et al., 1996). Preliminary estimates of the relative importance of 

recharge from the different sources were made, although these were based on numerous assumptions, casting some 
doubts on their reliability. Management options involving both recharge reduction and discharge enhancement were 
evaluated. Isotopic and hydrogeochemical analyses, and an in-depth study of the structural geology of the fractured 
rock aquifer beneath Wagga Wagga will improve the understanding of the groundwater processes involved in urban 

salinisation in Wagga Wagga, and help optimise management options. 

Site Description 
2.1 Location 
Wagga Wagga is located 450 km southwest of Sydney, and has a population of approximately 60000. Origina11. 
the city was confined to the floodplain on the southern bank of the Murrumbidgee River. Currently. the urban 

development occupies 44 km2, expanding towards the lower hilislopes south of the floodplain. 

2.2 Geology 
The Ordovician metasediments comprise the oldest formation locally, and arc interpreted as a fl ch deposit 

(Degeling, 1980). The sediments are composed of alternating shales and suh-grcywackes. They were altered during 
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H 
the Silurian with the emplacement of the Wantabadgery granite, causing low-grade alteration to generally green 
schist facies. In the vicinity of the granitic intrusion, some may be altered up to granulite facies. Recent Cainozoic 
deposits of gravelly siltstone, and clay-rich alluvium have mantled the Ordovician metasediments and the Silurian 

granite.  
2.3 Hydrogeology 

I 	The hydrogeology of the fractured metasedimentary aquifers is characterised by high variability in yield. This is 
due to the interactions of a low porosity, low permeability matrix with fractures that can provide substantial 
quantities of water. Individual production bore yields generally range from 0.1 to 2 Llsec although yields as high as 

I 	
12 L/sec have been reported from more highly faulted unweathered sediments. These aquifers may have strongly 
anisotropic flow and a large range of permeabilities. Groundwater flow is from south to north, with discharge to the 
Murrumbidgee River. Within the past 100 years, however, aquifer recharge has increased, through a combination of 

I 	
land clearance and urbanisation. Urban recharge results from leakage from reticulated water supplies and sewerage 
lines, irrigation of domestic and public gardens, parks and playing fields, and from roof runoff, which in many areas 
is directed into rubble pits located on individual residential blocks. The increased recharge has caused water tables 
to rise, resulting in salinity problems in low-lying areas. Low permeability silts and clays associated with the river 

' 	floodplain restrict drainage of the groundwater to the Murrumbidgee River, and thus contribute to the high water 

tables. 

' 	2.4 Salinity Management 
Salinity management has involved schemes both to reduce recharge and to increase discharge. An ongoing 
education program aims to highlight the value of salt-tolerant vegetation, and to reduce garden overwatering by 

I 	
residents. Revegetation and rubble pit removal programs also aim to reduce local recharge. A borefield has been 
constructed to lower water tables in the worst-affected area, and should be operational from July 1999. Disposal of 
the saline groundwater abstracted will be to the Murrumbidgee River using a temporary permission to pollute permit 

from EPA NSW. 

I 
3. Methods and Results 

I 	
3.1 Impact of Groundwater Pumping 
The groundwater pumping scheme aims to reduce water levels by withdrawing water from fractured rock aquifers 
underlying the most saline areas. The location of pumping bores has been based on the common assumptions of 

I 	
isotropic, horizontally flowing aquifers. However, the wells are mostly screened in fracture shale, and the 
orientations of the major fractures are likely to affect the shape and extent of the drawdown cone under pumping. 
Mapping of fracture orientations at outcrops in the region has identified three primary fracture sets: bedding plane 

' 	fractures and a set of shear plane fractures (Figure 1). The bedding is nearly vertical in the region, and the strike of 
the bedding is northwest/southeast. The preliminary hypothesis is that the bedding planes fractures are more 
permeable than the shear plane fractures. Thus hydraulic conductivity is expected to be highest in the 
northwest/southeast direction, with the drawdown cones elongated in the same direction. The absence of a regional 

I 	
set of horizontal fractures suggests that vertical permeability should be strong. This may result in a reduced lateral 
extent of drawdown, and necessitate a relatively dense bore network. This type of information will improve 
conceptual models of the aquifer and improve the effectiveness of the pumping scheme. 

I 
I 
I 
I 
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Figure 1. Rose diagram of fracture orientations observed in outcrops at the Southern Roadbase quarry, south of Wagga Wagga. Solid lines 
indicate average orientations of fracture planes. Shaded areas indicate the full range of variation in the data set. The bedding plane fracture are 

believed to be more permeable than shear fractures, suggesting higher hydraulic conductivities in the northwest-southeast direction. 

I 
3.2 Recharge Sources 
Recharge reduction programs can be better focussed if the relative magnitudes of the different techarge sources can 

be properly determined. Hamilton (1995) used a water balance approach to obtain an initial estimate of the volumes 

of recharge over a 425 hectare area surrounding the most saline region. She suggested that pipe leakage amounted 

to approximately 55% of recharge, rubble pits 20%, and local recharge 25%. However, all of these estimates are 
based on a range of assumptions. Local recharge was not measured, but estimated as 2% of rain falling on unpaved 
areas, plus 3% of applied irrigation. (Hamilton considered a range of values for each recharge source; the above 
represent the mean values of her ranges.) Recharge from pipe leakage is similarly poorly known. 
In order to improve these estimates, an attempt is being made to use water chemistry to distinguish betwee the n 

various sources of recharge. The reticulated water supply for Wagga Wagga is derived from bores adjacent to the 
Murrumbidgee River, which draw groundwater recharged directly from the river. Preliminary analyses show that 

the reticulated water supply has a HCO3/C1 molar ratio of approximately 3.5, whereas rainfall has a HCO3/Cl ratio 

of approximately 0.5. Similarly, the Mg/Cl ratio of reticulated water is 0.75, and that of rainfall is approximately 

0.1. Measurement of HCO3/Cl and Mg/Cl ratios in saline groundwater beneath saline areas may thus allow 
determination of the relative proportions rainfall-derived recharge and that derived from the reticulated water 
supply. The latter would include both pipe leakage and irrigation recharge, and further tracers would be needed to 

distinguish these two sources. Stable isotopes of water (2H and 180 ) may improve the discrimination. 

I 
I 
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1 	4. Conclusions 
While there has been considerable research into groundwater recharge beneath dryland and irrigated agriculture, 
recharge in urban environments has received relatively little attention. As urban salinity problems become more 
widespread, techniques for measuring urban recharge and discriminating between different sources of recharge will 
become more important. 

I 	Groundwater flow in fractured rocks is also poorly understood. Most research has focussed on unconsolidated. 
sedimentary aquifers, which can often be characterised by a single value for hydraulic conductivity. Prediction of 
groundwater flow in fractured rock aquifers is much more difficult, and the efficiency of groundwater pumping 

I 	schemes may be difficult to predict in advance. Nevertheless, measurement of anisotropy in hydraulic conductivity. 
whether through fracture mapping in outcrops, or from specially designed pumping tests, should allow better bore 
network design and improved efficiency of these schemes. 
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1.INTRODUCTI()N:- 
Urban saliiiitv is allecting most to us in the Central \Vest of NS\V. and is not widely accepted that it also al lecl nm 
towns in the state as well. Considerable technical work has been carried out to de In me the nature of causes of sal mnit in 
Dubbo. This technical understanding has led to issues with regard to development in a salt affected urhan catchment. 

Causative functions of urban salinity relate to an increase in water accessing the watertable from diffuse sources such 
as drainage from rubble pits. leaky pipes (storm. sewer). overwateriiiLy and inefficient wateringpractices, as well a 
the process of urhanisation itself. Many towns were built on geologically high hazard sediment sequences. have 
catchment shapes that cause constriction, or town layouts that create drainage problems. In the case of Dubbo existing 
saline discharge areas were present prior to setticnient. due to combination of geology and eatchment shape. 

The community is being impacted by urban salinity in the following ways 
Infrastructure damage to - roads. footpaths. guttering 

- parks. gardens. sporting I iehls 
- private and public buildi nc 
- public land and facilities 
- service delivery (gas.water. electricity, sewer) 

Heritage damage to buildings and other infrastructure tparks etc 
* Environmental degradation of soils. waterways and vegetation leading to loss in flora and fauna 
within urban areas and environs. 

Limiting options for future planning decisions 
Increasing water costs from repair of leaking reticulation systems. 

In the Ti'uv (iuUv Catchnment impacts are evideni in all the above scei!aiIo. \\itll  nmaioi eIlectsolj pate land and 
oreenspace areas. Development within the area has been approached from a partnership of activity between Local 
Gorernmnent. Urban Landeare group. Agency and Developers. The acceptance that a salinity problem exists within tL 
Troy Gully area has had impacts on - 

Zoning of land 
Building codes 
Development consents and dcsmgr 
Strategic planning of city development 
Stormwater design 

2.CURRENT SITUATION: 

2.1 EXISTING DEVELOPMENTS 
Troy Gully catchment is located to_time east of Dubbo. with an area of sonic 42 square kilometres. It contains industrial 
land to the west ( bot(om of catchment). and significant residential land in rest of catchnment. Time is increasing 
pressure to develop agricultural land for residential development. 

Sonic cuimcimt deeimpimicnt has sicimilicimli saline laud 	ttimiii timc dc\ umipliclit hilled. ( 'iliulde iii dcsicii H Huek 
layouts and major return of land for greenspace has occuiTed. This is due ni part to the participation of the 'I ry (iliIl\ 
Working Group, which has representatives from Dubbo City Council. E.P.A.. D.L.W.0 . Developers and Urban 
Landcare Group: and fi'onm information derived Ironi technical investigation and study. The 'Fro Gully \ Ikilig 
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Group provides a forum for discussion of Community issues and peer group review. Within this framework developer'. 

have voluntarily carried out the following on salt affected developments :- 

r Road network re-design to allow roads to go perpendicular to the slope and not across the slope so as to act as 
harriers for water movenient. 
* Uazard demarcation within development. Areas of high salinity hazard have been determined, and different 

construction methods are required to address this salinity. Other areas have been designated as low and moderate risk 

In the high hazard areas, marine concrete and changes to damp course thickness have been recommended. 
* Return of severely affected areas to greenspace. Areas that present too high a risk for development have t'een 

returned to council to he used as areas upon which trees can he planted for discharge control for community t".'.netit. 

1)rainage ieserves have timber belts either side of waterway to increase the area of trees within the development. 

Strip plantings across the slope have been introduced to control local water movement. Plantings are at Lk:. 

middle and bottom of development. 
* Increase in tree planting density within the area as a recommendation of sale of block. 

Contribution of funds for further investigation purposes have been made by developers. 

2.2 NEW DEVELOPMENT - INVESTiGATION TECHNIQUES 
Currently, any new development requires a salinity investigation within the Troy Gully Catchnient uea. Teetai'.ue' 
that enable tle investigatory process are common to rural areas (peizometers. deep drilling. Electromagnetic 
Induction, geophysics. soil survey). The investigations are conducted by the DLWC on behalf of the developer'.. I hL 
techniques are outlined below: 

Electi'oniagnetk induction mapping (E1\131) - In pre- development stage this technique is most usefuL in som 

areas. the physical layout of the proposed development enables ground based EM mapping to be undertaken n a close 
grid scale. This information is also used to add to the pool of knowledge and understanding regarding the ca:chmcnt 
* (;eological Mapping - Structural mapping of geoloY is extremely important in understanding urban sailnizatis: 
processes. The level of accuracy of geological information is of prime importance in an urban environment. .A desktop 
study is undertaken in all new developments within the Troy area. 

< Peizonieter installation - Peizometers in an urban environnlent commonly provide best data source. 	well 
provide good awareness focus points (eg. positive groundwater pressures in pei/OmeterS). Flow net rn .jelc, 1D 
catchment models, recharge/discharge area definition, water level hvdrographs and slug testing are all data •urce~ u. 
addition to simple waterquality and water level determination made from installed networks of nested pcizor .ters 

Geophysics - Magnetic seismic. resistivity . conductivtv imaging. EM 39 and EM34 surveys have toen . 

in urban area studies to understand geological structures and systems. 

*

Deep bores - In some towns a full understanding of the hvdrogeological system can only be gained by seriec ce 
deep bores. and utilising information from groundwater data base. 
* Soil survey and infiltration testing - Many new developments have soil surveys completed for urban capahlllt\ 

and planning studies. 	catchments. 
* Saline Site Inspection & Description - Mapping. cataloguing. and monitonng of sites 	symptoms ever ::rrc uite 

standardised . structured methods which are incorporated into GIS data-base information. This data is used fo: 

assessment purposes. 

3.DEVELOPMENT ISSUES 

A number of issues arise from development and from the nature of the area. and impact on the future devei rent 

the Troy Gully area 
high demand for land in Ti'oy Gully catchment. Land on the eastern side of Dubbo is preferred as a geivral n.n 

This puts increased pressure on both the developers and council to supply land. This high development pres.ere lane 

has high recharge potential being higher in the catchment . and if not managed well, will put pressuie on the 

downstream developments with increased salinity levels. Dubbo has a very high growth rate. and the larger h., ek sues 

in the Troy Area are a relatively short commodity. 

* l'ush for smaller subdivision ot'existing blocks. A number of areas within the Trov Gully catchinent ha, 
perception that diev shoulol he allowed to dcv elop their rural- residential hlocks for closer subdivision to br:: 

residential sue. 

* Approved development l)iai.s hae been around for many ( 10-20) years. It is dill iculi to ml luenee dc. . 
that were in some cases approved for development some 20 vcars auo. They are being released fir sale itit 

eons)(iciatioii ioi the oh c iisii cain salnnt v. 
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All new developnieiits are in iediaige areas that have ColiseqUCI1LC it)!, and lIuIl)acts on. downstream Iandhoider 
The Balliniore sediments. which comprise a significant proportion of the catchment- have geological sequences that 
have large local impacts on salinity occurrence 

Block yield in developments is seen as a major factor, rather than eiivironiiienuil issues 01 integrated tree 
establishment and revecetation measures to control salinity. 

4. CURRENT INFORMEI) DEVELOPMENT GUIDELINES & PRACTiCE 

Stakeholders are attempting to deal with some ot the issues presented above, in trying to manage the urban salinity 
situation within Dubho. This is a new and sometimes highly contentious issue. Existing guidcliiics and practice listed 
below indicate the framework within which we operate. 

4.1 ZONING OF LAND 
Industrial development has been limited to the bottom end of the catchment. where salinity is a minor issue. The 
industrial development does not entail any "wet' industry, so as to not impact adversely on giouiidwatei 

High density residential areas comprise the mid section of the catchment. Saline discharge areas arc ringed by 
development in this mid section of the catchment. Changes have been made in zoning land to greenspace that is 
severely salt affected: and salinity hazardous development parcels of land have instigated change. Greenspace For 
the community acts as an area where major tree plantine can ( and has) taken place. to lower local eroundwater 
tables. 

The upper reaches of the catchmerit are low &nsity residential areas. with an urban huller area on the higher. more 

vecetated areas of the catchment. 

4.2 BUILDING CODES 
The use of marine concrete and better damp coursinc in the higher salinity hazard areas. has been a recommendation 
of the technical investigations being carried out. Liniitations on area of lawn and provision of rainwater tanks has been 
discussed. The use of septic systems that do not add to water table are being investigated. 

4.3 DEVELOPMENT CONSENT & DESIGN 
As indicated in section 2.2 above, any new development requires salinity assessrnenL within the Trov Gully area 
This usually involves an appraisal of lands with EM survey, geological investigation, soil survey and calibration, and 
peizorneter installation. Developers have been very co-operative with makine significant changes to design and layout. 
so  as to accommodate activities targeted at salinity control. 

4.4 STRATEGIC PLANNING OF CITY DEVELOPMENT 
Salinity, both rural and urban has been taken into account as major factors with regard to Strategic Planning in the 
Dubbo City Council area. Significant discharge areas exist within the city limits and in surrounding rural areas. 
Salinity statements are incorporated into Local Environmental Planning guidelines. 

Block size throughout the Trov Gully area has also heel) taken into account with the iieed for veg  ti etaon increase. and 
reduction in water use within the area. Larger blocks in Zone lb ( Rural Buffer) act as a butter to rural holdings. but 

also act as areas where vegetation can have a larger impact. Owners of larger blocks are usually more inclined to 
plant trees. and these buffer blocks have a high proportion of existing tree cover. 

The low density residential zone of the catchment is receiving most pressure to downsize blocks. Increased 
development in these areas may significantly increase recharge 

A minimum percentage of tree cover for each jonc of laud has been suggested. particularly with any new 
development.  

4.5 STORMWATER DESIGN 
In November, 1995: a Storniwater Maiiaeemiient Plan was developed for the ]rov Gully ('atchmeut area. As salltlit\ I' 

a major consideration within the catchinen t. storm water design had to take into account this major environmental 
issue. The Tow (hilly lJrhaii Salinity Working Group became the primary locus for public consultation and problem 
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solution within this framework. CIroundwater qualitY is of sigililicant ConSideratu)n within the catchment due to high 
levels of salinity in groundwater that may enter the system. Removal of saline groundwater and/or the addition of 
water to eroundwater can have adverse effects throughout the catchment. As runoif from storniwater systems at as 
mechanismsto flush salts through the system, they also have the potential to increase salinity if they recharge 
groundwater. The area also has significant surface water accumulation on saline discharge sites. that tend to 
concentrate salts as they evaporate. 

As indicated above, the area has significant water quality, recharge. runoff and concentration of salts issues A plan 
was developed for a number of different "reaches" of Tray Gully. to address these factors. Plans developed looked at a 
number of* considerations:- low-flow drainage by giving exi sting gull y areas some definition, depth of cut( 60cm) 
limited so as to not access saline groundwater. making sure piped Stormwater flows to creek and not lust onto 
discharge area: and incorporating remediation tree plantings into design for ease of flood water flow. 

I
5.PERCIEVED SOLUTIONS & ACTIONS 

Solutions to urban salinity need a technical understanding of why, where and how the problem exists in the catehirner:. 

I 	and techniques to remedy the situation: as well as a planning framework to base technical investigatory information 
on. Technical understandiiig can he gained from :- 

I 	
* EM survey & h'drogeological study over the remainder of the catchment to provide data to flicilitate planning. a- 
well as provide a basis for management actions. 
* Hazard mapping process within the catchrnent. that incorporates information on salinity sites, geology. sloç. soil- 

I 	
depth to groundwater, and additions to the water table including rainfall and irrigation( gardens). This will provide a 
salinity potential layer. which may assist in planning. 

I 	
The planning framework may be assisted by the use of the following :- 

* 149 certificates issued with each property transaction. that discloses salinity as an issue. This will increase 
awareness within the local area. 

I 	
* Development Conti'ol I'lan(I)CP) for Salinity. The detail that exists in a DCP may also highlight salinity a an 
issue, and bring it to the forefront of issues looked at in development. 

I 6.MAJOR IMPEDIMENTS 

I 	There are two main issues that are thought to he major impediments to managing urban salinity in a residential area 
EPA Clean Waters Act severely limits the options for drainage of saline water within an urban environment Hich 

value residential land may require engineering solutions to gain some relief for severely affected residential hlks, 

I 	
* Community awareness is still a major factor. The majority of ''Y  urban centre do not realise that urban salinity 
affecting their town. Community change in wateruse patterns on lawns would have a very significant affect on -alinit. 
status. 

I 	
Urban Salinity is a recent emerging problem that has been un-recognised for many years. in the short time ( 3- ear 
since communities have become aware, considerable headway has been carried out with practical solutions in a ne 
and challenging working environment that urban salinity presents iLself. Urban salinity is an emerging threat in the 

I 	
Central West ( and NSW generally). The technical methods of understanding catchments are relatively straieh 
forward. The challenge is to he innovative in providing awareness/extension information to all stakeholders. vhich 
include developers: and to provide a planning framework that is based on sound investigation that leads to inf rmed. 
practical development decisions. The Troy Gully area has been an initial fi)cus area due to it's obvious salinit 

l 	

problem , hut many catchmeiits in many towns and in many states all face similar problems. There is a need 
experiences. and pool ideas hioiii across the nation 

E 
I 



THE WAGGA WAGGA URBAN SALINITY BORE FIELD 

ANTOINET CARTER 
STEVEN NASh 

DLWC 
w wcc 
Cs! RO 

I 

Li 

I 

Li 

r'~ 

71 

I 

I 

ABSTRACT 

Antoinette Carter, M urrumbidgee Regional Hydrogeologist, 
DWLCPh (02) 69220440, Fax (02) 69230672, e-mail: acarter(adIwc.nsw.gov.au  

I 

Steven Nash, ME BE LGE, (WWCC Design Engineer 1995-1999), Westernport Water Design Engineer. 
Ph (03)05952 2393, Fax (03) 5952 3115, e-mail: westport@compcom.com.au  

The City of Wagga Wagga is experiencing rising saline groundwater tables. It is causing damage to residential development 
and infrastructure. One of the proposed short to medium term solutions involves the construction of a series of deep bores 
designed to lower the groundwater level under the urban area, until more natural solutions can be implementcd. 

The paper would address issues relating to the investigations, development and operation of the Urban Salinity Bore Held. 
including an overview of urban salinity in Wagga Wagga, background and hydrogeology of bore field, aims and objcctl\e. 
role in Urban Salinity Program, design of the bore field and discharge system, community education and consultation progt':Ill, 

construction issues, monitoring program and results from the first month of operation. 	
I 
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OVERVIEW OR URBAN SALINITY IN WAGGA WAGGA 

The city of Wagga Wagga is the regional centre of the Riverina with a population of 55,000. The Murrumbidgee River flows 
through the city centre with the topography ranging from river flats to hill side dwellings. 

Salinity was noticed in the surrounding rural areas around 30 years ago with awareness in land degradation increasing during 
the 1970's. Salinity became a major interest to landcare groups in 1985. 

Council was not interested in participating with major expenditure towards Salinity management in the rural area's, but this 
changed when salinity appeared within the heart of the City. In 1993 the Showground, located in the middle of the urban area, 
undertook redevelopment with the construction ofa $2.5 million trotting track. The project was completed and the Show 
Society was trying to re-establish the grassed arena in the centre of the track. They sowed it 3 times and each time it died off. 
The Council and DLWC Staff where called in for advice. With the experience with rural salinity the DLWC quickly picked the 
symptoms. A backhoe was then used to dig 4 test holes, which filled with groundwater to within 200mm of the surface within I 
hour. The trotting track had been a cut and fill job with about I Sm cut into the hill. This had intercepted the water table 
underlying the area. The salinity of the water was about one third of the level of seawater. 

This lead to further assessment of the remainder of the city and it was quickly discovered that other evidence existed such as: 
Roads failing because of saturated pavements - previously blamed on springs. 
Houses with continuous damp under their floors - previously blamed on poor drainage of ventilation. 
Trees and lawns - previously blamed on insects. 

Wagga Wagga City Council then undertook a program of installing piezometers across the city. An Urban Salinity Working 
Group was set-up comprising the Department of Land and Water Resources, Environmental protection Authority, Riverina 
Water, Charles Sturt University, an Engineering Consultant and Council. A three year action plan was developed which 
included investigation, monitoring, raising awareness, education and a program to implement change in a pilot area. A 
Hydrogeologist acted as the Urban Salinity Facilitator for the three years of the investigation phase and guided the working 
group through the first few stages. 

BACKGROUND AND HYDROGEOLOGY OF THE BORE FIELD 

To determine the extent of the groundwater problem over the City a series of 50mm diameter uPVC piezometers were installed 
around the City. In the first year 25 were installed which has steadily increased to total over 100 presently. The regular 
monitoring of the piezometers and the production of annual reports indicated the depth to the ground water across the city and 
degree of seasonal fluctuations. 

From the piezometer information a pilot area was selected for further study were the depth to the groundwater varied between 
0-2 metres below the ground surface. A trial bore was consiructed in 1995 within a small park in the pilot area to see if there 
was an interconnection between aquifers that would allow water to be lowered by this means. The test bore involved drilling 
the bore, soil logging, installation of piezometers, 7 day pump test and extensive monitoring. 

I 	
Piezometers where installed in sets of three at depths of 15m. 30m and 60m around the bore to monitor the drawdown of the 
groundwater level and to gauge the performance of the bore. The bore was installed to a depth of6l metres and pumping tests 
operated for 7 days at 0.5 L/s. The pump test indicated: 

that the unweathered slate has a transmissivity of 1.7 m2/day, 

I . 	a hydraulic connection exists between the deep and shallow groundwater zones, 
a safe production yield of 0.6 L/s, 
the shallow water levels can be lowered. 

I
. 	vertical downwards drainage is induced to the pumped levels, 

water levels do not fully recover from pumping until the volume lost is replaced by local recharge events, 
the time taken to recharge the groundwater will assist in determining the schedule for operating the bore pumps. 

I 	
The pump test results were used to develop a ground water bore model which incorporated a bore field to allow an estimation 
of the drawdown which could be achieved. It indicated that the most productive water bearing zone was found to be the 
unweathered fractured metasedirnents, which are predominantly comprised of phyllite and shale. 
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The trial urban salinity bore field was designed to radiate out from the trial bore. It was assumed that all bores would provide I 
similar yields and draw downs as the trial bore which equated to bores being installed in a 1km square grid layout. he extent of 
the bore filed is presented in the diagram below: 

WHHLH WWH 
LHJ 

Ir  H 	__ 

[Hi3LflJJ:i ..L . iLitti, 
LLLL 	H H 

The bores were drilled and pump test performed by the Contractor under supervision by the DLWC. The bores were drilled 
until satisfactory flows were detected and to a maximum depth of 120 metres. At one site, bore 9, no fractures were intercepted 
and insufficient flows were detected. It was converted into a deep piezometer. The flows and water quality at the other sites 
varied considerably with the presented below: 

Bore Depth Standing Water Level Bore 	Salinity - Pump Test 

No In Date Level rn Date E C 	(!AS/cm ) 7 	Day 	(Its) Yield 	(Its) 

1 61 20/03/1996 0.83 20/03/1996 4400 0.6 0.19 

2 73 09/07/1998 1.51 09/07/1998 4400 0.16 0.05 

3 71 15/07/1998 0.32 15/07/1998 1410 1.6 0.53 

4 73 17/07/1998 flowing 17/07/1998 1377 2.4 0.79 

5 73 04/07/1998 3.01 04/07/1998 1620 2.2 0.72 

6 72 06/07/1998 1.87 06/07/1998 2580 1.6 0.52 

7 45 29/07/1998 1.2 29/07/1998 2200 1 0.33 

8 42 23/07/1998 1.13 23/07/1998 2900 0.75 0.24 

9 - dry bore - dry bore dry - 
10 73 1  03/07/1998 1.69 03/07/1998 2390 6 1.98 

Total 16.31 535 

AIMS AND OBJECTIVES 

It is anticipated that the trial bore field would need to operate for an extended period, probably at least five years, to allow a 
new water balance to be established and a variety of weather conditions to be experienced. The average EC of the bore water 
was estimated as being 2000 uS/cm with 864 kL pumped per day. 
The trial bore field will provide data on the: 

Effectiveness of lowering shallow water tables by deep bore pumping. 
Long term changes to pumped groundwater EC. 
Pumping schedules and pumping rates required to effectively lower shallow water tables, and 
Costs involved in installing and operating a dewatering bore field within urban Wagga Wagga. 
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The aim is design a bore field that: 
dewaters the trial area satisfactorily to provide relief to the local area from high groundwater, 
provide a cost effective system that is efficient and has minimal impact on existing infrastructure, 
provides easy access for monitoring and educational visits, 
provides flexibility to explore, 
has a minimal aesthetic and noise pollution impact on the local residents and community. 

A main objective throughout the design, drilling, construction and monitoring stages of the bores has been to keep the local 
community informed. The aims of this were to: 

raise awareness of the groundwater problem and efforts being taken to remedy the situation, 
ensure that the adjacent residents approved of the bore sites, 
provide the contact names and phone numbers for more information and complaints 

ROLE IN THE URBAN SALINITY PROGRAM 

The trial dewatering bore field is an integral part of the urban salinity program within the City of Wagga for purposes of 
providing immediate relief, education, funding and raising community awareness. 

The aim of the dewatering bore field is to immediately pump ground water out of the aquifers and away from the local area. 
lowering the water table in the local area. This will enable the salt within the top soil layers to be leached or flushed deeper 
away from house foundations and tree roots by rainfall. The bore field will enable the vegetation to recover and provide relief 
to infrastructure. 

The other programs, especially revegetation planting and removal of rubble pits, are not going to provide immediate relief, but 

I 	are long term plans to lower the amount of water entering the groundwater. The aim is that in the long term the bore field will 
become redundant as the effectiveness of the other programs will be sufficient to prevent large quantities of water leaching into 
the soil in the catchment to cause the water table to rise. 

I 	The education value of the bore field is high as it clearly demonstrates the scale of the problem. The park within which the trial 
bore was installed has been developed into a salt tolerant park which is irrigated with the groundwater from the bore. The pump 
control board shows the volume of water pumped, the salinity level and the depth to the ground water at a plezorneter located 

I 	
20 meters from the bore. The figures combine with the sound of the water discharging into the tank to demonstrate the volume 
of water which is contained in the soil just below the surface. 

The City of Wagga Wagga is not alone in suffering from a high ground water table and urban salinity. The bore field will 

I 	provide important information to determine if it is a viable option for further expansion in Wagga Wagga or establishment in 
other urban areas. The Bore Field was opened by the NSW State Agriculture Minister, Richard Amery, who also announced 
another $800,000 funding under the NI-IT in 1998/99. 

U 	The community awareness has been raised by the local media reporting of the performance of the bores, through school and 
community groups visiting the bore sites and pump stations and by seeing bores installed in the footpath out the front of their 
or friends houses. 

DESIGN OF THE BOREFIELD AND DISCHARGE SYSTEM 

U 	The DLWC has provided a licence for the borefield to discharge into the Murrumbidgee River for a period of 5 years. With 
this is mind, the design of the borefield was kept cost efficient so that if the licence was revoked, the loss of capital ould be 
minimised. The features of the borefield reflect this and include: 

U
. 	the bores are installed below standard sewer manholes, 

each bore has a sampling point, flow meter, isolating valve and non-return valve, 
the flow rate from the bore is controlled by a marie flow valve and return line. 
the bore pipe fittings are standard uPVC fittings, water meters and valves. 

I
. 	the control boxes are standard vandal proof electrical boxes painted heritage green, 

the upper and lower probes in the bores are manually adjustable, 
the bores 
discharge via P13 pipelines into the existing stormwater system. 
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The marie flow valves were installed on the discharge to ensure that the design flowrate is not exceeded. A return 	e prior t: 
the maric flow valve allows excess water to return into the bore. This ensures the pump operates at its duty point bL: the bore 
discharge does not lead to pump cavitation. 

Utilising the stormwater system minimised the pipeline system that needed to be constructed and utilised an existir.c asset, 
which would be empty a majority of the time. Polyethylene pipelines were constructed from each bore to the neares 
stormwater pipe. 	 I 
A pump station was constructed downstream from the bore field to intercept the bore water from the stormater pie system 
and pump it into the Murrumbidgee River. This was necessary as the stormwater system discharges into a lagoon : ch was 
identified as being too sensitive to accept the slightly saline water. may have damaged the lagoon. The DL\\ C felt  at the 
ecosystem within the lagoon may not be able to withstand an increase in salinity particularly during prolonged dr :'eriods 
when the only inflow into the lagoon would be the borewater, which combined with evaporation and irrigation coms.imption. 
would increase the salinity. 	 I 
The pump station is a 1200mm diameter RCP pipe, 2.4 metres deep, with a aluminium sump pump with a sacrificias anode. 
The water is directed into the well via a sump in the 1200mm drainage pipe. The pump station is to be connected tc the sewe: 
RADTEL SCADA system and maintained as per other sewer pump stations. The pump station is also to hae a weather static 
so that it turns off during rain events and stays off for a suitable time. AThis  will ensure that the pump is not pumpi:z rainwa:z, 
into the river. During this time the bore water will be diluted by the rain and will not impact on the lagoon water qua.ity. 

The volume and salinity of the water discharged from the pump station is to be monitored and recorded. It is also t.: 

	

I 
displayed on the pump station control box to inforni visitors to the site. This measurements will quantif\ the quant: of salt 
pumped into the river from the borefield. 

Further investigations are to be carried out to find uses for the water from the pump station, such as irrigation or orLier dispo 
methods, such as evaporation basins, once the quality of the water is known. 

I 
COMMUNITY EDUCATION AND CONSULTATION PROGRAM 

Education and community consultation have been important objectives of the trial dewatering bore field. 	 I 
The local residents have been kept informed via letter drops and personal visits. Staff and contractors hae also bee' instruc:ed 
to answer all requests for information by residents during all stages of the project. The result has been that the loca. :omrnun. 
has been very tolerant of the inconvenience created during the completion of the project and the,, have indicated am:eciatec 
the efforts being made to combat urban salinity. A drilling rig parked on the front footpath while the hoc .0 ope: 
inspection prior to sale is inconvenient. 

The consultation with the adjacent residents has continued after the bores were commissioned to ensure that iSUCF ..ch as 
noise, trench settlement, etc, were acceptable. 
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I 
Efforts have also been made to make the borefield presentable as an education tool. The park around the trial bore has beefl 

I 	
transformed into a salt tolerant park. The control box displays the volume pumped, salinity level and depth to the ground a:er 
at an adjacent piezometer. Signs are to be erected describing the project and the park. The pump station site includes a dis:..ay 
of discharge flows and salinity, with an open grate over the sump which allows visual assessment of the quantit, and quah, of 
the water. 

I The media have also been informed of major stages of the project. There has been TV, newspaper and radio covege of 
drilling and opening of the borefield. This has kept the wider comniunity informed. The DOCENTS have also e-eii regL± 

updated on the progress of the project. 

CONSTRUCTION ISSUES 

I 	During the installation of the bores and the commissioning the following issues were detected which should have been ir::_ed 
in the original design: 

the probes in the bores are difficult to adjust as they tend to tangle with the cables and pipe in the bore casin 

I 	.the fittings above the bore should include flanges or universal couplings to enable the bore pump to be lifted easily. 
the design of the pump and discharge pipeline should have minimal safety factors to minimise the volume of..aterre:_ed 
back into the bore and to maximise the run time of the pump. 

I 	
.each bore should have an On button, which will start the pump before the water level reaches the top probe. This wiL 

enable a water sample to be taken, even if the pump is not running when visited. 
if the bore flow is much greater than expected, design for average flow, not maximum, to minimise pump stars and 
the discharge pipe diameters should be uniform to minimise purchase and construction costs. 

I MONITORING PROGRAM 

The monitoring program is to include all facets of the trial dewatering bore field which includes the bores. piezoeters a: 

I 	pump station. This will ensure that rate of drawdown of the groundwater is controlled and that all components are worki 
satisfactorily. 

I 	
The pump station will be monitored automatically by the RADTEL system, so that it can be checked on a daily casis. I: 
also allow for alarms to be raised automatically. This could be for pump failure (therefor borewater bypassing sight i:: :ze 
lagoon), maximum daily salt discharge into the Murrunibidgee River exceeded, etc. 

I 	At each bore the settings for the probes are to be noted along with the pump hour counter, water meter and EC c f the diEe 

water. 

I 	
At the piezometers the depth to the groundwater is to be measured and recorded. 

The frequency of the monitoring is to vary throughout the program. Prior to commissioning the piezometers were read 
monthly. Upon commissioning the bores and piezometers were monitored daily for the first fortnight. This was cen inca 

I
to fortnightly and then monthly. 

A quarterly report is to be prepared for the review by the DLWC on the operation of the trail dewatering bore fTei. 

CONCLUSION 

I 	
The bore field offers the opportunity to educate the community, study the groundwater hydrology and relieve a .eztion C: 

City that is suffering from high saline water tables. The bore field has been developed through community assistance an: 
consultation and will offer an important insight into the viability of such schemes, and the future costs of remed:.a:ing 
communities if the early signs of Urban Salinity go unnoticed. 

I 
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I 
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ABSTRACT 

Buronga is on the NSW side of the Murray River directly opposite Mildura. As the area is the focus of regional 
groundwater oufflow for the Murray Geological Basin, groundwater is often saltier than sea water. Although there 
is no record of natural salt inflow to the Murray River at Buronga, it is believed that construction of Lock 11 and a 
wcir at Mildura in the 1930s created conditions suitable for salt inflow. The weir maintains a pool level of 34.4 in 
AHD compared to a downstream level of 30.8 in AHD. This has resulted in saline groundwater under the Buronga 
meander being discharged into the Murray River downstream of the structures. with an irrigation mound dc\ eloped 
under the Buronga Irrigation Area having a secondary impact on saline inliows to the river. 

In 1979 the Buronga Salt Interception Scheme was constructed to intercept the saline groundwater and to pump it 
via a pipeline for disposal in Mourquong Swamp which is remote from the river. In 1984. as part of a review of the 
Scheme, an analytical groundwater flow model was coupled with an optimisation model in order to impro\ C 

interception effectiveness by nullifying the hydraulic gradients forcing saline water into the river. 
Recommendations were made for altering the pumping rates for each of the five existing bores. and for 
constructing a sixth bore This increased the installed capacity from 140 to 157 LIs. Subsequently, a numerical 

model was developed to better simulate the dynamics of the system and to incorporate factors which could not be 

included in the analytical model. 

This studs concludes that operation of the Buronga Salt Interception Scheme has reduced salt load significantly but 
not completely. It appears that, over the long term. about 40% of groundwater-borne salt destined for the river has 

been intercepted. 

INTRODUCTION 

Buronga, directly opposite Mildura on the Murray River, was declared a township in 1937 after settlement had 

commenced there in 1925 in consequence of a punt service (Figure 1). By 1930 a bridge had been constructed 
across the river (Muore. 1998). Around this time. in the 1930s, a series of weirs and locks was constructed along 
the length of the Murray River. Lock 11 is located at Mildura, where the upstream poe1 level is 34.4 in Al-Ill) 
compared with a downstream level of 30.8 in AHD. While stable river levels have improved the reliability of 
irrigation water sourced from the river, the steep drop in level has upset the natural groundwater gradients in an 
area of the Murray Geological Basin which is recognised as a groundwater discharge zone. In particular. upard 
vertical gradients from deep to shallow aquifers have been magnified in the vicinity of the river structures. Given 
that the natural groundwaters are saline, often saltier than sea water. the salt discharge to the Murray River has 

increased. 

In an effort to intercept this saline groundwater discharge. the NSW Government installed a dewatcring nct\or1K of 
five bores (PS 1 to PS5) to depths of about 30 metres (Figure 1). Effluent is piped to a large gypsum depression 
(Mourquong Swamp) 2-7 km to the north of PS5. The scheme, known as the Buronga Salt Interception Scheme. 
has been operating since February 1979. A companion groundwater interception scheme (Mildura-Merbeifl) has 
operated on the Victorian side of the river since 1980. This scheme comprises 17 bores which extend to 7 km v est 

of Mildura Weir. 

Two aquifers are recognised as interacting with the river: the Coonambidgal Formation (called the "shallow 
aquifer in this study). silty sands interbedded with clay, deposited by modern and recent nvers and the Panlla Sand 
(the "deep" aquifer). deposited during marine transgression and regression. Beneath the Parilla Sand arC thC 
Bookpurnong Beds of marine clay. The bores in the Buronga dewatering network are located on the floodplain of 
the Murray River. Since the commencement of the scheme, the maximum number of bores in the monitoring 
network has been 93 for the shallow aquifer and 31 for the deep aquifer (Figure 1). 
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Figure 1 Location plan showing dewatering and 	 Figure 2. Pumping rates at bores PSi and PS3 

	

monitoring bore networks 	 - - 

There have been several earlier studies which throw light on the effectiveness of the Buronga Salt Interception 
Scheme. A thorough review of the effectiveness of the scheme over the first few years was conducted by \ an der 
Lelij (1986). He reasoned that the effectiveness of the scheme was about 90% in salt inflow reduction when pumps 
are operated continuously. However, as pumps were active for only about 60% of the time, due to mechanical 
breakdowns and deliberate stoppages during high river flows, the overall effectiveness was lowered. Even with 
pumps active, he identified a reach of 400 metres below the weir where deep aquifer head was more than 1 m above 
river level Merrick and Middlemis (1988. 1993) represented the aquifer system as a 2-layered analvucal model, so 
that linear programming optimisation theory could be used to determine optimal pumping rates at each bore. The 
model was not able to account for rainfall and irrigation recharge, nor for any system dynamics. By constraining 
deep aquifer heads near the river to never exceed river levels, the approach was able to recommend optimal 
continuous pumping rates at each pump site. For the 5-bore network operating at that time, a total abstracuon of 
40% higher than had been achieved to date was needed to meet constraints, and hence to miniimse salt upflow 
from the deep aquifer. Several possible sites for a sixth bore between PSi and the weir and optimal rates for each 
bore were recommended. Middlemis (1990) incorporated spatial variability in aquifer properties and re-charge 
stresses in a numerical model of the Buronga Interception Scheme. The finite element model, implemented with 
AQUIFEM-N software, included both NSW and Victorian interception schemes. As this software does not take 
density into account, it implicitly works with freshwater heads. Earlier. Ghassemi et al. (1986) had developed a 
finite-difference numerical model of the neighbouring Mildura-Merbein Interception Scheme. 

I 	DATA ASSESSMENT 

I 	
Although river levels are controlled by weirs and locks, there are frequent flood events (six since 19901) which 

provide pulses of relatively fresh water to the aquifers, and suspend the opportunity for salt flows to the river. 
Current operating policy is to lower the weir dropboards as a flood approaches Mildura, and to remove the pumps 

I 	
from the bore site in order to minimise damage from flooding. As a result, the pumps could be out of action for 
several months at a time. In addition, mechanical breakdowns have also been responsible for the shut&" n of 
pumps for extended periods. Pumping records indicate that the duty cycle for each pump is around 5U4)0°/ 

I 	
Although the annual extraction from the boreficid varies significantly from year to year. froin about 35 L s to 9 
L/s. the long-term average production has been about 73 L/s which is very close to the optimal extraction from six 
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I 
bores recoimnended by Merrick and Middlemis (1988). Prior to 19901. however. the borefield consisted of five bores 

for which the corresponding optimal rate was about 97 LIs. During that time, the scheme output was about 30% 

below optimal. Since 1990, production has averaged about 68 LIs, which is about 10% below optimal. 

Although total production is close to optimal, it does not follow that the borefield is operating in an optimal 
manner. Merrick and Middlemis (1988) recommended different optimal rates at each bore, and recommended 
preferred sites for the drilling of a sixth bore. In the event, their fourth choice for an extra bore was implemented, 
due to unfavoirable aquifer conditions for the type of bore design proposed. The final site also was not ideal due to 
the fine and unstable nature of the sediments nearby. Figure 2 compares actual with optimal pumping rates at two 

pump sites. Long-tenn PSi pumpage is about 55% below optimal, while short-term (since 1990) the deficit is about 
70%. PS2 has operated about 10% below optimal over the long-term and about 20% below in the short-term. The 
operation of PS3 is about 20% below optimal. Merrick and Middlemis (1988) showed that PS4 should be shut 
down, but this bore continued to operate until 1996. Accordingly, its abstraction has been far from optimal. 
Similarly, it was recommended that PS5 be pumped at a nominal rate (about 6 LIs) but it has been operated at 2-3 

times this rate. PS6 is operating at half the installed optimal rate of 15 L/s. 

Pre-development measured groundwater levels show substantial agreement for the two aquifers. Groundwater flo 
is westerly towards the north-trending Murray River. Where the river turns west at Chaffey Ben& groundw ater 
flow swings to the south. It is estimated that freshwater heads would be about 0.2 m to 0.8 in higher than observed 
heads in the deep aquifer (assuming 2:1 to 20:1 salinity contrast with the shallow aquifer). Shallow heads would 

normally differ little from freshwater heads (about 5 cm at 4:1 contrast). 

A sampling round two weeks after commencement of pumping in February 1979 showed immediate impact in the 
deep aquifer, with subdued drawdown in the shallow aquifer. A clear change in vertical head differentials 
suggested stronger downward gradient over most of the area induced by pumping from the deep aquifer. with 

differentials of 2.5 in maximum. The region of potential upward flow, with maximum differential 1 in. had shrunk 
and become more localised. This general picture has persisted for the 20 years of the scheme's operation. 
punctuated by intermittent pumping schedules and occasional high river flows. Along much of the river bank 
downstream of the weir, the shallow water level has been commensurate with river stage (30.8 in). However, 
immediately downstream of the weir (for 2 km) there is a persistent zone of potential upward flow The S\ stem is 

very dynamic and the potential for saline upflow to the river depends very much on the vigilance of operation of the 
dewatering scheme. While pumping must be maintained permanently to control hydraulic gradients, measured data 

suggest that the existing scheme cannot completely nullify salt discharge. 

Recent electrical conductivity measurements at the six pump sites and at piezometers adjacent to the river range 
from 1,100 to 42,600 i.tS/cm in the shallow aquifer, and from 5,800 to 78,300 .tS/cm in the deep aquifer. The river 
water conductivity at the Mildura Weir ranged from 180 to 310 .tS/cm at this time. Half of the shallow red.ings are 
less than 4,000 uS/cm, while the other half are greater than 11,000 uS/cm. The high values occur between PS3 
and the river. The highest deep values occur immediately downstream of the weir and the lock. and at C haffey 
Bend. The lowest value occurs next to the river between PS2 and PS3. This is in the area where joint pumping of 
PS2 and PS3 encourages downward flow of groundwater, and probably induces fresh water recharge from the river. 
Pump site conductivities (deep aquifer) are generally in the range 50,000 to 60.000 uS/cm. Their behaviour with 

time exhibits extreme variations of up to 50% (30.000 ttS/cm). 

The salt load in an-,-  one year has varied from about 30.000 to 115.000 tonnes. The cumulative salt load has aried 
from 70,000 tonnes at PS6 to 355.000 tonnes at PS4. When PS6 came online in 1990, the production from 	I NN  was 

somewhat inhibited, due to interference between the two neighbouring bores. The total cumulative production from 
the borefield over 20 years has been about 41.000 ML of water and 1.5 million tonnes of salt. 

NUMERICAL MODELLING 

The numerical model developed by Middlemis (1990) has been applied in monthly stress penods from January 
199() to June 1998. to track the dynamic changes in aquifer heads and particularly the inferred fluxes along the 
reach of river downstream of Mildura Weir. The model was originally calibrated successfully for the time period 
from February 1979 to August 1983. Apart from simulating the response of the system to actual pumping. the 
model has been used to explore what might have happened if the scheme had never started, and also whether the 
scheme might have been more efficient if the optimal pumping rates recommended by Merrick and Middlemnis 
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(1988) had been adopted. The latter scenario is really a verification of the analytical approach followed by Merrick 

I 	
and Middlemis (1988). 

The conceptual model is a two-la ered aquifer system corresponding to the Coonambidgal Formation and the 

I 	
Parilla Sand. Recharge occurs from rainfall, irrigation and the river. Discharge occurs to the river and from the 
aquifer by pumping. The boundary conditions are generally no-flow along flowlines, but prescnbed flows are 
imposed on parts of the northern and southern boundaries. The river is modelled as a "first-tYpe' boundary 
condition. that is fixed head in the shallow aquifer. The head is allowed to vary each month. This assumption is 

I 	
equivalent to full penetration of the river through the shallow aquifer. In the model, there is no direct connection 
between the river and the deep aquifer. Spatial variability is allowed for aquifer properties. 

I 	
At the time of this study, only annual production figures for each pump site were on hand, so the model has applied 
an equivalent continuous rate at each site. The rates vary from year to year. This shortcoming in the dataset limits 
the validity of snapshot comparisons with observed head patterns. which are known to depend significantly on 
pumping fluctuations. Similarly, annual irrigation delivery volumes to the two irrigation areas and to private river 

I 	pumpers formed the primary dataset. Temporal variability has been assumed to follow a seasonal pattern. Deep 
drainage of irrigation waters has been calibrated at 20-40%, with 50% at Mourquong where there is no drainage 

infrastructure. Rainfall recharge varies monthly at 1% of Mildura rainfall for agricultural land and 0.5% for urban 

I 	
land, subject to threshold antecedent conditions. Upstream and downstream river levels have been specified in the 
model as monthly averages. The model has the capacity to include Victorian stresses, but the original study showed 

that Victorian pumping had negligible impact on NSW groundwater levels. 

Heads 
As modelling assumes freshwater heads. one would expect simulated heads to be marginally higher (in general) 
than observed heaçls. Observed hydrographic data show sudden fluctuations in level but are not continuous enough 
to establish the detailed dynamics of the system. Simulated data replicate absolute levels qultc well, and suggest 
heightened fluctuations in response to high river stages at times when no measurements were made. At times, the 
simulations show larger drawdowns than have been observed. This is due in part to reporting the response at the 

pump site, rather than a finite distance away. 

For the end of the simulation period_ the vertical head difference between the two aquifers (Figure 3) compares 
favourably with observed head differentials, but observed patterns are very sensitive to instantaneous pumping rates 
which are not vet incorporated in the model. The simulated head differentials are generally 0.5 in higher than 
observed, which is what one would expect when density is taken into account. There is very little difference in the 
zone of potential upward flux between recorded and optimal pumping, but the latter performs marginally better 
immediately downstream of the weir (Figure 4). Despite pumping for 20 years, there is still a persistent zone 
extending 2.2 kin downstream of the weir where saline discharge to the river is expected to be occurnng. If the 
schcme had not commenced. this zone would have been larger, would have extended along the entire reach of the 
river (past Chaffe Bend). and would have been more intense and therefore responsible for larger salt inflows. 
Numerical modelling shows that the optimal rates (due to some severe assumptions in the analytical model) do not 
achieve the target levels, but on the whole they would have performed better than actual operation. 

Fluxes 
Conceptually. the model provides salt discharge to the river by horizontal flow from the shallow aquifer and 
vertical flow from the deep aquifer (via the shallow aquifer). Modelling suggests that horizontal salt loads are 
negligible when compared with vertical loads (by two orders of magnitude). 

An impression of the change in flux directions, and the variation in flux magnitudes along the river bank. is 

afforded by Figure 5 which looks at flux snapshots during high and normal river stages. When river stage is high, 
horizontal fluxes are away from the river and are strongest at the two westerly bends below the weir. Vertical fluxes 
are downwards and are strongest near PS3 and PS2. When river stage is normal, horizontal fluxes are uniformly 
weak and are towards the river except near the weir where flow is parallel to the bank. Vertical fluxes are upwards, 
except near PS3, and are strongest in the stretch of river between the weir and PS2. One would expect saline 
inflows to the river to be concentrated in this reach. in rough proportion to the flux magnitudes. Near PS3. due to 
pronounced pumping. the flux is almost always downwards. Fresher river water will recharge the deep aquifer and 
dilute the concentration of deep groundwater in this area. as observed in measured electrical conductivitics. 
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Figure 3. Predicted vertical head difference for Recorded Pumping, 
June 1998. (Positive means Deep Head > Shallow Level) 
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Salinities 

I 	
Based on only the most recent electrical conductivity measurements, modelling suggests that the med.tan salt 
discharge to the river from NSW (within 5 km downstream of the weir) would have reduced from about 710 
tonncs/month under natural conditions to about 440 tonnes/month with recorded pumping. This is a reduction of 

I 	
38°". The optimal pumping rates of Merrick and Middlemis (1988) would have achieved about 471/6  reduction The 

absence of a full historical record of groundwater salinities will distort the estimates offered here. probabl by 
underestimating salt load because the deep aquifer is being diluted by induced river recharge near PS 

I 	Over the period of operation of the scheme, modelling estimates that about 22.000 tonnes of salt destined for t.e 
river have been captured. To achieve this, the scheme had to extract 1.5 million tonnes of salt from ground\\ aler. 

an  efficiency of 1.5%. With optimal pumping rates, the mass captured would have been about 27.000 ton-nes 

I
(efficiency 1.8%). 

CONCLUSION 

The actual operation of the Buronga Salt Interception Scheme has reduced salt load significantly but .ot 
completely. It appears that, over the long term, about 40% of groundwater-borne salt destined for the flyer has been 
intercepted. The total cumulative production from the borefield over 20 years has been about 42.0(ft' ML of a:er 

and 1.5 million tonnes of salt. 

The long-term average production of groundwater has been about 73 LIs which is very close to the opu.al  

extractionfrom six bores recommended by Merrick and Middlemis (1988). However, there is no obius 
correlation between actual pumping rate at an individual bore and the optimal rate suggested earlier Although ne 
optimal rates were derived on the basis of an analytical model with some limiting assumptions. numen.caI 
modelling suggests that the optimal rates would have performed better than recorded rates. The analytical opernal 
rates have not been able to nullify the salt upflow near the weir. It might not be possible to achie e this i.b brie 

existing bore network. 

I 	The scheme is capable of performing better. This could be achieved by a higher duty cycle at pump sites, or 	re 

effectiv clv by placement of an additional bore near a troublesome hot spot wluch has persisted below the weir. 
high initial performance in the first year. the duty cycle dropped rapidly in subsequent years to settle at aroun 5)- 

I 	
60% for each pump. For each tonne of salt prevented from discharging into the flyer, the scheme has had to p.rnp 
about 60 tonnes of salt from the deep aquifer. This is a low efficiency factor. 
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Woolpunda and Waikerie Salt tnterception Schemes 	I 
10 years on (or thereabouts.....) 

I 

Andrew Telfer 
Principal - Australian \Vater Environments 

P0 Box 171 
Kent Town SA 5071 

Ph: 83637050 Fax: 93823790 email: austwater u,adelaide.on.net  

The Woolpunda and Waikerie Salt Interception Schemes were designed and built in 
the late 80's and early 90's. The schemes, located adjacent the River Murray in 
South Australia, were designed to intercept natural (Woolpunda) and irrigation 
induced (Waikerie) salt loads. The salt loads derive from the inflow of saline (15.000 

to 25,000mg/I) groundwater into the river. 

The interception schemes, comprising 49 bores (Woolpunda) and 17 bores 
(Waikerie), pump into some 110 km of disposal main before discharging into 

Stockyard Plain Disposal Basin (a leaky evaporation basin). 

Both schemes are working brilliantly. The bore flows are currently being optimised. 

The paper will present the background and review the current performance of the 

schemes. 

I 
THE FULL TEXT OF THIS PAPER WILL BE AVAILABLE AT THE 

CONFERENCE 
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Groundwater Training 

bvvor Pi//ar, I)ei'elopiiic'iii ()fficei', ('el/Ire /ur (r011//c/il u/er S/iic/ie, ((1 ; 

Abstract: 
Groundwater issues are at the heart of some of the most intractable problems in 
Australia's land and water resources. To begin reversing these problems twO 
fundamental issues need to be addressed: 

I. There is a low level of understanding about groundwater among industry. 
government and the community. 

2 	National land and water policies need to include the role of groundwater in 
the environment. 

TIns paper will focus on the First issue above. discussing some of CGS work in 
groundwater education and training. In addition it will lugliliglu the nuportancc of 
groundwater education if we arc to achieve informed national land and water 
resource policies. 

The Vision 

The earths environment is loaned to each generation to enjoy. and with it comes a solemn duty of care. 
world's population is growing at a vast speed. creating enormous stress on food and water supplies. enere\ 
supplies and waste nianagemnent. There are many bad news stories of famine. overlogging. forest fires and gross 
contanuitation. The good news is that we have the capacity to tuft most of our humanly-spoilt phvsicci 
environments into productive places of habitation. This vision could be put another wa\: lo iiiiprme the 
Icr//i prio Inc i/ic capaci Ii', xiixiaiiiahlc axe. iiiana i.c'/!ieo/ aiu/ cooxeri 'al/oil of re.vo arc cx 	(NI ission Statement 
Australian Land & 'Water Resources Research and Development Commission - LWRRDC (. 

The problems 

There is a poor level of understanding of groundwater issues w ithut Australia. Nvitlihi the water industry eec 
particularly within the community This is now becoming critical, given tlic national initiatives to combat sahne' 
problems ut most slates, and the ever-increasing reliance on grourldNuter for domestic and irngation supplies. 
Centre for Groundwater Studies (CGS) identifies the need for communicating groundwater issues as follows: 

7/1c i/ieee oxiiig iii/porIa/icc u/ ciii 'iroii/iie;i/a/ pro icc/aol ixxiiex and a Jociix oil rexioi'alioii a/ic! re,iiec"i 01/0/i. 

proi'idec/ a i/eec//or n,i,c/i better ioicIer.s!aiicIin o//iiiiiian impuc I's on i/ic e/i111'oiiiiieIii (it all A, I c/.v 1/1/ '' C er/cl 

fr/ic' of i/ic' .s i,hxiir/ace ciii 'iio/iiiie/il. it/ieee /1 	ia/i ierah i//li to pa//li/li 'ii li/li / 0/ ei'-evjih n/u/a ei ho' 	ui/i 

(1/1/ rc'c 1 aic( / liii o'e eec cut/i'. 

2.1. 	Undergraduates without hydrology education 
Most students aiming for a career in land and water resources are not trained in hydrology at the undergradu: 
level. Geolog) students may complete an undergraduate degree with little or no understanding of hydrology et:i 
groundNutcr issues. Extension officers and Field technicians may have an undergraduate degree in agriculture cr 
em u'onuiental science but have no exposure to groundwater issues, 

/ Bit/er, 1 I 1 Y ')O lii/('ii/(i/(i 1/oiu//ool, 
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I 

I 	
2.2. Lack of in-house training 
Due to major restructuring most government agencies no longer provide in-house training. It is cnueal that 
professional development education is available to a range of staff including cntzineers. agricultural e'cicnsioii 
officers. catchment management planners and environmental officers. The decline of in-house tranin in 

I 	
government agencies is having a flow down effect on consultants who traditionally conic from the publie sector 
This reduces the level of groundwater understanding that pnvate consultants can bring to land and water protects. 

I 2.3. 	Iublic misconceptions 
Misconceptions and ignorance about groundwater can lead to large investments of inonc, time and energ on 
projects that may not achieve their goals. Conununity awareness programs are needed for dnviromunerit groups and 

I the general public to provide basic understanding of groundwater's role in the environment. 

I 	
2.4. 	Sumniarv of the problem 
The low level of groundwater education nationally among pollcN staff, planners and managers across a :ange of 
disciplines including environment science, caichment management, agriculture and mining, will inevitah1 lead to 

I 	

policies which are inadequate to cope with major issues like salinity, contamination and remediation 

/ic lad,' a/ irwiied pra/e.s'via,ial.v i/i hm'fra/a  i' and hu'dragealagi' j?ariicular/m! of graduate a':,; pa.i a'iduaie 

Ieee/v Iia,v been i cc giii.ve(/ far va/ne lane, aiul oem" il/ili'er.v/tr caursex offering such highI Ieee/ ti-O;CO ;IU ar 	.1/ic,' in 

I 	

placc' iiaim' or beaig jilaiinecl. Severed uniier,viiIex iii I u.vtralia imami' after a range a/ c'aur.',' ann 

ap/la/'Iiauhic'.v. 'I lox big/i ieee/ ira//nag liammecer neglects the i,icrea.vi/ig iieed far cc/i/canon 0/ ,u':-'ne( ia 11.1: ' I'll') 

I'qiare a iiiarc ge/iera/ A'nami'/edge of .vuhvurfac'e 00(1 graimc/mi'aler processes. 'Ihi,.c enm'n,iin/cnia/ rec'ii/aialo 

eai',rainneiiial engineers, canseru'alianwis. pra/essianal .vkif/ lii I;!', I 'x (1/1(1 at/icr agencieS, aiid cccii ilk' ijeiteral 

pub/ic'. hai'e i/aficalc(1 ci ihii:vi far kaoo'/edge (7/1(1 iinc/erstanilaig of prric'e.vses beneath au;' feet 

1 	3. 	The solutions 

I 	

\Vide-spread gromidNuter education is needed if we are to develop a national awareness of the role of groundwater 
in the environment. In Australia the following organmsations work in the field of groundwater resea':h and 
educa lion; 

I
. 	Centre for Groundwater Studies (CGS) 

UNSW Groundwater Centre 
IJTS National Centre for Groundwater Management 
The Hvdroaeologv group formerly with the Australian Geological Survey Orgamusation. now 'a ith ih0 3ureau 

' 	 of Rural Sciences (DAFF) 
CRC for Catcinuent Hydrology 

. 	CRC for Fresh Water Ecology 

The largest of these organisations. specialising in groundwater. is the CGS. The CGS is focussed on prcc.esses ol 
groundwater recharge, discharge. contanlination. reniedialion and management. The CGS is it non-profit. co.- 'erativc 

venture operating in SA and \VA and involving l() organisalions; 
(,'SlR() l,oiid and Water 	 • 	Water and Rivers (,oinmnissmon  
Hinders ni versmlv ot' South Australia 	 • 	Mi iustrv for I 'laiuung Western Au.:i 
I he I Jniversitv of Western Australia 	 • 	The Water Corporation \\estern  Aus:nilia 
I )epartmeut at I nvironmuent. lien tage and Aboriginal • 	I Jui ted Water ml emaIl onal 

Atlairs South Australia 	 • 	international I'nviroiuneiunl Mauae:::ent h' 1:1 
I 'rnnarv Industries and Resources South Australia 

(hie a/i/ic aiiiis of /he ( ( j,' is to rise the profile of graonc/u'aler geiu'i'a//t', through ediic (2!; '7 (1/ui 	''Ji/nhi,L' 

(0 ilrses i/i A i/sf,', i/ic,, " 

I 	I/al',',', I ' I Oa jo!',, 1,1,1 II, oil/Os,!, 
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The CGS undertakes a broad range of education initiatives including: 
Postgraduate groundwater education. 
Groundwater training programs. 

3.1. 	Postgraduate groundwater education 

The CcS actively encourages scholarship level postgraduate students to participate ni its research acu ilies, t 
attracting high achievitig undergraduate students into postgraduate groundwater education. Currenil there are 2(1 
postgraduates studying with the Centre. Some of these students have undertaken sinunier scholarships or Honours 
degrecs within the CGS. or are on secondineiit from employment in state government or consulting finns. 
working w itli the CGS in MSc or PhD programs. All have found employment in their field and some w nit 
multiple offers. The CGS' education program is a collaborative effort led by two of it's partners. Flinders 
University of South Australia and the University of Western Australia. 

Scholarships. Honours prizes and stipend top-ups are awarded by the CGS to final Ncar undergraduates as an 
incentive to take up groundwater studies at a postgraduate level. In addition the Centre suppons students for 
periods of research abroad with outstanding researchers or institutions, and assists students with supplenientarv 
operating funds. Requests for bridging funds to help a student to complete their course after their scholarsiup runs 
out. or to allow time to write up further papers from their thesis could also be considered on their nients CGS 
postgraduate scholars are given appropriate supervision. are treated as peers in each work en\ lroiuneni, and are 
encouraged to contribute to seminar series and take an interest in oilier research within the Centre. 

The CGS also contributes lecturers and Research Project supervision to the Joint Universities Masters Program ni 
Hydrology and Water Resources. This is a venture of three South Australian Universities, 

3.2. 	Groundwater training programs 

The CGS' collaborative groundwater research and education programs pros ide the foundations for it's t'niiig 
courses attended by approximately 150 people per \'ear. The Centre's training ph 	 w ilosophy is to work Hit key 

individuals and organisations in industry and the conlmunit\' to develop relevant groundwater courses. In 1995 
CGS undert000k a national survey of groundwater training needs. The survey revealed a need for continuing 
industn training in a range of groundwater issues and identified potential attendee numbers for course topics. 
CGS is now developing plans for groundwater awareness programs among community environnlent groups 

3.2.1. 	Aims of CGS training prngrar 

The ground ater training programs have two ke anus 
To provide appropriate national and international groundwater training for a range of attendees. 

To break C\ en financially. 

3.2.2. 	Training categories 

In transferring groundwater knowledge from research agencies into the broader coniniumut , the C G' has 
identified six "training" categones: 

( oii/ereiicez 

International conferences provide the groundwater scientific coinnmunmlv the opportunity to showcase their 
expertise and develop their industrs networks. Currently the CGS nnis one itiajor international ground'\ ater 
conference in Australia every secoitd 'car. 
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I 
.Jk'( 1(1/IS! i/ic'iiie it (Irks/lops 

These workshops are targeted at senior executives and public agency decision makers. In particular they iN i1l be 
concerncd with Pohc' & Regulatory issues, Implications for Resource management, the impacts of these on 
Business Pcrforniancc and Corporate Goveniance and other impacts that a changed water resource management 
environiiicnt will have on micro-economic development and the national business environment 

"/)cCW/(.V! ( ()IU',V(S 

This segment provides for in-house industry training and will eventualI' lead to internet-based programs 

J'ro/essiona/ & , I cadcniic Jroiiii,u,' 

This category encompasses professional training at the academic level. Courses are required at both post graduate 
level and under-graduate level. CGS has affiliations with the University of \Vestern Australia. Curtin University 

in Westeni Australia: Adelaide and Flinders University in South Australia, Monash University in Victoria. 
University of Ness South \Vales and the University of Technology Svdne 

Training and the up-dating of skills are also required by Professional associations such as the Institute of 

Engineers. Typically such courses will be subject-focused e.g. Minesmte Hvdrolog. Groundwater modeling. GIS 

ASR. and there is now-  demand for including the "Groundwater Fundamentals' course. of the ground ater 

school, into existing University courses as an accredited module. 

' 	 / ('C/l/I/CO/ ' Oc - c -upalIo/Ia/ ii'aiiiiiig 

This categon-  is similar to the previous, however it is very much more focused at the practitioner level. .A 

particular feature of this segment is the inclusion of Catchnient planners and managers. Specifically it targets 

' 	

- 	catchmnent coordin:itors. salinity coordinators and catchnient extension officers The program requirements will be 

less technical in nature and focus more on 'issues management.' 

I
! ()/ lI1/II(f1I!i I!(1.Vr(/ //'olIIIIl 

This is a broad group of people consisting of farmers. irrigatocs. graziers. small rural comnniunities and industries 

associated i ith these communities. schools and organisations like Laudcarc. Waterwatch. salinmt\ groups and the 

like. It is a -ery diverse market, but a significant one if there is to be an attitude change in the management of 

1 	land and water resources. 

3.2.3. 	Course attendees 

People attending CGS training courses come from a diversity of natural resource backgrounds including: 
' 	 research: engineering: gronndw ater policy and management: environment consulting: mining: lIvdroeolog\ - 

wa ter resources consulting: catchmen 	m t manageent: agricu re ltu: planning: landcare: environmental science: site 
conia tuna! ion and renidiation: natural resources assessment: coin mnunitv en's iron men! groups - farnung - 
educat ion. 

I 
3.2.4. 	Course Leaders and Presenters 

I Lectures and tutorials for CGS courses are given by practising hvdrogeologists and specialists who ha e hands-
on experience with groundwater management. and by specialists in industry, universities and research agencies 
such as CSIRO. 

I 
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3.2.5. Implementation 

Lcd by recognised groundwater industry professionals. the Centre's training is focussed on industry ne-cds. A 

mix of formal presentations, tutorials. informal discussion and field demonstrations ensures that the tminiit 

offers many learning opportunities to participants. 

3.2.6. 	Delivers 

The Centre's training course program is offered as: 

Generalist groundwater courses eg the annual Australian Groundwater School. 

spccialmst short courses presented in response to industry demand. 

in-house courses available to specific organisations and customised to suit clients iteeds. 

CGS has conducted over 31) short courses, since it commenced this training program in 1 OXX. Course content and 

delivery is updated and improved usino attendee evaluations, 

3.2.7. 	Puhlicitv 

In i 995. CGS began developing its data base of land and waler people in Australia. This has now grown te 00( 

people and is maintained b CGS to enable targcttiitg of appropriate audiences and to assist with all 	peels of 

nnnung the CGS training course program. 
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3.2.8. 	Course examples 

	

- 	( ,rouiidsater fundamentals 	lbs is the Australian ( roundssatcr 
cliiI run by COS under the guidance iii' National ( roiindssatcr 

.onhili ittee 
Managing groiiiidoater i>sues (C ymoIIiO/ii(ilor /i' .1/ifl(liOI'.S) 

(iroundisater a'pects 0! planning,  decisions ((71'o!ui/iiith'I /oi 

]'hi#iIh'i's) 

Assessment of point & uifllise source coiitai'iiiiiation. 
Investigation and rcniediation of soil and izroundssatcr contaminated 
bN olLanics, 

	

0. 	( rounjis atc'r quality basics. 

	

7 	( in ii idss ater Ii iss iii ode Ii hg - I tasi c and Ad va need - 

	

R. 	Solute transport midclliiig in the unsaturated zone. 

	

0, 	( it ouiid\\ater  protection and \\astc\\atcr  reuse 
0 ....tilicial ICCIIJr2C of 'groundsater. 
I. Water use of'  sarious cops and latideos ers 
2. Ripa an erie and sseiland ooe'e 

3. Itenclicial usc and vulnerahilirs inappros . 	(J 
14. ,Saliiuts managemeilt 
IS. ( inundis ater m icrohiologs 
16, ( irundssatcr database svsteiro 
IT [vapiranspiration 	nlea'siicerrls 

discharge). 
Isotopes and 	bvdrocheinisirs 	br 
eva I Uatr rn. 
1 Ise of natural tracers for recharge e:..s: on a:' 

sonic nig groundwater, 
M iiiesrte hvdrolog\ 
Itanh filtration s\stcms for managing 	e-gre 
algae 
'1 ropical h\ drioss 

23 	( irund:sater and coastal rnargi:rs 

I 
j 
E 
L - 

I 
4. 	CONCLUSION 

Professionally-run grotindw ater education and training programs. that reach a wide specinim of people. 	:tica 

we are to achieve: 

Intelligent in-depth national debate on groundwater issues. 

Properly considered and well articulated policy decisions. 

Wide spread support for continuing groundwater research and education 

A healthy national land and water resource to hand 01110 future geiteral ions. 

Attached is the proposed CGS Trainiitp propramut for 2000. 
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Proposed CGS courses for year 2000 
I 

I 
Title When Where Course Leader 

I. 	Community Training - program of 12 March - SA 
sessions in various locations throughout SA June 

National Groundwater Modelling July Sydney Craig Simmons & Cliff 

Workshop Voss 

Joint, In-House - Fundamentals of August Perth Water Corp / WRC etc 

Groundwater 

Minesite Hydrology Sept Kalgoorlie Don Armstrong 

Surface water 	Groundwater Mon 20 Perth Lloyd Townley 

Interaction Nov 
In 	conjunction 	with 	Hvdro 	2000 	(Hydrology 	& 
Water Resources Symposium) 

19th Australian Groundwater Dec. Melbourne Charles Lawrence 

School 
Fundamentals 

Groundwater Contamination and Greg Davis 

Remediation 

1 
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Trial Results from a New Electro-Kinetic Geophysical Technkiue for Remote 

I 	

Measurement of Sub-Surface Hydraulic Conductivity 

C. L. Waring and S. I. Hankiii. 
Australian Nuclear Science and Technology Organisation. Environment Division. PMB #1. Menai. Sr'dne 	S\V. 

I

Australia 2234. 

Abstract 
' 	Field trials of a new geophysical technique called an Electro-Kinctic Sounding (EKS) have been conducted in a 

range of geological settings. including upper Murray Basin sediments from sites near Kerang. Victoria. Australia 
Successive regressions of the Pliocenc coastline (<SMa) have formed numerous beach strandline and dune sands. 

I 	
which are now buried from 0 - 35 ill below the surface. In between the beach strandline and dune sands are liner 

and less permeable sediments. The different sedimentary 	
m 

facies incorporated in Loxton-Parilla Sands form 

important near-surface aquifers for the regional hydrological regie. and are host to over 20 titanium and zircon 
mineral sand deposits. some of which are currently under development. Successful development, operation and 

' 	management of environmental impacts for irrigation. saliniir control works and mines require a detailed 

understanding of the sub-surface hvdrolog 

The EKS geophysical technique has successfully detected and defined the relative depth and pernicabillIN of the 
sand systems from the Loxton-Parilla Sands where previously only drilling had been successful. Some of these 
sand units are recognisable as relict beach strandline sands. formed by regression of successi\ e Piiocenc 
strandlines An example of a similar stnicture from the Wemen mineral sand deposit. also in the Nlurra Basin. is 
shown for comparison (Figure 4. after Mason 1999). The Wemen heavy mineral deposit is well defined hr close 
spaced drilling and detailed mineral analysis. One difference between the two sites is the size. The \Vemen beach 
strandline system is approximately 200111 across. compared with SOOm for the larger of the 3 beach StraildIlne 

systems detected in the 1200111 EKS cross section at Churchs Road. near Pyramid Hill. 

\Vithin the interpreted large beach strandline system there are zones of particularly high perineabht. For a beach 
strandline geological setting. high permeability is likelr to correspond with coarse sands and high concentrations 
of heavy minerals If this inference pros es to be correct. EKS surver s will be Nen useful for llea\ \ inmer 

exploration 	Heavy mineral sand mines also require lirdrological models to be constructed to predict the 

enviroiflilental impact of sand mining. EKS data could be used for both purposes. significantly low ering the toid 
cost and environmental impact of exploration, operation and environmental assessilleill to tile operator. Similar 

strandline deposits are found throughout tile MurrayBasin. 

Calibration of individual EKS data traces by comparison w oh geological drill logs and gamma logs, enables 
selectoii of a uniform seismic velocity model for processing all EKS data at any location. The sur er technique 
iivolves collection of a sequence of EKS measurementsalong a profile line or in a grid pattern. Permeabilu 
values inferred from the processed signal may be interpolated to a 3D grid or mesh. These 3D block models are 
used to aid in the visualisation of the hvdro-geology. or as direct input into finite difference or finite eleiilen: 

hydrological flow models. 

Application of the EKS in this geologic environment has significant cost and interpreti\ e ad\ antages comparec 

with the use of drilling alone for hydro-geologic investigations. 

I 
I 
1 
I 

I 
I 
I 
I 
1 
I 
Li 
I 

I 



2931  
Introduction 
A geophysical investigation was undertaken to assess the utility of the Electro-Kinetic Sounding (EKS) technique 
for mapping shallow aquifer systems in seven areas near Kerang in Northern Victoria. This paper presents 
selected results of EKS data collected in April 1999, with a comparison between EKS data, gamma logs, and bore 
geological records provided byGoulburn-Murray Water. Full results are available in Hankin and Waring (1999). 

EKS Principal and Equipment 
The EKS equipment used in this survey is the commercially available GroundFlow-500 model. GF-500 is based 
on a relationship first described by Chandler (1981) where a sharp pressure pulse on a permeable rock core sample 
induces an electrokinetic signal or "streaming potential". The rise time of the electrical signal is inversely 
proportional to the rock core sample's permeability. 

Groundwater contains dissolved ions, which are attracted to the walls of cracks and pores in the rock. When pore 
water moves in response to a seismic pulse, negative ions travel further and more easily than positive ions, so that 
an electric potential develops which is proportional to the applied pressure (Millar, 1997). This potential is 
typically 30-60 millivolts per atmosphere in a wide range of rock types. The amplitude of this effect is controlled 
by changes in the pore fluid resistivity. Also, the rise time of electrical response is a direct measure of how quickly 
flow isenerated by a given pressure, or the permeability of the rock. 

In practice, a 4 electrode array of 2 independent channels, records small electrical signals which are induced by the 
passage of a seismic pulse through water saturated porous permeable rock and unconsolidated sediments. 
Proprietary algorithms built into the EKS hardware and software interpret the electrical signal from each channel 
into a hydraulic conductivity vs depth trace (dependent on selected seismic velocities). 

EKS Data Processing 
The data was inspected on a site by site basis, and the best quality data was selected from each site for further 
processing. This requires inspection of each sounding to assess quality of data due to variability in seismic source, 
electrical properties at each electrode, possible recorder triggering delay and electromagnetic noise. Some 
soundings may be corrected or omitted at this stage, to prevent introducing noisy or unreliable data into the 
visualisation. Where suitable, an averaging process of multiple selected EKS data traces was applied to obtain 
improved signal to noise ratio. 

Calibration of individual EKS data traces by comparison with geological drill logs and gamma logs, enables 
selection of a uniform seismic velocity model for processing all EKS data at any location. The data is then 
reprocessed using the new seismic velocities. A uniform depth to water table of 1.5 metres was selected for all 
areas and a seismic velocity of 0.5 ni/ms used for the unsaturated zone. Depth corrections due to topographic 
effects were not necessary due to the flat topography of the survey areas. The selected data was then truncated to a 
depth of 100 metres below ground, and de-sampled by choosing every fifth record of permeability prior to griding. 

Data Visualisation 
The linear permeability scale processed data from each site was interpolated to produce a cross section of EKS 
calculated permeability. Due to the high amplitude response of the EKS signal in the unsaturated zone, the natural 
logarithm of EKS permeability is presented in the cross sections. The logarithmic scale representation helps to 
enhance visibility of lower amplitude structures below the water table. All vertical coordinates are presented as 
metres below ground. Note that varying degrees of vertical exaggeration are present in different cross sections and 
that varying colour scales have been used. All horizontal coordinates are presented on an arbitrary local grid 
coordinate system in metres, relative to the position of hydrological bores on site. Key bore positions are labelled 
on the cross sections. The position of EKS soundings is shown as a thin black line. 

Figure 1 shows a comparison between a gamma log and drill log supplied by Goulburn-Murray Water and the 
EKS permeability. An EKS high is visible at approximately the same depth as a low in the gamma log. High 
relative EKS permeability values are present with significant low values in the gamma log, but without a 
corresponding sand unit in the drill log. 

Direct correspondence between these data is not expected because they measure dilierent sub-surface parameters. 
The particular lithological classification of the drill logs makes it difficult to represent continuously varying 
sedimentary units, and tends to favour representation as discrete narrow hands at subjective depth intervals. All 
sedimentary units logged as "Sand" are not identical and are defined on the subjective assessment of the person 
logging the drill hole. Gamma logs have particularly gcxxl depth resolution and are usually indirectly proportional 
to the clay traction concentration. In this geological setting gamma logs may he ambiguous because some c are 
sands with it low clay content contain elevated concentrations of radioactive minerals such as mona/itO in the 
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heavy mineral fraction. EKS permeability data has the tendency to smear sharp geological boundaries and is 
unableto clearly resolve discrete narrow geological units, particularly if there is little contrast in permeability. 
EKS is a remote surface geophysical technique. Comparison with the down-hole equivalent of EKS, Electro-
Kinetic Logging (EKL) is likely to greatly increase the depth and permeability resolution. 

I Geological Setting 
Successive regressions of the Pliocene coastline (<5Ma) have formed numerous beach strands, which are now 

' 	buried from 0 - 35 m below the surface forming the Loxton-Parilla Sands. In between the beach strandline sands 
are finer and less permeable sediments. Loxton-Parilla Sands form important near-surface aquifers for the 
regional hydrological regime. 

I 	Site Interpretation 
Churchs Road 
A seismic velocity of 2.0 mlms was applied in this area. The survey area is a transect across a proposed 

I 	
evaporation basin for the ground-water interception scheme. A comparison diagram between individual drill logs 
and EKS permeability data was not constructed, as little detail is recorded on the drilling logs for this area. A 
cross section including zones of high EKS log permeability are displayed in cross section Figure 2. .1 more 

I 	
detailed view of the top 30 metres of the same cross section shown in Figure 3, reveals 3 diagonally aligned high 
permeability zones, bounded by relatively low permeability zones. Note the high level of vertical exaggeration of 
the section (30 metres vertical by 1200 metres horizontal), and the nugget-like appearance is a product of the 

I 	
interpolation process. 

These diagonal features are recognisable as relict beach dunes (steeper angle) for the upper 15m portion of the 
cross section and beach strandlines at 15 - 30m depth, formed by regression of successive Pliocene shorelines. The 

I 	
sub-horizontal division between interpreted dunes and strandlines may represent the erosion surface between the 
lower Loxton and upper Parilla Sands. An example of a similar structure from the Wemen mineral sand deposit. 
also in the Murray Basin, is shown for comparison in Figure 4 (after Mason 1999). The Wemen heavy mineral 

' 	deposit is well defined by close spaced drilling and detailed mineral analysis. Contours shown in Figure 4 are 
heavy mineral grade outlines. One difference between the two sites is the size. The Wemen beach strandline 
system is approximately 200m across, compared with 500m for the larger of the 3 beach strandline systems 

' 	detected in the 1200m EKS cross section at Churchs Road, near Pyramid Hill. 

Within the interpreted large beach strandline system there are zones of particularly high permeability. For a beach 
strandline geological setting, high permeability is likely to correspond with coarse sands and high concenuiions 

U 	
of heavy minerals. If this interpretation proves to be correct, EKS surveys will be very useful for heavy mineral 
exploration. Heavy mineral sand mines also require hydrological models to be constructed to predi:t the 
environmental impact of sand mining. EKS data could be used for both purposes, significantly lowering the total 
cost of exploration and environmental assessment to the operator. Similar strandline beach deposits are found 

I throughout the Murray Basin. 
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Figure! Kow Swamp - Bore KS! 
Comparison of gamma log, drill log and EKS permeability (meters I day) 
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Note: 	 Vertical axis is 10 tImes the horizontal axis. Apparent angle of diagonal structures is steeper than reality. 
A different colour scale is used to highlight geological structure compared to Figure 2 

Diagonal features bound 3 high permeability zones, Interpreted as sets of beach dunes (steeper angle) for the upper <iSin portion of the cross section and beach strandlines, at 15 - 30m depth. The sub- 
horizontal division between interpreted dunes and strandlines may represent the division between the lower buxton and upper Parilla Sands. 
Within the larger beach strandline system there isa very high permeability zone which may correspond with a concentration of heavy minerals. 
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Vertosols do "leak"! - Water and Solute movement below irrigated cotton 	1 
James Moss, Ian Gordon, and Rachael Zischke 

Department of Natural Resources, Natural Sciences Precinct, Brisbane 	 I 
Introduction 

Off-site degradation of laud and water resources from irrigation has been highlighted as an issue of national 

significance Much of the research effort to date has focussed on the inovenldnt of water 	ni sedient and chm eicals 

from irrigation farms in surface run-off. However, the movement of water and chemical below the root zone of 
irrigated crops can have significant environmental consequences. particularly as a potential polluter of grouud ater 

resources. 

Cotton production is one of the major irrigation industries in the northern Murray-Darimg Basin. It is important to 
gain an insight into water and chemical fluxes beneath irrigated cotton as even small changes iii the rate of water 
movement can lead to serious impacts over the longer time pcnod. There is currently little evidence of ground ater 
contamination or shallow water table problems within cotton-growing distncts: however, the rapid expansion of the 
cotton industry and the tune-frame for groundwater responses to irrigation is such that pre entati\ e ilhiiiagemeiit 

systems need to be identified in the near future. 

The movement of excess chemicals below the root zone. especially nitrates (NO-N). pros ides a potential source of 

grouud ater pollution. Although there are nianv sources of nitrogen (both natural and anthropogenic) that could 
poteittiall lead to the pollution of the groundwater with nitrates. the anthropogenic sources (septic tanks, fertmliseis 

and agricultural processes) are amongst the largest sources. Nitrate is a problem as a contaminant of drinking water 

due to its harmful biological effects (Keating et al.. 1996). 	 1 
The project Best management practices to minimise below root zone impacts of irrigated cotton" commenced in 
January 1996. with the support of Murray-Darling Basin Commission NRMS research funds. This paper sununanses 
the results of the measurements of leaching fraction and chemical flux at two lysuueter sites selected to represent 

traditional and the "best bet" application techniques to nunnnise drainage below irrigated cotton. 

NI eth od S 

To quantify the difference between furrow and sub-suace drip irrigation two large (3m x I Sin x 2111) undisturbed 

suction lysimeters were constnicted on irrigated grey Veriosols. These lysinieters allowed an assessnieflt of the flow 
of nutrients and salts below the root zone of irrigated cotton. Two sites were chosen on neighbouruig cotton growing 
properties near Macalister. SOkm northwest of Dalby on the Darling Downs. The two sites were chosen to represent 

two irrication systems, conventional furrow and sub-surhice T-tape irrigation. A schematic diagram of the l\ sinieter 

and its components is provided in Figure 1 

The lysinleters enable capture of all w ater and chemical fluxes below a constrained block of undisturbed soil. 
Cousiniction of the lysiaieters took place between August and September 1995. The 1995-96 irrigation season was 
used to calibrate and test equipment and instninientation. Work involved trenching to 2.Sm around two blocks of 
soil and then filling the trenches with concrete to 40cm below the surface of the soil to allow for normal tillage 
pi'actice over the l\ sinleter One of the sides of this arrangement was then dug out to form the cellar and allow 
access the bottom of the undisturbed. lysinieter side The soil beneath the walls was then dug out and stainless steel 

tra\ S 
inserted below the soil coltunmi. These trays were then filled with silica flour, a substance that will allow water 

but not air to flow when under suction. Ceranuc candles were inserted in the suction luies in the tra\ s to collect the 

water from the silica flour and pipe it back to the collection tank. 

Stainless steel tanks with a 250-litre capacitY are located mu the base of the cellar beside the b suneter. A small 

tipping-bucket in the lid of the tank recorded flow rates and volume of leaciiatc enteflng the tank. All materials used 
in the consiniction of the lysimeter were chosen to nuni IliSe interactions with pesticides and nutrients in the drainage 
water. The whole svsteni of collection lines and trays were kept under suction by evacuating the tank to 30 centibars 
A data logger that also recorded tip rates from the tank tipping bucket. rainfall, and soil moisture. controlled the 

aeuuin s\ stein 

\Vaier samples were taken troin each tank puitip out and submitted for nutrient. chilom ide and pest icicles anal\ 5)5 

ainples of irrigation water were also taken during die season. boic water in the first seasoil and from the ung tank 
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Ii ti te I. Schematic ii 1a2 tam of a hsinieter as instilled under furrow and su h-su rfiee drip i rriatioii 

 

I (surface waler) in the second and third seasons. Annual soil sampling was undertaken for each of the IN sunder sites. 

Soil cores were taken do ii to I 50cm and split up into I ociii increments for chemical anal sis 

Results 

Seasonal data presented for the irrigation seasons represents the 12-month period June to June (except 1 99(-99 
furrow due to equipment failer). Inputs of rainfall and irrigation were measured using ram gauges and w ater meter 
readings. Drainage is given as (lie total flux of water pumped out of the collection tank dunug the season. Fluxes of 
Nitrate (NO) and Chloride (Cl) were calculated by multiplying the average concentration for the season by the total 

drainage flux (Data provided in Table 1). 

Water Flux 

Total volumes of drainage water were collected by the lvsnueters over three irrigation seasons. Data for the sub-
surface drip plot is more variable than that for the conventional Iiirrow irrigation plot. Leaching fraction (LF) \ aned 
from 12% to 50% under sub-surface drip but was relatively constant for the furrow irrigation site. 

Fable I. \ater. N itiate and ( hloride fluxes beneath furrow and suh-surtiie drip irrigation br three irrigation seasons 

uh-surt6cc lrniwtion 	Rainfall 	lotal 	Drainage 	LF 	N( ) flux Cl flux 
 (kev\ 

)np imli) 	(mm) 	(mm)  
...... 5)) 	47 	62 	 640 	691 

((.12 	56)) 
4(,36 
075 

07-0)) 142 	667 	909oS 
731) 	739 	957 	1.16 	1517 1 567 

tunow 
C 1 6 ux 

(kO/hw'Vr) Imealion 	Ruin) all 	1 otal 	I )rauiage 	1 .1' 	N( ) 	11 ux 

06-07 327 	47)) 	))))5 	1))2 	((.23 	212 
102 	0.1() 	174 

35)6) 
2))oS 

07-0)) 
)))M) 

343 	667 	1 UI)) 
4))7 	579 	()16 	152 	0.17 	 204 3441 

* I F 	I dkw to \1 aid 	poiidiiig O\ 	i' ivsImdIcF: 	)ita tliroiigF milit Jan I0.°) onl\. 

Irrigation in the furrow-irrigated paddock was approximately double that for the drip mmgatcd site for the First two 

(1996-97. seasons 1 997-9). 	The annual leaching fraction for the furrow imgated plot remains 	similar at 

approximately 0.2 reflecting similar input volumes and dnnnage for the three irrigation seasons. Furrow irrigations 

stress in season three (1 99))-99) were nearly 	always followed by waler 
significant rainfall. 

in response to plant 
leading to significant leaching events (Figure 2), 

Differences in irrigation between sites in (lie third season were due to inanagenient practices and irrigatioll 
scheduling Sub-surface drip is often promoted with the suggestion that no paddock le elluig is required. how e cr 

during winter of I 90)) and 1 09))-99 suiuuier rainfall season the sub-surface drip paddock was too wet to tr.i\ ersc and 
displayed sigiiilicanl scour ig and ponding of water It was this scouring that led to the positl\ c leaching fraction 
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3001 
(LF) in the sub-surface drip for the third season, as no irrigation was added to the sub-surface drip paddock during 
the third season ( 199-99). After rainfall, water ponded directly over the lysimeter and consequently inflated the 
amount of water that infiltrated through to the collection trays. This does however highlight the fact that under 
saturated conditions there is significant drainage through these heavy clay soils. 

Drainage below the root zone of irrigated cotton is a significant proportion of the water supplied dunag the season 
(Table 1) Leaching fractions up to 50% of the total inputs were recorded with the average being 30% for sub-
surface drip and 20% for furrow irrigated cotton. Over a season this represents between IML/ha and 3ML/ha of 
water moving past the root zone of irrigated cotton on these heavy clay soils. 

What is also surprising is the rate at which this drainage moves to depth in the soil. Figure 2 shows two selected 
drainage events from the data collected by the lvsimeters. It shows that within a day of significant rainfall andlor 
irrigation, water is collected in the lysimeter trays at 2m below tile surface. This would indicate far greater rates of 

leaching than suggested by the soil properties (McGarry. 1996). 

Data from the lvsimeters also indicates that drainage events from irrigation followed by rainfall are larger in volume 
than those generated by irrigation or rainfall alone. When the soil becomes saturated. water flows at the saturated 
condtictiNitN rate. which is higher than the unsaturated rate. When rainfall follows irrigation there is more water 
available, the profile stays saturated longer, and more water moves down the profile in a given amount of time. 
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Chemical Flux 
Nitrate (NO9) and Chloride (Cl) fluxes calculated from leachate captured by the lvsimetcrs are presented in Table I. 

Significant quantities of these two chemicals were measured in the drainage water and are consistent with the 
differences in drainage fluxes and levels of nitrate and chloride in the soil profile. Under furrow irrigation an 
average of 3123 kg/ha of chloride was leached below the root zone. This is higher than the 2393 kg/ha leached in the 

sub-surface drip site (Table 1). 

Both sites were irrigated with bore water in the first season and then surface water in the following two seasons. 
Water quality is significanth different between the bore and surface waters. At the furrow irrigated site bore w ater 
irrigation of 3 ML added 16500 kg/ha in the first season conipared to and an average of 700 kg/ha added in 3 - 
5ML the second and third seasons in the surface water irrigation. At the sub-surface drip site. 7400 kg/ha of chloride 
was added in 2 ML of irrigation from the bore during the first season and 1239 kg/ha in I ML from the surface water 

in the following two seasons. 

The difference in drainage flux and chloride application between the two sites. are reflected in the soil chlonde 
profiles (Figure 3). In the furrow irrigated site. ;in increase in chloride content of the soil between the first and 
secondseasons can be seen at all depths with a significant bulge around 40 cm. In the third season (1 99-99) w here 

,in w n extra 2 ML as applied in irrigation and rainfall, chloride has been mobilised and the bulge now appears around 
70 cm with a drop in chloride content lower in the piofile (Figure 3). This mobilisation lead to a slight increase in 

chloride leaching. measured by the lvsimeter. from around 280() kg/ha to 3000 k/ha. 

The relatively low chloride leaching at the sub-surface drip site is consistent with the lack of chloride in the soil 
profile and the luglier rates of water fitix. In the first season. irrigated with bore water added 74 I kg/ha to the 

profile and 463)0 kg/ha leached Irrigation with surface water in the second two seasons reduced chloride application 

1 	
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to an average of 1240 kg/ha with 1270 kg/ha being leached. This reduction in chloride application is reflected in tlic 

subsequent lowering of the soil chloride content (Figure 4. 1998 sampling). 

Total quantities of Nitrate (NO) collected from the two sites again reflects the differing application rates and 
drainage fluxes. An average of 215 kg/ha NO leached each year under furrow irrigation compared to betw ccii 600 
kg/ha - 1040 kg/ha under sub-surface drip (Table 1). Nitrate leaching of 215 kg/ha corresponds to about 50 kg/ha 
total Nitrogen (N). However approximately 200 kg/h N was applied each year to the furrow site. This equates to a 
nitrate flux of around 25%. which correlates well with the rates of water leaching. The rest of the N applied can be 
assumed to have been lost to crop uptake and or other parts of the nitrogen cycle. Low soil NO3  profiles for the 

furrow site indicate no accumulation of NO in the soil profile with values generally below 20 mg/kg (Figure 3 

Under sub-surface drip irrigation there is some accumulation of NO3  in the soil (10 ing/kg - 30) mg/kg (1 10) CIII) 

after three years with values mostly below 30 mg/kg of soil (Figure 4). There is however a large discrepancy 
between the aniount of applied N and the equivalent N leached from the profile. Only 50 kg/ha N xxas applied to the 
sub-surface drip site compared to the 120 - 300 kg/ha seen in the leachate collected at 2 ni which w ould seem to 
indicate it large N deficit in the soils of this site. An explanation of this can be found in the change from dr land 

cropping to irrigation on this site. 

Fertiliser application to drvland cropping systems is far lower than that for irrigated lands. How eer there is a far 
smaller amount of Nuter available to leach N from the soil profile. Modest N application rates combuied w itO 
smaller leaching events and less crop uptake can combine to form a nitrate bulge in the soil in dr land cropping 
systems If the paddock is converted to irrigation then the increased leaching fraction will mobilise this NO and 
move it down the profile. It is this stored NO that is being measured in the leacliate from the lysimelers. Following 
the high rates of teaching in the 1 99)-99 season we would expect there to be little excess NO3  to be leached in 

subsequent years. Further monitoring of these sites is required to prove this assumption. 

\Vater samples collected from the lysimeter were submitted for analysis of pesticide content to determine if other 
chemical fluxes were occurring. The water samples were analysed for organochlonne. organophosphiate. N-iueth I 
carbamate and pvrethroid pesticides. triazine and phenoxvacid herbicides as well as the herbicides diuron. trifluralmn. 

I ebuthiuron and pendamcthalin and the fungicides propiconizole. procvinidone and dichlofluanid. 

Both sites show significant levels of Pronietnne (0.5 	- 1. 1 g/L). This is applied to the crop each N ear and IS 

not unexpected \Vhat is unexpected are the levels of tile herbicide Atrazinc and its derivatiN es w Inch ha e not been 

applied to the sites for over Svears. Up to 16. 	g/L of Atrazine and between (ii g/L —)) S gg/L of the den\ ames 

have been detected in leachate under both sites. The pesticides are detected in almost all samples but the le\ els seem 

to be declining. 

This would suggest release of bound material from tile soil during drainage events. with the store being depleted 
through time. Although Atrazine is considered to ha e a short half life, low soil retention and moderate water 
solubility. these properties are affected by soil pH and CEC (Weber. 1994). Adsorption and persistence of the 
pesticides in soils is a function of both pesticide properties and the site microenvironment (Triegel and Guo. 1994). 
The soils of this site are highly active (CEC 60-90 nieq/ 100g. ESP 20-30 nieq/lOOg) and are not acidic (pH 7 — 5). 
properties that niav have limited the mobility of Atrazimie under the pre ions dr\ land lanunig s\ stem 

Conclusions 

Lysinieters have been used to study the movement of water and nutrients through soils for nearly 3 centurieS 
(Kohnke. Drcibelbis. and Davidson. 1940). The objectives of this study were to utilise field lysimeters to qwimitmf 
the volumes of leachate and movement of nutrients and chemicals through the soil profile under imgated cotton 
Irrigation management practises are the most significant factor influencing off site effects on the Nlurra\ -Darling 
Basin Abbs and Littleboy (1995). suggest that there are large vanations in leaching fraction between soil m pes and 
management systems for cropping in northern New South Wales. Previous experience within then  cotto industry has 

indicated that the greatest management induced reduction in the leaching of water and chemicals is likely to be 
achieved by the implementation of sub-surface drip irrigation. The findings from this report would seem to be at 
odds with that notion: with up to two times the leaching measured below sub-surface drip irrigation. 

Up to 50% of total input water was collected as drainage beneath sub-surface drip mmgated cotton. E\ en the low esi 
measured leaching fraction of 10% is still a significant fraction of the water applied. High leaching fraction 	e risc 

to significant mm einemit of Nitrate (NO-N) and Chloride below the root tone. The cqtiiN alent of bet\\ ecu 	kg/ha 

- I 5)0) kg/ha of NO was detected in the Icachate w iter beneath sub-surface drip irrigation. Chlonde fluxes ranged 
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I 	
between 1000 kg/ha and 450() kg/ha depending on the season. Undcr furrow irrigation thcre was also sigiuficant 
leaching measured at the lvsiiueter site. Over three seasons an average of 20% of the water applied to the paddock in 

rainfall and irrigation was lost below the root zone of the crop. And with that leaching 200 kg/ha of Nitrate and 3000 

I 	
kg/ha Chloride was flushed through the soil profile. 

Yield data from these and most cotton growing areas does not indicate any decline due to management practises, 
despite the potential problems indicated by water and soil quality data. It is therefore even more pertinent to ask the 

I 	
question, what is happening to the large amounts of nitrate and chloride moving below these soils? The data from 
the lysimeters suggests that the only real avenue open to preventing these leaching losses is to change the 
management regime to minimise excess fluxes. Reduced iutrogen application and better irrigation scheduling are the 

I

keys to reducing the occurrence of leaching events, and milumising losses below the root zOne. 
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Modelling channel seepage interception by trees on a prior stream levee 
G.F. Holland 
Goulburn-Murray Water, 40 Casey Street, Tatura, Victoria 3616 

Introduction 
Seepage from irrigation supply channels is a source of groundwater accession in many irrigation areas. \Vithin 
northern Victoria, seepage reduction through channel lining or other engineering solutions is often not cost 
effective. Tree planting is then an alternative option. While tree plantations do not prevent seepage, they have the 
potential to intercept groundwater seepage flow and hence control local saline discharge. 

Salinity Management Plans in northern Victoria have provided incentives to encourage tree planting under the 
assumption that all plantations will intercept seepage. These incentives are supported by a limited number of 
studies of tree planting alongside channels where groundwater drawdown responses have been demonstrated 
(Sonogan and Patto 1985; Tagirov and Dosahmetov 1970). 	At some sites however, plantations may not be 
appropriate for seepage interception. A recent study of groundwater/tree interactions in the Shepparton Irrigation 
Region in Northern Victoria has demonstrated salt accumulation within the rootzone in shallow watertable areas 
(Heuperman 1999). Salt accumulation would be expected to reach an upper limit that in some circumstances may 
allow plantations to survive but with restricted water use and growth (Morris and Collopy 1999). 

Groundwater salinity is a critical factor in determining plantation water use and sustainability (Silberstein et al. 
1999). Interception of relatively "fresh" groundwater in elevated positions of the landscape may contribute to a 
reduction in down slope discharge without the risk of salt accumulation. An example is 'break of slope" plantings 
in the Goulburn-Broken dryland catchment (Clifton and Miles 1998). Within irrigation areas, hydrogeological 
characteristics associated with some channels also offer potential for sustainable plantations. Factors determining 
sustainability and effectiveness of vegetation based interception strategies have been outlined within the con:ext of 
dryland salinity in Western Australia (Hatton and Salama 1999). They include the position of trees within the 
landscape, groundwater salinity, proximity of seepage to the surface, hydraulic gradient, aquifer dep 	and 
transmissivity. 

In the past, trees planted adjacent to channels in northern Victoria have been sited and designed wic: little 
consideration given to topography and hydrogeology. A study has therefore been initiated in the PyTamid.Boort 
Irrigation Area to develop design criteria that will optimize seepage interception, and support sustainab'e tree 
growth. 

Method 
The area has an average annual rainfall and evaporation of —400 mm and 1760 mm respectively. Irrigation within 
the area is not intense but supports some significant agricultural enterprises including dairying, mixed 	azing. 
cropping, lucerne and tonatoes. The site selected for this study was a section of the Boort No. 2 channel located 
south of the Boort/Durham Ox Road. The channel was constructed during the 1960s   into the levee of a prior 
stream. The soil associated with the site is a red brown earth (Mysia Loam). The prior stream is the dotinant 
topographical feature in the area and is surrounded by clay floodplain soils. Historical records show that 
excavation during construction of the channel intercepted a shallow sand layer and that a complaint was rr.ade to 
the then State Rivers and Water Supply Commission in 1960 about seepage soon after construction. A more recent 
landholder commenced a staged tree planting program along the channel in 1991. 	 I 
Approximately 200 m of trees, which were the subject of this study, were planted as an extension to the e::isting 
plantation in 1992 with assistance from Goulburn-Murray Water's predecessor, the Rural Water Comm.sson. 
The plantation design included three rows of trees. The row closest to the channel was approximately 14 r from 
the waters edge. The distance between rows one and two was 2.5 m, with a 3.5 m spacing between the midd'e and 
outside rows. Trees vithin rows were planted 4.5 m apart. The outer two rows were planted with Euc-'.ptus 

carnaldulensis, and the inner row, Casuarina glauca. 	 I 
While canopy closure of the plantation was not achieved by June 1999, E. camaldulensis had deve'oped a :ense 
canopy. C. glauca had a relatively open canopy. This was possibly at least a partial consequence of the ::cition 
of C. glauca within the plantation. Mean trunk diameter measured at 1.4 m above ground level for a sa.e of 
trees, increased from 0.13 m to 0.19 m and 0.06 m to 0.09 m for E. cana1duIenszs and C. g!aua respe::vely 
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between January 1998 and April 1999. Estimated height of the trees in January 1998 was 5.5 in and 4.5 m for 
E. camaldulensis and C. glauca respectively. 

Drilling during the construction of a piezometer transect, confirmed the presence of a clayey fine to medium 
grained sand 1.5 —2.5 m below the surface and extending at least 65 in from the channel where it became 
progressively shallower (1.0 —2.0 m) as it approached the bed of the prior stream. Regional groundwater salinity 
in the area is high (up to 67,000 EC). However sampling from the shallow aquifer indicated salinities between 
350 and 1,020 EC below the plantation. Salinities increased to 1,340 -2,040 EC at a distance of 65 in from the 
channel. Groundwater of less than 1,000 EC is unlikely to restrict tree growth (Silberstein et al. 1999). 

The nested piezometer transect was installed at right angles to the channel through the tree plantation to a point 
approximately 65 m from the channel. Nests included 1 piezometer at 2 in into the clayey sand layer and one 
piezometer at 3 m into an underlying clay layer. Groundwater pressures were monitored from August 1997 to 
July 1999. A conceptual three-layered slice model (Figure 1) was developed based upon drilling information, 
gamma logs and groundwater salinity data. Given limited field data to describe vegetation and soil characteristics 
but a reasonable understanding of seepage processes, the saturated zone model MODFLOW (McDonald and 
Harbaugh 1988), was used to derive the water balance at the site, over a 23 month period. 

Figure 1 Conceptual model 
constant 

head 

	

Channel 
	

boundary 
(river boundary) 

I 	Layerl 

(a) 	() 	(c) 	 Layer 3 

no flow boundary 

	

- - 	summer watertable 

(a) 	ieLuiiletei 

	

Layer 1 	hydrostratographic unit (defined in Table 1) 

Boundary conditions 
Investigations at the site have shown that the seepage process is dominated by saturated flow to the watertable. 
For channels with high seepage rates, a groundwater mound will develop forming a groundwater divide beneath 
the channel with some seepage losses dissipating to each side of the divide. For modelling purposes, the channel 
was therefore defined as a river boundary. It was then assumed that half of the channel width (i.e. 5.5 m) 
contributed to groundwater accessions to the model domain (Figure 1). Approximately 65 m down gradient from 
the channel, a constant head boundary was established corresponding to the location of the furthermost piezometer 

from the channel. 

I 	Assuming constant hydraulic and channel heads for 30 day periods, boundary levels were computed for each 
30 day stress period from a two point running average of irregularly collected field measurements. Rainfall 
recharge to the groundwater system was assumed to be 10% of rainfall based on McMahon (1984). Cumulative 
rainfall for each 30 day period was obtained from an automatic weather station at Pyramid Hill. 

Groundwater use by trees was simulated using MODFLOW extraction wells (McDonald and Harbaugh 1988). 

I 	
Trees were assumed to be capable of extracting to a distance of 4 in from the edge of the plantation. ET, was 
also estimated from the weather station at Pyramid Hill. Missing ET, data was infilled using a linear regression 
relationship between the Pyramid Hill and Kerang weather stations (r =0.94). Estimates of evapotranspiration 

I 	
from the watertable from vegetation other than trees (ET0ther), was calculated from a linear decline in ET, from 

the surface to an extinction depth at 1 m below the surface. The linear decline in ETOth , is a simplification of an 

inverse exponential relationship between upward capillary flow and watertable depth for a range of soils in 
Poulton (1985). The extinction depth used for this study originates from lysimeter studies by C. Lyle in Poulton 

I 	(1985) for a Shepparton fine sandy loam. While some capillary rise would be expected at depths deeper than I in.,  

rates are likely to be less than 0.1 mm/day and are therefore considered to be insignificant in terms o :he total 

water balance. 

I While deep leakage may be significant from a salt balance perspective, it was not considered important in terms of 
the water balance. A no flow boundary was therefore assumed at 5 m below natural surface. Estimates For model 
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parameters are shown in Table 1. Isotropic and homogeneous conditions were assumed within each layer. 
The model was calibrated by adjusting tree groundwater use until modelled hydraulic heads visually approximated 
measured heads. Modifications were also made to channel bed conductance (KB /lB) during the calibration process 

where KB  is the vertical hydraulic conductivity of the bed sediment and 'B  is the thickness of the sediments. 

Table 1. Parameter estimates for each model layer in Figure 1. 

Parameter Layers as shown in Figure 1 

1 2 3 

Layer description Sandy silt Clayey fine to 
medium grade sand 

Light to medium 
clay 

Depth (m) 0-1.5 1.5-2.5 2.5-5.0 

Hydraulic Conductivity (m day 0.37 2.5 1.5x10 2  

Storage Coefficient l.0x10 I.OXI04 3.0x10 

Specific Yield 0.10 0.10 0.02 

Channel bed conductance (day) NA 0.03 NA 
'Thome (1974) measured hydraulic conductivities of levee soils in the area to a depth of 1.5 m. Values ranged between 0.37 and 4.27 rn/day 

Results 

Channel bed conductance and hydraulic heads 
Rapid rises in hydraulic heads in response to channel level fluctuations suggested that channel bed conductance 
did not unduly restrict seepage. The conductance of the channel bed was set at 0.03 /day as a result of the 
calibration process. This corresponds to a silt layer of 0.3 m thickness with a vertical hydraulic conductivity of 

0.009 rn/day. 

Matching of modelled hydraulic heads with measured hydraulic heads is shown in Figures 2 and 3. As boundary 
heads were smoothed relative to measured heads, the model output would not be expected to completely replicate 
measured heads. However the calibration results were pleasing given the homogeneous and isotropic conditions 

assumed within each layer. 

Figure 2. Calibration of hydraulic heads 	 Figure 3 Calibration of hydraulic heads 

within the plantation 	 on each side of the plantation 

Natural surface = 95.10 m 
94.20 

E 
93,40  

93,20 

Jun-97 Oct-97 Feb-98 Jun.98 Oct-98 Feb-99 Jun-99 

-Model(b) • observed(b) 

I 
Figures 2 and 3 show peak hydraulic heads during spring when the channel was full and there was low 
evaporative demand. During summer, levels were reduced by up to 0.5 m. Water levels recovered slightly - 
towards the end to the irrigation season and then fell again during winter while the channel was empty. 	 I 
Tree water use 
The water balance approach used in this study does not incorporate rainfall stored within the unsaturated zone. 
During some periods of high evaporative demand such as late spring, trees may have access to significant soil 
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water. Fortunately this study was conducted during a period of low to average annual rainfall. Groundwater 

extraction by trees therefore followed expected patterns. 

Groundwater use derived from the calibration process is shown in Figure 4. Assuming plantation extraction up to 
4 m from the trunks of the outer trees, groundwater use over the area of the plantation, varied from 0 mm/day 
during winter to 6.8 mm/day during peak summer periods (Figure 4). Lower groundwater use during winter 
reflects low evaporative demand as well as available rainfall storage within the unsaturated zone. High 
groundwater use occurred during periods of peak evaporative demand when there was depleted rainfall storage in 
the unsaturated zone, leading to greater tree reliance on groundwater. An increase in peak groundwater use from 
5.1 to 6.8 mm/day and a corresponding increase in watertable drawdown were apparent from the 1997/98 to 

1998/99 irrigation season reflecting tree growth during this period. 

Estimates of peak groundwater use per tree of 70-90 L/tree/day is high compared with —30 L/tree/day reported by 
Morris and Collopy (1999) at Girgarre. However the groundwater at this site is significantly fresher (<1,000 EC) 

and the supply almost unlimited. 

Effectiveness of the plantation at intercepting seepage 
Seepage rate estimates per unit area of channel water surface (Figure 5) were realistic when compared with 

pondage tests at the site that indicated an average rate of 10-12 mm/day (Hartley 1996; Thorne 1974). Figure 5 
presents total seepage over the modelled period, and quantifies seepage not intercepted by the plantation. 
Seepage beyond the plantation was calculated as the difference between total seepage and tree water use for each 

30 day stress period. 

Figure 5 suggests that while the existing plantation intercepts most seepage during the period of peak evaporative 
demand (November - March), the plantation is relatively ineffective at intercepting seepage during periods of low 
evaporative demand when the channel is full (i.e. Sept - Oct and April - May). Figure 5 also shows that the 
amount of seepage not intercepted fluctuates significantly during late autumn to early spring as channel water 
level is the dominant factor influencing seepage during periods of low evaporative demand. 

Figure 4. Tree groundwater use 	 Figure 5. Effectiveness of trees at intercepting seepage 
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Additional Model runs 
The modelling in this study is a simplification of a very complex process involving channel seepage, groundater 
movement and water use by vegetation. In considering the results presented in the previous section it must be 

I 	
noted that the water balance approach to estimating groundwater use by vegetation leads to accumulation of errors 
from each component (Bouwer 1975). Modelling to test the impact of plantation design and site characterisicS is 

therefore more useful than are the derived estimates of seepage rate and tree groundwater use. 

I 	The model was therefore re-run to test the effectiveness of the plantation design at intercepting seepage when the 
hvdrogeological parameters of the highest conducting layer (layer 2) were varied. The results are summar:sed in 
Table 2 as average daily seepage and as average daily seepage beyond the plantation that "escaped intercep:Ofl. 

I 	
In assessing the results of these model runs, it must be pointed out that tree groundwater use derived frc 	the 

calibration process is assumed to remain constant under changing hydrogeological conditions whereas in ealit. 

tree water use will vary in response to changes in water availability. 

1 	 -- 	
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Run 2- removal of trees 
Where trees have access to shallow lateral seepage, water extraction by trees would be expected to increase the 
difference in head between the channel and the watertable, inducing higher seepage rates. When trees were 
removed from the model, seepage rates declined significantly during the summer/autumn period. In fact the 
plantation appears to almost double the average seepage rate from 5.5 to 9.7 mmlday (Table 2). Seepage 
increases induced by the plantation were less during periods of low evaporative demand. Such a response is 
consistent with conclusions from other seepage studies that considered seepage response to seasonal watertable 
fluctuations (McLeod 1993) and groundwater use by vegetation (Bouwer 1975; Collis-George and Smiles 1963). 

Table 2. Testing impact of varying hydrogeological parameters on seepage rates. 
Run 
No. 

Model run Average channel 
 seepage' (mm day') 

Average seepage' beyond 
plantation (mm day') 

1 Calibrated model (parameters in Table 1) 9.7 2.3 

2 Calibrated model with trees removed 5.5 5.5 

3 Phannel bed conductance = 0.06 day' 11.1 3.6 
4 )oubling of plantation distance from channel 8.9 1.4 

5 Channel bed conductance = 0.06 day' 
)oubling plantation distance from channel 

10.1 2.6 

6 KL.vu 2 	4 m day' 11.9 4.5 - 

7 averz= 1.25 m day' 7.4 02 

Seepage is expressed as depth of seepage over half of the channel surface width. 
2Seepage flux extended beyond the channel on occasions where there were high channel levels and low evaporative demand. However for 
periods of high evaporative demand, groundwater use exceeded channel seepage. 

Run 3— channel bed conductance 
Sediment in the bed of the channel provides an important impediment to seepage. McLeod (1993) used sensitivity 
analysis within a model to determine the impact of channel bed conductance on seepage. Repeated reduction of 
the bed conductance eventually eliminated seepage. Increases in conductance induced higher seepage until a level 
of conductance was reached whereupon the transmissivity of the underlying aquifer limited seepage rather than 
the permeable channel bed. Run 3 shows that a doubling of the channel bed conductance only increased seepage 
by 1-2 mm/day. Additional trees would be necessary to intercept increased seepage at higher values of channel 
conductance. 

Runs 4 & 5 - plantation distance from the channel 
If seepage from the channel is not unduly impeded by low channel bed conductance, Darcian flux (q) per unit area 
of channel will have a significant impact on seepage rate. Darcy's Law is given by q=Ki, where K is the hydraulic 
conductivity and i is the hydraulic gradient. As Darcian flux is proportional to the hydraulic gradient, at,  increase 
in distance between the plantation and the channel reduces the magnitude of the seepage increase, as there is a 
corresponding decline in hydraulic gradient from the channel to the point of maximum drawdown. 

However channel bed conductance at this site is such that the reduction in the hydraulic gradient from moving the 
plantation (run 4) only reduced average seepage by 0.8 mm/day. The benefit in moving the plantation was that 
the reduced seepage had previously been escaping interception. A similar result was achieved when the distance 
between plantation and channel was increased for a channel with higher bed conductance (Run 5). As indicated 
previously, these results are based on the assumption that trees will not modify their water use in response to 
changes in water availability or salinity. This is unlikely to be the case. 

Irrespective of this assumption, the results show that as a result of moving the plantation, the increase in seepage 
is not large. As groundwater salinity is generally found to increase along a flow path, planting trees at increasing 
distance may risk the sustainability of a plantation. A possible trade off exists then, between sustainability and 
minor reductions in seepage as a result of reduced groundwater drawdown. A further consideration may be the 
value of the land sacrificed between the channel and the plantation, and possible salinisation of this area 
depending upon depth to watertable. 

Runs 6 & 7 - hydraulic conductivity 
Runs 6 and 7 demonstrate that hydraulic conductivity of the shallow aquifer can have as significant impact on 
seepage as channel bed conductance. When the hydraulic conductivity was increased to 4 rn/day (run 6). 
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I 
additional tree water use is required to adequately intercept seepage. Increased tree density or plantation width 
may therefore be necessary. For the case where the hydraulic conductivity was halved (run 7), trees intercepted 
all seepage. This situation has potential to threaten the sustainability of the plantation as the trees may begin to 
utilise water from the regional watertable. This would lead to salt accumulation if deep leakage were insufficient 
to maintain adequate leaching. Run 7 therefore demonstrates that the issue of sustainability may be of concern in 
areas of high regional groundwater salinity, if too many trees are incorporated into the plantation design 

Conclusion 

I Simple water balance groundwater modelling has been used to demonstrate the effectiveness of trees at 
intercepting relatively "fresh" channel seepage over a 23 month period. Modelling indicates that the plantation 
design at this site appears to be adequate to intercept most seepage. However for sites with higher aquifer 

I
hydraulic conductivity and/or channel bed conductance, a plantation may require additional trees. 

The next stage of the study is to consider sites where seepage processes are more complex and groundwater more 
saline.This will involve the analysis of data at a site where deep seepage flux moves through preferential 
pathways to a deeper aquifer such that trees have only limited access to low salinity seepage while being exposed 
to saline regional groundwater. 
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AN INTEGRATED SYSTEM FOR 
GROUNDWATER VULNERABILITY ASSESSMENT IN 
THE LIVERPOOL PLAINS OF NSW 

Dr. Fel Zhou 
Griffith Laboratory. CSIRO Land and Water. PMB 3 Griffith. NSW 2680 

S ii ill fli 1 ry 

A sN'steni for evaluating the likelihood of groundwater contamination was developed using an attenuation factor 
model at the regional scale and solute transport models at the field scale. These models were integrated into a GIS 
system for efficient groundwater vulnerability assessment in the Liverpool Plains of NSW. The system allows the 
user to access the data, run the assessment models and evaluate the outcomes from the same interface in a GIS 
environment. The system could be extended for mans' applications in the Murray-Darling Basin. such as pollution 

control licensing and salinity hazard assessment. 

Introduction 

Widespread use of agrocheniicais has become a major concern in the protection of water resources. Otto (1996) 
proposed a multi-level strategy to assess the leaching potential of pesticides and this was implemented through the 
development of an integrated groundwater vulnerability assessment system. This paper presents the underl lug 
theon' for groundwater vulnerability assessment and its modelling, and the integration and use of vulnerability  

assessment models in a GIS framework. 

Groundwater Vulnerability Concept 

The vulnerability of groundwater to contamination is defined as. 

ihe te,,Ie /1c.:i or /i'/1)' fir coii1a,iii,iaiit. to reach a specified positwii in the groundii'aler susIe/i! (i//er 

introduclion at soiiie location ahore the upper;nost aquifei 

Pesticides in the vadose zone experience phase-transfer. transformation and transport processes. in phase-transfer 
processes. pesticides may be sorbed, such as by clays or sediments in the vadose zone, or volatilised. In 
transformation processes. pesticides may degrade into metabolites and carbon dioxide abiotically or bioticall. In 
transport processes. pesticides are carried into aquifer by downward water flow, although upward movement of 
pesticides may also happen due to evaporation or plain uptake. Transport of pesticides through downward water flow 
is the major mechanism for pesticides to leach into an aquifer system while sum pEon and degradation slow down or 
reduce the leaching. The rates of the interacting processes and the fate of pesticides depend on the chemical 
properties of pesticides. soil properties and conditions. weather and climatic conditions. microbiological conditions. 
plant types and growth stages. and soil-crop-pesticide management practice. 

Assessment Methodology 

Groundwater vulnerability due to non-point pollution sources may be evaluated through a multi-scale strategy 

Identify the areas of potentially high risk of groundwater contamination from the application of a pesticide 

in a rcgioil. 

Examine the relative likelihood of pesticide contamination in different polygons witlun each area identified 

previously. 
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Evaluate the fate of a pesticide within a specific soil profile. 
	 I 

I 
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I 	The strategy is implemented by using the attenuation factor (AF) screening method (Rao et al. 1985) to assess the 
groundwater vuinerabilit\' at the regional and sub-regional scale and the process-based siimilation methods at the 

field scale in a GIS environment. 

3.1 Attenuation Factor (AF) Screening Model 

The AF index, denoting the mass emission of a chemical substance from the unsaturated zone to ground ater. is 

defined by 

I O.693R1 L 

All 	L 0
'12  

1  
where .\ 1 is the mass of the chemical exiting the vadose zone of depth L. .\ 1 is the mass of the chemmcal applied at 

I 	the ground surface. 0,, is the net aquifer recharge. 0 is the volumetric moisture content of soil at field capacity. T 2 is 

the soil biological half-life of the pesticide. The 1I2 values range from 0to I. with larger \ alues indicating higher 

contamination potential. 

The retardation factor R, which reflects the delay of pesticide leaching due to sorption, is given b 

- 	 pK L 
I 	

R
/ 
 i+ 

9 

' 	where p is the soil bulk density. /. is the fraction of organic carbon in the vadose zone. KOC  is the organic carbon- 

nonilalised sorption coefficient of the pesticide. Soil of higher orgamuc or clay content reduces the 
cOfltanllflatlOIl 

putential of a pesticide in larger extent. 

I 	
Although the AF model encapsulates the major influential factors in the pesticide leaching process. CO1llpUt3tiOmliIll 
it is hard to represent preferential flow paths in many types of soils. Preferential flow refers to all forms of rapid 
downward movement bypassing major portion of soil matrix through higli-conducti\ 	patilw a s in adose zone. 

l 	

Preferential flow occurs in continuous, non-capillary structural voids or in the area of capii1ar pores that ha e 
locally high hydraulic conductivities. The macropores take the form of cracks. root channels, worm holes. 

I1ld the 

like Preferential flow can also occur due to instability in wetting fronts under certain conditions. As a result of 
preferential flow, water and solute fronts penetrate greater depths. and much faster. than the predictioit of leaching 

I 	models. To consider the effect of preferential flow, a reduction factor is introduced for Lg. such as in fine-textured or 

sandy soil zone. where preferential flow cn widely occur. 

I 	
In contrast to preferential flow, thick shalv limestone or clay layers of low permeability in the vadose zone can 
effectively protect the underl\'ing aquifer fronl the pesticide contaimnatioll. An amplification factor for L ma be 

adopted to lower the AF value where this kind of geological setting is known or the area may be excluded froin the 

AF modelling. 

The inherent uncertainty of each factor in the AF model can deviate its prediction from the field obser\ ation. The 
uncertaintY. however, is not considered in the model since the data required for uncertainty study is gemlerali 

I 	
unavailable. not to mention at regional scale. Data scarcity, after all, has been driving the developilleili or adoption 

O 

relatively simple vulnerabi litv assessment models. 

It is worth mentioning that relatively higher AF value in an area does not necessarily mean lligiler coilceiltratlon of 

' 	 pesticides in the groundwater of that area. The actual occurrence of pesticides in groundwater hea il\ relies on 
agricultural practice. for example, the amount of pesticide applied, the pesticide formulation (eg. use of additi\ 

Cs). 

the timing of tile application relative to weather condition (eg. rainfall and temperature). the culti ation habits, the 

I 	
amount of irrigatioll water. and the method of application (eg. direct application to soil or spra'). BN 

uiiderstanding 

the process of groundwater pollution and using the pesticides viseh in practice. ilowe\ er, the risk of contamnmnatio1 

can be cont roiled at :in acceptable level. 
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3.2 Process-based Simulation Models 	 I 
The AF model is supplemented by the models that sinnilate the chemical migration. retention, and degradation in 
unsaturated vadose zone. The simulation will answer the questions like: 

How long does it take for a dissolved pesticide to leach to the water table? 

What is the maximum concentration at the water table. and when does it happen? 	 1 
How far does the center of mass of the dissolved pesticide travel downward through the soil profile within a 

specified period? 

Two representative simulation niodels are integrated into the GIS system. 

('/,einical .\foi'enwnl in Layered Soils (CMLS). developed by Nofziger and Hornsb\ (1986). 	 1 
Leachiig kvii,iialwii and ( 'he,nistrc \Jodel (LEACHM). developed by \Vagenet and Hntson (1987). The sub- 

program LEACHII is integrated into the assessment system. 	 I 
3.2.1 CMLS 

CMLS is a relatively simple one-dimensional process-based simulation model and therefore reduces the demand for 
input data It extends the AF model by taking the variables, such as time and soil layers, into account. It assumes 
that chemicals move oniy in the liquid phase. and all of the water in the soil is active in the movement. Water already 
in the soil profile is pushed ahead of the inflowing water in a piston-like manner. The chemical mrio\ ement is retarded 

by the sorption process represented by it linear and reversible equilibrium model, and no chemical dispersion is 

considered Up to 20 soil layers of different properties in root zone are allowed in the model The depth that We 

chemical travels is predicted by 

\; I  JO 	 I 
where I), is the depth of the chemical at time 1, q is the amount of water passing the depth L) durnig the time t[ 

(daily). 0 is the volumetric water content of the soil at field capacity. and R1  is the retardation factor for the chemical 

in the particular layer of soil, calculated using the same R1  formula in the AF model (Section 3.1). The depth of tile 

chemical in a soil layer increases if the infiltrating water is more than the water required to recharge the la\ er to the 
field capacity after deducting the evapotranspiratioil. The mass of the chemical is assumed to experience first-order 

degradation process and tile residual chemical after zhl is estimated by 	 I 
M,O.5" 	 I 

wllere TI ., 
 is the degradation half life of the chemical in tile soil layer. The soil water flow model of CMLS suggcst 

that it is suitable for modelling chemical movement in sand\ soil. 	 I 
3.2.2 LEACHP 

LEACHP is a complex one-dimensional solute transport model. Transient soil water flow in \ ertical direcuen is 

expressed by Richard's equation 

- -(K 1  

(1 	(2 	(2 

I 

I 
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1 where i is the time, z is the depth. II is hydraulic head. h is the soil water pressure head. U is the water loss due to 

transpiration. 0 is the volumetric water content. K 1, is the hydraulic conductivity and CO
is the differential water 

capacitY. Water retention and conductivity relations are based on the Campbells equation 

where O is the volumetric wacr content at saturation. a and h are empirical constants. Water retention parameters 

may also be estimated using it regression model of soil particle size distribution. bulk density and organic matter 
content. Numerical method is essential for solving the Richards equation and LEACHP adopts the finite difference 
method The depth is thus represented by a number of horizontal segments (defined by nodes) and the time is divided 
into a number of intervals. The solution of the equation requires the boundary conditions to be specified. The upper 
boundary condition can be set to model ponded or non-ponded infiltration, evaporation or zero flux. The lower 
boundary condition can be set to represent fixed depth water table. or free drainage, or zero flux or specified flux. 
Crop growth model is used to estimate crop cover fraction for partitioning evapotranspiratioil and the depth of root 
distribution for detenimining the crop uptake of the water and the chemical. In addition, a capacity model and steady-
stale flow model are available for simulating soil water flow where the models are suitable. 

Transient chemical movement is represented by the convect mon-diffusion equation 

I 
I 
I 
I 
I 

where CT  is the total solute concentration in all phases. i is the total solute flux. 0 is the sources or sinks of solute. 

(' is partitioned between sorbed. solution and gas phases. The sorbed chemical is assumed to be proportional to the 

chemical concentration in solution and calculated using the partition coefficient K d . The liquid-vapour partition is 

calculated similarly using it modified Henry's law constant. The diffusion flux density in both liquid and gas phase is 

determined by 

where I) is the appropriate molecular or ionic diffusion coefficient and c is the chemical concentration. 

The convective flux density of solute may be calculated by 

where q is the macroscopic water flux and 	
is the mechanical dispersion coefficient that represents the mixing 

between large and small pores as the result of local variation in mean water flow velocity. It may be estimated b 
imiltiplving the pore water velocity and the dispersivity. The gas convection of volatile chemical in soil may be 
considered by enlarging the molecular diffusion coefficient. 

Chemical transformation and degradation, including temperature and water content effect on the transformation and 
degradation rate, may be considered in the simulation. Together with crop uptake. the constitute the sink term of the 
convection-diffusion equation. During the simulation, the chemical is either directly applied or initially present in 

soil profile or dissolved in infiltrating water. 

Obviously. LEACHP allows mmmcli more effects to be considered but the demand for input data is also high. 

I 
I 

n 
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3.3 Regional Groundwater Level Prediction 

The regional ground water lcvcl. required by the AF model application (Section 3.1). is predicted using 
Hvdrogeomorphic Analysis of Regional Spatial Data (HARSD) approach (Salama etal. 1996). The HARSD 

approach was designed for hydrogeomorphic classification of catchment and construction of hydraulic head surface 
at regional scale in the absencc of detailed hydrogeologic description. 

According to HARSD approach. the landscape in the study area may be classified into hydrogeomorpluc units hich 
are expected to have similar aquifer properties and recharge as well as discharge behaviour. The topographic 
attributes, such as elevation. slope, break of slope, plan and profile curvature, are used solely or in combination as 
the classification nile. These topographic attributes are derived from digital elevation model of the landscape u.sing 

the grid modelling extension of GIS software Arc View. 

For instance, potential discharge areas are characterised by abrupt change in slope, or significant break of slope 
(BUS). and concave surfaces represented by negative profile curvature. Appropriate BUS critical values may t 
selected by referring to BUS attribute in known discharge areas. Potential waterlogged areas are relatively flat and of 
lower elevation. These areas are conceptually distinct froin discharge areas in that they are in poorly drained areas. 
Waterlogged areas can be located by defining small slope and low elevation as the classification rules. Once the 
landscape is divided into hvdrogeomorphic units. regression formula is derived from the bore data to estimate :e 
hydraulic head surface (or groundwater table whichever appropriate) in each hydrogeoinorphic unit. 

4. Use of the Integrated System 

The groundwater vulnerability assessment models were developed into the plug-in modules which nin inside Lhe GIS 

system. They are 

Groundiiater 'u!nerahilitv.4,vsessnient (iwva.avx), an ArcView extension. contains the functions for 

enhanced data inquiry and the attenuation factor (AF) mapping at regional scale. 

iL-IR'i) (har.vd.ai'x). an ArcView extension. contains the functions for hydrogeomorphic modeling a 

hydraulic head surface prediction. 

(It!L, (c,,,!.v.avx and cm/s.d/I). an Arc View extension and Wmdows dynamic link Imbran. prcN idc 

functions to nin CMLS in the GIS environment. 

LE1(7I' (/eachp.ai'x and !eachp.d//). an Arc View extension and Windows dynamic link librar. prc' ides 

functions to nm LEACHP in the GIS environment. 

The system is accompanied by two manuals (Zhou. )99%a and 1999b). The theory manual presents the theore:ieal 
background of groundwater vulnerability assessment and its computer modelling. The user manual shows the 
installation and use of the integrated system. Although statistical analysis has been considered in the design c: the 
assessment system and part of theoretical work has been earned out by the author. the technique was not inteerated 
because the data required to practically implement the tecluiique is not available. A simplified sample databa.s.e is 

provided for demonstration of the use of the system. 

The integrated groundwater vulnerability assessment system is a user-friendly Windows application. It conss of 
GIS software. relational database management software and plug-in modules for predicting groundwater 
vulnerability and simulating chemical movement in soil. GIS software ArcView is used to visualise and process the 
spatial data and Microsoft Access is used to manage the attribute data. The spatial and attribute database are nked ai 

run time to retrieve and synthesise the required data set. The user can access the data and run the models from the 
same interface. The user interface will respond dynamically and guide the user through the vulnerability ass.esmeflt 
in GIS environment. It will prompt the user to enter only the data required by the particular type of assessme 	For 

instance, a groundwater manager may use the AF model to evaluate the groundwater vulnerability in their 
management area. They may use the data browser to view the datasets in the database and use the inquiry to.e.s to 
obtain more information. They can add the data layers into a view and use the AF calculation dialog to generie the 
AF maps. Then they can use AF ranking function to assign the likelihood class and use AF mnquin tool to furTher 

explore the AF iimps 
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The system was developed on the basis of the land and water database in the Liverpool Plains of NS\V. supplied b\ 
DLWC of NSW and AGSO. Figure 1 shows a sample AF map inside the Liverpool Plains catchmcnt area. Among 
frequently used pesticides. Atrazine was singled out due to its frequent detection in the groundwater sampling in the 
area. The AF study area was selected by overlaying the soil landscape map and the alluvial formation map where 
most of agricultural land were situated and thus the agrochemicals were most likely to be applied. The depth to 
groundwater table at the regional scale was predicted using the shallow bore data and the HARSD approach. It is 
noted that the depth thus predicted may actually be the depth to the hydraulic head surface in the presence of hcav) 
clay soil and a confined aquifer. Alternatively, a designated depth may be used since the soil sampling depth is often 
limited to the range of 1.5 in. The soil properties were calculated from the soil survey data for each soil landscape 
and assigned to the soil polygons belonging to the soil landscape. in the sample AF map. the area of relativek higher 
leaching potential and thus deserving higher attention is highlighted by red color. Although the input data is rough. it 
still distinguishes the area around Lake Goran as an area of higher contamination likelihood. This area is known to 

have a shallow water table and soils of lower permeability. 

The accuracy of the AF map will depend on the accuracy of the input data used in the AF calculation. OfteR the 
challenge faced by the users of the systein is the availability of quality data. With the aid of the system. the users 

may start to produce simplified AF maps under some assumptions. eg  umform vadose zone depth if the study area is 

not large and relatively flat. Since AF is a relative index, the users can go ahead with the calculation if they can 
estimate the relative ratios of a variable among geographic zones even without knowing the exact 's alues of the 

variable Judged by their local knowledge. the' may use the AF maps as the road map in their management work. 
For instance, they may arrange to collect more data from the zones of higher predicted leaching likelihood. With the 
data. they will be able to improve the AF maps and gradually build up their confidence on the predicuon in the 

iterative process. 

6. Conclusion 

In response to increasing environmental concern over widespread use of agrochemicals. an  integrated sstem has 

been developed for groundwater vulnerability assessment. It allows rapid evaluation of the likelihood of 
groundwater contamination in a GIS environment and it is an efficient decision-making tool for groundwater 

management. 
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MALLEE REGION 
GROUNDWATER MODELLING 

W Yan, S R Barnett. Groundwater Division, Primary Industries and Resources of South Australia 

INTRODUCTION 

The Mallee Region is predominantly a dryland farming area which covers areas of South Australia and Victoria in 
the Murray Basin (Figure 1). Due to the large quantity of good quality groundwater in the underlying aquifer, more 
than 70 irrigation wells have been drilled over the last ten years or so. In areas of concentrated pumping, falling 
groundwater levels have affected neighbouring stock and domestic wells. 

Management of the groundwater resources by licensing irrigation use, allocation and Permissible Annual Volumes 
(PAV's) of maximum extraction, occurs in the areas. In order to achieve sustainable development in all these areas. a 
detailed five layer MODFLOW groundwater flow model (McDonald and Harbagh, 1988) and MT3D solute transport 
model (Rumbaugh, 1993) were developed as a management tool to: 

predict the changes in regional groundwater levels and any salinity changcs due to various pumping scenarios: 

estimate the maximum local drawdown at end of pumping seasons; 

calculate the water balance and groundwater flows between aquilèrs. 

HYDROGEOLOGY OF THE MODELLED AREA 

The model area is located in the Mallee Region of the Murray Basin, where there are five main hydrogeological units 
(aquifers and confining layers) as shown in Figure 2. The units are, in order of increasing depth below the surface: 

Layer 1: Pliocene Sands aquifer - generally an unconfined aquifer over 50 in in thickness. Salinity in the aquifer 
ranges between 1000 and 35 000 mg/L. Groundwater movement is generally from the south to north under fairl\ 

low gradients; 

Layer 2: Bookpurnong Beds (confining layer) - this unit is absent in the western third of the modelled area. 

however it dips down gradually to the east and increases the thickness; 

Layer 3: Murray Group Limestone (MGL) aquifer - generally occurs as an unconfined aquifer in the western 

third of the area and is confined over the remainder. This is the aquifer developed for irrigation, town water 
supplies and stock and domestic use. The thickness of the layer averages 100 in and groundwater movement is 
from the south to the northwest under fairly low gradients. Salinity of the groundwater ranges between 500 and 

3000 mg/L; 

Layer 4: Ettrick Formation (confining layer) - occurs between the Murray Group Limestone and the underlying 

aquifer. The layer is around 15 m in thickness; 

LayerS: Renmark Group aquifer - confined by the Ettrick Formation, it is about 150 in in thickness. 
Groundwater flow is from southeast to the west and northwest. The salinity of the groundwater ranges from 51`_i 

to 3000 mg/L. 

Port Augusta 

Port Pine 

ADELA1IEr 
. 

100k m Mallee 

I region 
J 	101535-001 

Figure 1 Locality map 
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Pumping wells 	 Pum in wells 

Recharge from surface 

Pliocene s a n d s (La'er 1) 

Bookpumong Beds (Layer 2) 

~MurrayGroup Limestone (Layer 3) 

Etirick Formation (Layer 4) 

Renmark Group (Layer 5) 

Figure 2 Hydrological cross section 
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MODEL GRID 

The model area extends 115.75 km (east to west) by 103.5 kin (north to south) covering the Mallee Proclaimed Wells 
Area, the Murrayville Groundwater Supply Protection Area, and Border Zone 10 and Part Zones 9 and 11. The 
minimum grid size is 500 by 500m covering the main irrigation areas with the maximum 1000 by 1000 in along the 
boundaries. Details of the boundary conditions and hydraulic properties in the model are presented in Yan and 
Barnett, (1999). 

STEADY STATE CALIBRATION 

The first stage of the modelling exercise involved a steady state calibration undertaken over the entire model domain. 
As part of this process, the initial boundary conditions, hydraulic conductivities, recharge rates and upward leakage 
from the underlying aquifer were firstly applied on the basis of the basic conceptual model and values obtained from 
a previous model (Barnett 1990). These parameters were then adjusted until the calculated and observed water levels 
were matched very closely. The accuracy of the steady state calibration was evaluated by considering the regional 
groundwater flow directions and a comparison of the observed groundwater levels and modelled water levels (Figure 
3). These steady state calibrated water levels were then used as initial groundwater levels (pre-pumping) for the 
following transient calibration exercise. 

TRANSIENT CALIBRATION 

The transient calibration was undertaken using the observed water levels and the corresponding pumping volumes 
during the 1997/98 irrigation season. The calibration was again performed by adjusting the specific storage, leakage 
(upward/downward) and hydraulic conductivity values within reasonable limits to achieve an acceptable match 
between calculated and observed water levels. The transient calibration was concentrated on Layer 3 (MGL aquifer) 
in areas where monthly pumping volumes and water level observation data were available. The Pliocene Sands and 
Renmark Group aquifers are the sources of the downward and upward leakage respectively into the MGL. 

Comparison of the calculated and observed hydrographs was used to evaluate the accuracy of the transient 
calibrations (Figure 4). The calculated drawdown contours also show a good comparison with the observed contours. 
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Figure 3 Steady state calibration results 

MODEL VALIDATION 
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Figure 4 Transient calibration results 

Model validation was carried out by undertaking a 10 year transient run from 1988 to 1998 in an effort to match the 
observed drawdown levels due to the long term pumping. Because only a very small number of bores are metered. 
pumping volumes for each irrigation well during the 10 year period were estimated by interviewing each irrigator 
where possible to obtain the number of hours of pumping and the pumping rate of each bore. 

The results of the validation can be seen in the comparison of the calculated and observed water level between 1988 
and 1998 (Figure 5). The high accuracy of the validation is shown by the small difference between the observed and 
calculated water levels, and also the similar trend in water level decline. 
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Figure 5 Two validation results 

SCENARIOS 

The validated model was used to predict future groundwater level declines due to Irrigation for 35 years from 168 8 to 

2024 using the following scenarios: 

Scenario 1: current usage for 1997-98 (16 000 ML) 
Scenario 2: use of all allocated water (45 000 ML) 
Scenario 3: use of full PAV 	(60 000 ML) 
Scenario 4: testing long term drawdown response over 60 years (10%, 25% and 50% of full PAV) 

The results of the predictions for each scenario has been assessed on the basis of the following: 

Water level decline (hydrographs) at the observation bores 
Drawdown contours at the end of the pumping season (maximum) and the end of recovery (minimum) 
Groundwater elevation contours and flow directions at end of pumping season in 2024 
Increased leakage from Pliocene Sands to MGL aquifer and the TDS concentration increase over time. 

RESULTS 

The prediction results gives the maximum drawdown contours at the end of the pumping season and the residual 
drawdown contours at the end of the recovery. The maximum drawdown at the end of pumping season in 202-
varies from 18 m (Scenario 1) to 28 m (Scenario 3). The results for Scenario 3 (use of full PAV) are shown in Figure 

6. The residual drawdown similarly varies from 6 to 12 m. 

After 25 years pumping at the full PAV, it was noticed that the hydrographs were still showing a steady decline of 15 
cmlyear. Scenario 4 was modelled to determine whether lower extractions could lead to a steady state drawdown. 
The results show that the drawdown only reached steady state after 60 years when the pumping has been reduced to 
only 10% of the maximum PAV. This is because the relatively low aquifer transmissivity does not allow infi aWS t 

the pumping areas to keep pace with the outflows, resulting in a gradual decline in storage. It also suggests tha: inter-
aquifer leakage (upward and downward) is relatively low. 

DEPRESSURISATION 

One of the impacts of drawdowns in the confined MGL aquifer, is that the centres of the large cones of drawd .9.n 
will become unconfined when the potcntiomctric surface drops below the top of the aquifer. In practice, the 
drawdown will stabilise in these areas, because it will cease to become an instantaneous pressure effect and wi 

respond only to the gradual dewatering of the aquifer. 

DOWNWARD LEAKAGE 

For Scenarios I to 3, the increased downward leakage from the Pliocene Sands watertable aquifer down to the .IGL 
aquifer as a result of the reduced heads from 35 years of pumping, has been presented in Figure 6. Assuming 
salinity of 10000 mg/L for the Pliocene Sands aquifer, the resultant salinity changes in the MGL aquifer are a. 
shown. The results show virtually no salinity impact whatsoever. It is anticipated that increased monitoring a:: 
sampling of the Pliocene Sands aquifer will allow more accurate determinations of this leakage and its salinit. 

impact. 
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Figure 8 Maximum drawdown contours for Scenano 3 for the year 2024 

UPWARD LEAKAGE 

A significant contribution to the MGL aquifer by upward leakage from the Renmark Group was necessary to enable 
calibration of the model. This is consistent with the hydrogeological evidence such as head difference contours and 
the presence of sand aquifers up to 30 m thick within the upper Renmark Group (Olney Formation). This 
contribution from upward leakage has not been considered in determining the sustainable yield for the MGL aquifer 
in previous management strategies. Figure 7 shows the increased upward leakage from the Renmark Group confined 
aquifer to the MGL aquifer due to the greater head difference after 35 years of pumping from the MGL aquifer. 

SALINITY CHANGES 

Based on the prediction flow model of Scenario 3, the solute transport model (MT3D) was undertaken to predict the 
salinity changes. The initial concentrations were taken from the salinity contours in the Murray Basin 

I 	
Hydrogeological Map Series and were represented as different salinity zones. The horizontal and vertical 
dispersivity were calculated by considering the liner velocity of the water flow and the model grid size. The 
molecular diffusion coefficient was obtained from existing references. 

I 	
The results show virtually no change in salinity in the MGL aquifer due to lateral inflows induced by irngatior 
drawdowns. This is due to the resultant low potentiometric surface gradients which change a northerly flow o 
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0.5 mlyear to a westerly flow of 2 - 3 in/year toward the pumping centre. The 3000 rng/L contour is 10 km trOill the 
nearest irrigation bore. 
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Figure 6 Predicted downward leakage from Pliocene Sands to MGL 
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Figure 7 Predicted upward leakage from Renmark GrOL7 to MUL 

SENSITIVITY ANALYSIS 

As mentioned earlier, a steady-state solution was performed by adjusting hydraulic parameters (hydraulic 
conductivities, recharge to the top layer, inter-aquifer leakage) and boundary conditions. The water level in the 
Pliocene Sands aquifer was found to be very sensitive to the recharge rate, with the water level in MGL. aquifer ver\ 
sensitive to hydraulic conductivities and upward leakage from Renmark Group aquifer. 

Sensitivity analyses were also undertaken during the transient calibration and model validation processes. The results 
show that the trend of water level decline and the maximum drawdown in each individual pumping season are mostly 
controlled by the specific yield and specific storage coefficient in the surrounding area. The water level recovery 
after the pumping season is dominated by upward leakage from the Renmark Group aquifer. 

Additional sensitivity tests were carried out on the vertical hydraulic conductvities of both confining layers and the 
resultant effects on water level fluctuations in the MGL aquifer. The results shows that varying the K of the 
Bookpurnong Beds by a factor of 10 upwards or downwards makes no difference to the MGL response from 
downward leakage. This low sensitivity is probably due to the thickness of the confining layer and the small head 
difference with the Pliocene Sands aquifer which is driving the leakage. Similar variations in the K. for the Ettrick 
Formation by a factor of five showed a moderate sensitivity to upward leakage, with the recovery in the MGL aquifer 
after pumping being most affected. An increase in K results in too much recovery by 1 - 2 m, and vice versa. 

LIMITATIONS 

The main limitation is probably the lack of accurate data on pumping volumes. These uncertainties may ha--c led to a 
few calibration results not matching very well to observed water levels. The introduction of metering will o-.ercome 
this problem. The water level and salinity data for the Pliocene Sands aquifer is sparse, making calibrations with 
recharge difficult, and calculations of downward leakage impacts uncertain. There are no suitable observation bores 
in the Renmark Group in the vicinity of the areas of maximum drawdown in the MGL aquifer to measure the effect 
the upward leakage in the long term. 

FIJRTHER WORK 

The model will be re-calibrated when additional information becomes available. This will include the niore 
widespread monitoring information of the impacts of the 1998/99 irrigation season on both the MGL and Phocene 
Sands aquifer. In addition, salinity sampling and monitoring of the recently completed Pliocene Sands observation 
wells will enable more accurate prediction of any salinity increases due to downward leakage by providing actual 
salinity values and head differences. 

Future modelling will also validate the salinity impacts of lateral groundwater movement within the lGL 	ader 

upward leakage from the Renmark Group. Impacts of pumping from the Renmark Group confined aqu.:ar will 
tested for decreasing upward leakage and increasing drawdowns in the overlying MGL aquifer. 
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SUMMARY 

A finite difference groundwater flow (MODFLOW) model was developed for irrigation areas in the Malice R-cion 
with the assistance of the Visual MODFLOW package. 

The model was calibrated for steady-state conditions over the entire model area, with a transient calibration 
undertaken in areas where the local pumping data and observation bore hydrographs were available. The mc6l was 
also validated by using estimated pumping volumes and water level data over the past ten years. The high ac.iracy 
of the calibration and validation exercises can be evaluated by comparing the calculated and observed values :ar both 
the hydrographs and water level contours. 

So far, this model has been used as a prediction model for various pumping scenarios and it will be updated a: regular 
intervals when additional observation well data becomes available. It is a very useful management tool for euring 
the sustainable development of groundwater resources in the area, by predicting the impacts of different pumr'm2 
scenarios (both location and pumping rate) on groundwater levels and salinities. 
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The 1995 cap on surface water diversions in the Murray-Darling Basin (MDB) has increased the interest in 
groundwater resources. In the Macquarie catchment, within the Coonamble Embayment, the recent two year 
drought ending in 1996 prompted questions about groundwater usage for irrigation purposes. The freshwater 
aquifers of the Coonamble Embayment, while being of interest locally are also managed in the context of the Great 
Artesian Basin (GAB) and so present complex issues in natural resource management. 

The Pilliga Sandstone is the only freshwater artesian aquifer in the GAB. Its characteristics in the western 
Coonamble Embayment are yet to be fully described, despite its importance as a freshwater source. A geologic 
model constructed from well log and interpolated using the ANTJDEM package reveals the complex geometry 
within which the aquifer exists. Hydrogeochemistry is used to identify flow patterns, possible recharge/discharge 
areas, and to better defrne the Pilliga Sandstone aquifer. 

Existing groundwater chemistry data has been reviewed and a discrete database representative of the Pilliga 
Sandstone aquifer has been produced. ANIJDEM was then used to model the spatial distribution of major ions for 
the lower Macquarie catchment region. In combination with the geologic model, the hydrogeochemistry has 
enhanced the understanding of flow characteristics of the aquifer. Possible discharge sites, close to the Macquarie 
Marshes appear to exist. 

INTRODUCTION 

The 1994 COAG Water Reforms and the 1995 cap on surface water diversions in the MDB have increased the 
importance of water management in the MDB in general and in the Macquarie River catchment in particular. Water 
allocation and use is a major issue particularly when a large wetland like the RAMSAR-listed Macquarie Marshes 
also receives its own surface water allocation. The area under irrigated cotton production within the Macquarie 
catchment is estimated to have increased by 400% from 1981 to 1992 and now dominates the farming region 
[Kingsford and Thomas, 1995]. The demands on both surface and groundwater resources in the Macquarie 
catchment continue to increase. 

Groundwater resources in the catchment are contained in the unconsolidated sediments, consolidated sandstones, 
fractured rocks, and basalts of the GAB. Mesozoic-age Pilliga Sandstone, Keelindi beds, Drildool beds, and 
Rolling Downs Group contain groundwater of varying quality and quantity in the GAB. Of these, the Pilliga 
Sandstone is the only aquifer under pressure, comparably fresh, and with significant capacity. This research 
focuses on the Pilliga Sandstone aquifer. This aquifer is currently used mainly for town water supplies and stock 
watering. 

Though the Pilliga Sandstone aquifer has been used as a water source since the late 1800's and is the only artesian 
aquifer in the western Coonamble Embayment, the aquifer has never been fully characterised in terms of its 
hydraulics and hydrogeochemistry. This research characterises the Pilliga Sandstone aquifer by defming its water 
budget and sustainable yield. 

Geologic History 

The Macquarie basin is bordered on the south and west by the Lachian Fold Belt (LFB) [Watkins and Meakrn. 1 996 
(see Figure 1). The deformed, Palaeozoic Lachlan Fold Belt includes the Hervey Group, Milmiland and Little 
Plains Granites, Mt. Foster Monzonite, Booralee Volcanics, and the Girilambone Group. The younger Mesozoic 
GAB sequence includes the Garrawilla Volcanics, Purlawaugh Formation, Pilliga Sandstone, Keelindi and Dnidool 
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beds, and Rolling Downs Group. The Lachian Fold Belt is exposed in an arc around the GAB sequence in the lower 
catchment, with its western extent of outcrop passing along the western flank of the Warrumbungle Mountaths 
through Dubbo, and then curving north, following the western edge of the Bogan River. It also forms the basement 
to the GAB as it dips northward, unconformably underlying the GAB in the lower Macquarie catchment. 

The Pilliga Sandstone has regions of greater thickness in 'potholes' scattered throughout the region. These may act 
as areas of stagnant groundwater. Along the Bogan River and south and west of Narromine, there is a 
comparatively shallow Palaeozoic basement and the absence of Pilliga Sandstone and it is expected that GAB 
groundwater is less in this region. In this part of the Coonamble Embayment, the Pilliga Sandstone may have been 
deposited in an alluvial fan environment. Pilliga Sandstone deposition is also influenced by the basement strtw-e 
in the lower Macquarie catchment. The Pilliga Sandstone is thickest (300m), in the east of the Macquarie catchment 
and shows as the core of a fan-like projection splayed outwards from the Pilliga Sandstone outcrop near the 
Warrumbungle Mts. This is called here the Yungundie Fan. 

The structural top of the Pilliga Sandstone is deepest in the northeast (-600m). It thins towards the east of the 
Macquarie catchment and towards the LFB. The elevations of the Pilliga Sandstone confirm that the Sandstoce was 
deposited in the depressions of the Palaeozoic basement. 

d Figure 1: Geological Base Map 
6WWO 	F 

Geophysical Data 

Analysis of temperature and neutron geophysical logs 
offers further information on the Pilliga Sandstcre 
aquifer. Twenty temperature logs and 13 neutrm logs 
were used spanning an area of approximarely 50kin in 
a broad NE-SW line in the middle-lower Macquarie 
catchment [Habermehl, et al., 19971. 

To use temperature logs we assume that differez: 
aquifers have different temperature waters. Nezron 
logs reveal the presence of moisture. Finally, imdng 
interpreted gamma ray logs with the neunon ai± 
temperature logs allows correlation of 
hydrogeological areas directly to the geological units. 

Geophysical logs indicate that: (1) water is moving 
vertically in the system at a regional scale and c 
move through many geological layers at the boruhole 
scale; and (2) deeper water is leaking upwards through 
all geological units and cooler water is leaking 
downwards through the Cainozoic layers. Rollmr 
Downs Group, Drildool beds, and Keelindi beds 
High moisture areas are present in all geologic mits, 
particularly in the Pilliga Sandstone and along 
boundaries between the geologic units. Low mcsmre 
areas (possibly aquitards/aquifuges) are present n all 
units particularly in the Cainozoic-age snata arc the 
Rolling Downs Group. With this information ps the 
assumptions in Table 1, a method was chosen tc 
establish the Pilliga Sandstone geochemical dam.base. 
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Table 1: Assumptions Used to Define the Pilliga Sandstone Geochemical Database 

1970's Bore Chemistry Data: This was the most comprehensive dataset available with good distribution around 
the catchment. 

Sufficient Depth: Bore must reach at least to the structural top of the Pilliga Sandstone. 
Screen Positions: Screen positions must not be unreasonably (< 150m) beyond the structural top of the P1_ga 

Sandstone. 
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Analysis of Groundwater Chemistry Data 

Examination of the several hundred bore water chemistry samples in the Macquarie catchment in the Department of 
Land and Water Conservation (DLWC) database for 1890-1980, revealed significant variations. This could be due 
to several factors, such as data entry, laboratory, or field sampling error, updated laboratory procedures, field sample 
preparation, or water from different sources. Another significant problem with the chemical database was the 
identification of the aquifer from which the samples were taken. The DLWC database had changed format over 
time and this may have resulted in some data loss or alteration. 

Checking of the quality of the chemistry data was a necessary first step. As a first cut only analyses which had a 
charge balance of ±5% (in meq/L) were accepted. The goal was to produce a discreet, good quality database of the 
Pilliga Sandstone aquifer. The basic assumption that, if the bore reached past the structural top of the Pilliga 
Sandstone then the water chemistry sampled from the bore would be characteristic of the Pilliga Sandstone was 
considered doubtful. The assumptions used in selecting characteristic Pilliga Sandstone bores are listed in Table 1 

The analysis began with several hundred artesian (flowing) bores from the DLWC database. The method chosen t 
produce the discreet database was to ensure a cation-anion charge balance and ensure that screen position fell witlt.rn 
or close to the Pilliga Sandstone aquifer. All major ions in the bore chemistry of the artesian bores were checked 
for the cation-anion balance. Only charge balance results of ±5% meq/L of total dissolved ions were accepted. Ts 
is based on the fact that errors greater than 10% are likely to be caused by analytical error or an unanalysed ion 
[Lloyd and Heathcote, 1985]. In this analysis if an ion measurement was missing from the set of analyses for a 
particular borehole in the database it was not used. 

A knowledge of the perforation geometry of a bore is essential in characterising samples (Mazor, 1997). Screen 
positions and details are included in the DLWC databases for most bores. From bore logs it was noticed that 
screening (perforations, slots, etc.) was often placed in a bore beyond the first or primary source of water described 
in the drillers' logs. This raises the possibility of other water entering the screen from overlying geological units. 
Approximately one hundred bores were checked, with only 78 passing the successive tests. The spatial distributioc 
of the database is reasonable, with bore locations including areas of variability of the Pilliga Sandstone and cover an 
area progressing away from possible recharge locations in the east to the Pilliga Sandstone areal limit in the west. 

The geochemical analysis of the Pilliga Sandstone groundwater included: (1) Analysis of major ions by the aqueous 
geochemical plotting software, AquaChem [Calmbach and Waterloo Hydrologic, 1997]; and (2) Spatial analysis 
with ANUDEM [Hutchinson, 1997] of major ions and groundwater temperature to create distribution maps. 
AquaChem Version 3.6 [Calmbach and Waterloo Hydrologic, 1997] was used for plotting Schoeller and Piper 
diagrams and generating statistics for the geochemistry of the Pilliga Sandstone database. 
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Figure 2: Piper Diagram for Pilliga Sandstone Aquifer 
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Piper diagrams show possibilities of mixing of 
waters and evolutionary pathways [Piper, 
1944]. The Piper diagram for the Pilliga 
Sandstone (Figure 2), shows a vector running 
outwards from the Na apex, and a group of 
bores (except for one) clustered in the HCO3  
apex. This is consistent with the observation 
that GAB waters are Na-HCO3  waters 
[Habermehl, 1983]. The bores furthest from the 
Na apex are bores #4158 and #8213, with bore 
#4158 being the bore point furthest away. 
Bores #4158 and #8213 are in the area between 
the probable recharge area in the 
Warrumbungle Mts. and the eastern Macquarie 
catchment boundary. This appears to indicate 
rapid ion exchange between recharge water and 
clays. The bores further away from the 
recharge area (closer to the Piper diagram Na 
apex) have higher sodium. This may indicate 
upward or downward leakage of marine-based 
formation waters. One of the bores near the Na 
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apex is #8063. This bore is located between the 
Macquarie and Marthaguy Rivers, further away from the recharge area than either #4158 and #8213. 
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Figure 3: Schoeller Diagram for Pilliga Sandstone Aquifer 
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Bicarbonate may be generated either by the 
reaction of water with CaCO3  or by microbial 
reduction processes. The current hypothesis is 
that most HCO3  in the GAB is due to reduction 
processes. Bores have relatively low chloride 
and low sulphate. Further detailed examination 
of groundwater composition is underway. 

The Schoeller Diagram, also called a fingerprint 
diagram, is another way to graphically represent 
the chemical data [Schoeller, 1954]. From the 
diagram for the Pilliga Sandstone geochemical 
database, (Figure 3), it is clear that the waters 
vary compositionally but that the waters are Na-
HCO3  dominant. The ions Ca, Mg, and SO4  
show considerable variation. The different 
patterns reflect the evolutionary stages of the 
Pilliga Sandstone database. This supports the 
vectors showing on the Piper diagram, which 
essentially shows different stages of ion 
exchange. 

The analysis of how major ions and compounds 
are distributed in the aquifer help to interpret the 
system mechanics and reveals flow paths and 
potential recharge areas. Spatial analysis by 

ANIJDEM [Hutchinson, 1997] of cations and anions has been completed and chloride (Cl) is shown here. 

Chloride values are highest for the Pilliga 
Sandstone in the area of the northern Macquarie 
Marshes (Figure 4). They are lower (40mgIL) 
towards the area of recharge (Warrumbungle Mts.) 
and in the southern Macquarie Marshes (20mgIL). 
The most rapid change in concentration appears to 
be in the northern Macquarie Marshes. Chloride 
also increases from 20 to 40-50mg/L in the 
southern, lower catchment. 

Chloride concentrations normally increase down 
the hydraulic gradient and with groundwater flow 
and residence and as such it is an excellent 
indicator of flow direction and preferential 
permeability conditions and determining possible 
mixing [Lloyd and Heathcote, 1985]. Flow lines, if 
drawn on Figure 4 would point mostly going 
towards the north or northwest away from the area 
of recharge, towards the Macquarie Marshes. 

Groundwater temperature is important for obtaining 
the depth of groundwater circulation [Mazor, 
1997]. Temperature information was extracted 
from DLWC microfiche records that contained data 
for selected artesian bores around the lower 
Macquarie catchment. The highest initial (first 
sample taken from the bore) temperature in the 
database is >58°C with the lowest initial 
temperature being <20°C. The average initial 
temperature is 35.6°C. 
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The highest temperature (>50°C) is located east of the Macquarie catchment boundary (Figure 5). The largest 
gradient in temperature over geographic distance is found in a north-south line, through the Macquarie Marshes. 
The lowest temperatures are towards the western and southern edges of the Pilliga Sandstone (<30°C). Lower 
temperatures ought to be found in a more shallow layer of Pilliga Sandstone. Higher temperatures would be 
expected in the area where Pilliga Sandstone is at its deepest. An anomaly (<40°C water in an area of <30°C water) 
is situated in the southern Macquarie Marshes. The Pilliga Sandstone temperature distribution maps have a 
characteristic pockmarked appearance. The structure in the basement rocks may be affecting temperature of the 
Pilliga Sandstone aquifer in particular areas. Four spots stand out; (1) east of the catchment boundary; (2) and (3) in 
the Macquarie Marshes near the Macquarie River; and (4) in the curved area of Marthaguy Creek. There appears to 
be a correlation with basement structure. 
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The average borehole geothermal gradient in the 
Macquarie catchment ranged from 13.59°C/km to 
63.79°C/km with an average gradient of 37.12°C/km. 
On average, temperature increases at 25°C for each km 
of depth (Freeze and Cherry, 1979), but this may be 
affected by: (1) variations in thermal conductivity 
between formations; (2) volcanic intrusives; or (3) 
spatial redistribution of heat by flowing groundwater. 
In the GAB, the average gradient has been found to be 
48°C/km, higher than the average of 33°C/kin, probably 
due to higher radioactivity in the Precambrian shield 
[Polak and Horsfall, 19791. 

CONCLUSION AND FUTURE 
WORK 

This work has identified bores from the 1970's whose 
screen depths penetrate the Pilliga Sandstone aquifer. 
Using these bores a spatial database has been assembled 
for water quality in the aquifer. In keeping with 
fmdings elsewhere in the GAB the waters in the 
Macquarie catchment (Pilliga Sandstone) are essentially 
Na-HCO3  dominant. A Piper diagram of the Pilliga 
Sandstone water reveals evolutionary trends in the data 
with Ca and Mg moving towards Na as sample locations 
move away from the recharge area. 

The complex patterns of ion distribution are consistent 
in general terms with the structure deduced for the 
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These reveal pools of relatively stagnant water and areas 
of flowing waters. Intriguing anomalies occur in the vicinity of the Macquarie Marshes and should be investigated 
further. 

Future work for this research includes further defining the hydrodynamic parameters of the Pilliga Sandstone aquifer 
and a Pilliga Sandstone water budget. These will help lead to an application of the work by building a new 
management framework for the Pilliga Sandstone in the Coonamble Embayment. 
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INTRODUCTION 
The Lachlan Catchment is the third largest catchment in the Murray-Darling Basin and is situated in the central west 
of New South Wales. In recent years, there has been an increasing incidence of salinity in the catchment. The 
Jemalong and Wyldes Plains Irrigation District (JWPID) which is located between Forbes and Condobolin is an 
example, where the district is threatened with rising watertable and salinisation. Several studies have been 
undertaken in the area with conflicting conclusions about the contribution of irrigation to groundwater recharge and 
salinisation processes. However, estimates show that irrigation water adds 49 td t  of salts to the district. Moderate to 
severe salinisation in the district has already occurred on the central Warroo, Bogandillon Swamp and isolated 
sections along the irrigation channel system. The DLWC (1997) estimated that around 50% of the dryland area and 
4% of the irrigated lands in the district had electrical conductivity (EC) levels greater than 2,000 l.LS ciii' in 1995. 

Management of this irrigation area and salinisation occurring in its western part requires that the contributions of all 
processes impacting on the groundwater dynamics and salinisation be clearly identified. 

This paper describes the progress made so far in a PhD research project which aims to investigate the groundwater 
systems and salinisation processes in the JWPID, Lake Cowal and Bland Creek sub-catchment and to predict 
potential areas of salinisation. Specific objectives of the research are to: (1) investigate the hydrogeo logical features 
of the aquifer system in the study area; (2) investigate the interaction of the aquifer system with the Lachlan River, 
Lake Cowal, Bland Creek and the irrigation system; (3) investigate the dominant salinisation processes; (4) develop 
and calibrate a numerical model of the aquifer systems; (5) use the calibrated model to examine watertable rise, 
interactions between aquifers, surface water and the irrigation system; and (6) develop the best management 
strategies for conjunctive use of surface and groundwater resources in order to satisfy various demands in the study 
area and to minimise the risk of land salinisation. 

THE STUDY AREA 
The study area includes the JWPID, Lake Cowal and Bland Creek area (Figure 1). Established in 1944, the irrigation 
district has a total area of 93,123 ha and about 25% of this is capable of being irrigated. Water for the irrigation 
district is diverted from the Lachlan River at Jemalong Weir and fed by gravity through some 306 km of earthen 
supply and drainage channels. Lake Cowal, which supports grazing and minor cropping activities when dry, is an 
ephemeral lake (8 km x 15 km in area) and is primarily fed by flood water from the Lachlan River and drainage 
from the Bland Creek. 

[Figure 1. Geological map of the study area, locations of geological cmss-sectionS and rainfall isohytes.] 

CLIMATE 
Annual rainfall distribution in the study area decreases from east to west, ranging from 698 mm in Wombat to about 
434 mm in Warroo (Figure 1). Monthly rainfall is almost uniformly distributed throughout the year, with relatively 
higher mean monthly rainfalls occurring during October and January. An approximately 50 years flip flop cyclic 
pattern of annual rainfall variation has recurred in the study area since the last century. The most widespread changes 
occurred around 1945-1946. This change is consistent with the changes in the catchment and over much of the south 
eastern Australia. The average maximum (January) and minimum (July) temperatures are about 32.1°C and 2°C, 
respectively. The average annual evapotranspiration from 1995 to 1997 at the irrigation district is about 1,387 mm, which 
is three times higher than the average annual rainfall. 
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HYDROLOGY 

Surface runoff 
In general, surface water runoff at JWPID drains in westerly or south westerly directions towards Lake Cowal, Nerang 
Cowal, Manna Creek and Bogandillon Creek. Flood runoff from the Lachlan River provides a major groundwater 
recharge for the district and surface water source for Lake Cowal. The flood water flows south-west along the 
floodway from the flood breakouts on the Lachlan River, through the JWPID. When Lake Cowal is full, floodwater 
begins to fill the adjoining Lake Nerang Cowal and will eventually overflow to the Lachlan River through the Manna 
and Bogandillon Creeks. Surface water runoff from Bland Creek and its tributaries also flows into Lake Cowal. 
Lake Cowal has a storage capacity of 194,000 ML when full (DWR, 1992) and frequency of its partial inundation is 
approximately 50% (31 out of 64 years from 1930 to 1994). 

Streamflow characteristics 
The average (1941 to 1995) annual streamfiow of the Lachlan River near Jemalong Weir is about 1,204,000 ML. In 
general, streamfiows are high at this station during winter months and low during summer. The average monthly 
streamflow in August is the highest (228,000 ML), whereas January has the lowest streamfiow (53,000 ML). 
Streamflow at this station is continuous due to water release from the headwater reservoir. Diversion of streamfiow 
for irrigation at the Jemalong Weir was about 70,000 ML yf' from 1986/1987 to 1996/1997. 

The Manna Creek has an annual streamfiow of about 76,000 ML since 1975. Monthly streamfiow is high from July to 
September, but very little amount of water flows during summer months. In Bland Creek at Morangarell (Figure 1), the 
average annual streamfiow recorded since 1977 is about 50,000 ML. Monthly streamfiow distribution is quite similar to 
the other stations with high flows occurring in winter and low flows during summer. In Bogandillon Creek, streamfiow is 
very low. Average annual streamfiow in 1994 and 1995 at this station was 780 ML. 

Surface water salinity 
Between 1970 to 1981, the measured EC at the Jemalong Weir ranged from 210 to 640 iS cm' with a median value 
of 350 ,tS cm' (Kelly, 1988). Using the average annual diversion of the irrigation water of about 70,000 ML and 

assuming a mean daily EC of 400 j.tS cm 1, and a conversion factor of 0.64 it is estimated that the average daily salt 
load into the irrigation district is about 49 t d". 

In Bogandillon Creek, an EC value of 39,000 pS ciii' has been recorded in October 1994 at Birrack Bridge. In fact, 
at this section, about 34% of the recorded data are highly saline (above 15,000 jiS cm') and 52% fall in brackish to 

saline category (1,500-15,000 j.tS cm'). The remaining 14% have an EC of less than 1,500 ItS  cm'. Meanwhile, 

water in Lake Cowal is fresh (less than 1,500 jiS cm'). Its highest recorded EC is only about 6,000 IS cm' and was 
measured in February 1988. 

GEOLOGY 
Figure 1 shows the geology of the study area and indicates that a large proportion of the area is covered by 
unconsolidated (Tertiary and Quatemary) sediments. The stratigraphic units in the study area include: Ordovician 
(tuff, phyllite, schist, sandstone, latite, siltstone, limestone, andesitic volcanics, basalt, and numerous igneous 
intrusions);Silurian (granite, sandstone, shale, slate, phyllite, conglomerate, acid lava and limestone); Devonian 
(massive sandstone, conglomerate, siltstone, granite, granodiorite, andesite, rhyolite, tuff, limestone and shale); 
Tertiary (basalt, laterite, conglomerate) and Quaternary (gravel, silt and clay). 

Two distinct groups of unconsolidated sediments infill the paleochannels and floodplain of the study area, namely 
Lachlan and Cowra Formations (Williamson, 1986). The Lachlan Formation is the older and deeper unit consisting 
of clays, silts, sands and gravels in varying admixtures. This formation is confmed in the paleochannels and is 
believed to be of Pliocene age. The Cowra Formation, deposited since the Pleistocene, overlies unconformably the 
Lachlan Formation and basement rocks. It consists of moderately well sorted sand and gravel, with interbedded clays. 
To investigate the subsurface geology of the study area, 9 cross-sections have been prepared. Locations of these 
cross-sections(A-A' to I-I') are shown on Figure 1, while Figure 2 shows the profile of the selected F-F' cross- 
section. In general, the density of the sand and gravel lenses increases from the southern part of the Bland Creek 
subcatchment towards the Lachlan River. 

[Figure 2. Geological cross-section F-F'.]] 
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HYDROGEOLOGY 
Groundwater in the study area occurs in the unconsolidated sediments and in the fractured rocks. However, 
groundwater yields from fractured rocks are generally less than 1 litre per second. Unconsolidated sediments form 
the main aquifer consisting of Lachlan and Cowra Formations. In hydrogeological terms, these two formations act in 
combination as a watertable aquifer, however on a local scale individual sand and gravel lenses display their own 
characteristics and behaviour (as local confined or semi-confined aquifers). 

Groundwater monitoring system 

Groundwater level monitoring in the irrigation district started in 1944 at a limited number of sites. However, more 
monitoring wells were installed in 1968 to examine the watertable movements and groundwater quality of the entire 
irrigation district (Kelly, 1988). More than 100 single or nested observation wells have been installed in the 
irrigation district since 1968. Around Lake Cowal, about 20 observation wells have been installed since 1994 to 
monitor groundwater level and electrical conductivity. Observation wells were also installed by the North Mining 
Limited around the proposed Lake Cowal Gold Mine in 1994. Aside from the intensive groundwater level 
monitoring in the irrigation district, the Department of Land and Water Conservation has maintained regional  

observation bores at 75 sites in the study area. 

Watertable rise 

The watertable in the irrigation district has been rising since 1944. Table 1 shows that the watertable has nen by 
more than 8 in over the period of 1944 to 1992. A number of remarks regarding the estimates shown in Table I are 
as follows: 

The estimated watertable rise over the period of 1944-1968 is higher than the estimate (4 m) provided by Kelly 
(1988) over the same period. Unfortunately data were not available to verify these estimates. 
The low estimate of watertable rise over the period of 1969-1988 is due to a major gap (more than 7 yeas) in 
the data. 
The estimate of watertable rise over the period of 1969-1992 is consistent with our estimate over the same 
period. 

Table 1 Estimated watertable rise in the JWPID from 1944 to 1992 

Period No. of Watertable rise in: 
years  

in mm yf1  

1944-1968 24 6 250 
1969-1983 14 0.07 5 
1983-1988 5 0.8 160 
1988-1992 4 1.5 375 

Total 47 8.37 178 
Source of data: Williams (1993). 

Watertable aquifer 
Lachlan River has clearly a dominant influence on the watertable aquifer in the irrigation district along its cour.e in a 
northwesterly direction from the Jemalong Gap (Figure 3). The River is recharging the aquifer in the upstream areas 
as indicated by convex contour in the vicinity of the river course. Further downstream, shape of the coniours 
indicates that groundwater discharges to the river. Within the irrigation district, the response of the aquifer Lo the 
river stage declines with the distance away from the river. The watertable near the river only responds well du_ing a 
long duration high river stage. Also evident is a dominant groundwater mound which coincides with the posimon of 
the Warroo Channel and is generating a significant component of groundwater flow to the west and southwesz This 
confirms Anderson et al. 'S (1993) suggestion that the mound has been developed by channel seepage over the ;.ears 
The most significant feature of Figure 3 is the groundwater movement towards Lake Cowal. It is believed tha: :n the 
past, groundwater from the Bland Creek sub-catchment had a natural gradient towards the Lachlan River. It azear 
that the direction of the groundwater flow has been reversed and that the Bland Creek sub-catchment has a mucr 
lower contribution to the groundwater system of the JWPID. Figure 4 shows the depth to watertable in Januar. I 99 
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depicting a large area in the JWPID with watertable of 2 m below the ground surface. These areas with shallow 
watertable coincide with salt-affected areas. 

[Figure 3. Watertable elevation map of the JWPID in January1995.] 

[Figure 4. Watertable depth map of the JWPID in January 1995.] 

Groundwater in sand and gravel lenses 

Piezometric analysis of the groundwater system within the sand and gravel lenses is complex because of their 
stmcture and irregular distribution. Piezometric heads appear to be influenced by the thickness of the individual 
lenses, and the hydraulic properties of the clay layers that separate the lenses. Because the lenses are discontinuous, 
it is not appropriate to prepare a piezometric map using data from individual lenses. 

Hydrodynamic parameters 
Pumping tests carried out in the JWPID indicate that transmissivity values range from 60 to 300 m2  d'. Horizontal 
hydraulic conductivity values vary from 7.5 to 30 m d'. Storativity at the JWPID also varies from site to Site, 
ranging from 0.0025 to 0.004. It should be noted that the low values of storativity (which are not representative of a 
watertable aquifer) are due to the fact that pumping tests were undertaken in the sand lenses. 

Several DLWC investigation bores around the study area have been pump tested. The estimated transmissivity 
values range from 113 to 780 m2  d' for the Cowra Formation and 587 to 1160 m2  d' for the Lachlan Formation, 
respectively. The computed hydraulic conductivity of the respective formations are of the same order of magnitude, 
from 0.8x10 3  to 2.7x10 3  m d 1  for the Cowra Formation and 1.7x10 3  to 4.5x10 3  m d' for the Lachlan Formation. 

Salinity of the watertable 
About 120 shallow observation wells have EC records since 1968, with an additional 19 and 22 observation wells in 
1983 and 1994, respectively. EC values near the Lachlan River are generally low (Figure 5). A large area of very 
high groundwater salinity stretches south-westwards towards Lake Nerang Cowal. In fact, some observation wells 
have EC values of over 40,000 IIS cm 1 . 

[FigureS. Groundwater electrical conductivity map of the JWPID in January 199/.] 

Salinity of the sand and gravel lenses 
Electrical conductivity measurements at the regional groundwater bores were taken mostly during the time when 
groundwater investigation commenced in 1968. Although the historical data for these groundwater bores are very 
limited (only three measurements of EC have been taken since the start of the investigation), EC values clearly vary 
with depth. In general, EC is lower in the deeper lenses (>50 m below the ground surface) with a range of 190 to 
48,700 JIS cm and an average of about 3,700 .tS cm. In the shallower lenses (<50 m below the ground surface) 

EC ranges from 195 to 60,000 tS cm4  and averages 5,700 l.LS cm'. However, there are some sites where the EC of 
the deeper lenses is higher than that in the shallower lenses. 

I 	
In the Lake Cowal area, EC is in the range of 32,400 to 72,000 l.LS cm' ,which is significantly more saline than the 
Lake water itself. However, the Lake sits on a 7 to 10 m thick laterally continuous clay layer with very low vertical 
hydraulic conductivity (0.00077 to 0.000027 m d' ) which protects the lake from the underlying aquifer. 

MODEL DEVELOPMENT 
A three-dimensional groundwater flow model covering the unconsolidated sediments of the JWPID and Lake Cowal 
area is being developed using MODFLOW. The modelled area extends from the Lachlan River in the north to Lake 
Cowal in the south. The primary objective of this model is to develop the best management strategies for 
conjunctive use of surface and groundwater resources in order to satisfy various demands in the study area and to 
minimise the risk of land salinisation. 
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Ecologically Sustainable Opportunities for 
the 

Lower Murray Darling Area 

Mazib Rahman 
M. Engineering (Soil & Water) 
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Murray Darling Water Management Action Plan 

Phone: (03) 50274303 
e-mail: mrahinan(ys : yU 

ABSTRACT 

The Murray Darling Water Management Action Plan is being prepared by the 
community of the Lower Murray Darling area of South Western New South Wales. 
The aim is to protect and enhance the natural resources of the Region by 
implementing a Plan that will bring environmental, economic and social sustainabilit. 
Nine of fourteen studies have been completed. This paper focuses on the outcomes of 
the Groundwater and Land Use studies. These studies have stimulated community 
participation and identified unexpected potential. That being to enhance floodplain 
and river health, upgrade irrigation infrastructure and create a sustainable industry 
whilst expanding local horticultural development away from the river and floodplain 
Best Management Practices developed will enhance water use efficiency, reduce 
groundwater recharge, increase productivity, and create river and floodplain benefits. 
A National standard for groundwater modelling and a peer review process are 
required. The Land Use Study identified significant irrigation development with 
minimum disturbance to current land use. Water will be transferred from low 
efficiency and high impact enterprises creating environmental benefits. Development 
will generate economies of scale allowing upgrade of existing infrastructure, thither 

enhancing existing environment and long term sustainability.  

THE FULL TEXT OF THIS PAPER WILL BE AVAILABLE AT TUE 
CONFERENCE 
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Murray-Darling Basin Soil Information Strategy 
Elisabeth Bui' and Rob Kingham2  

I 
The Murray-Darling Basin Soil Information Strategy project, a collaborative project between CSIRO Land ani Water. 
the Australian Geological Survey Organisation (AGSO) and the Bureau of Rural Sciences (BRS), funded by Lie Murra\ - 
Darling Basin Commission, has created a spatially referenced overview of the soil and geological resources v.thin the 
Murray-Darling Basin (MDB). 

Until now, the only complete basin-wide soil coverage available for the MDB was the Atlas of Australian SoiLs at a scale 
of 1:2 000 000. The MDB Soil Information Strategy project has now produced a new soil-landforms map of the MDB 
that can be used at a scale of 1:250 000. 

To generate the soil distribution, all existing digital maps with any soil information were collated regardless of initial 
purpose for mapping, scale, and age. All soil types described were converted to Principal Profile Forms (Northcote. 
1979) to refer to soils in a consistent manner in the new map. Several gaps in detailed soil coverage became anparen: 
when the available digital soil data was mapped, especially in the irrigated areas of northern NSW and in the Murray-
Murrumbidgee Riverine plain. Where soil maps were completely lacking, soil distribution had to be determined by 
extrapolation using computer-based methods rather than fieldwork (due to the project's limited budget for field wori: as 
well as time and personnel constraints). 

Using existing soils maps, rules integrating the 9-second DEM of Australia, the new lithology map of the MDB 
(Kingham, 1998), and 4 bands of Landsat MSS were developed to extend the soil mapping to neighbouring urmappec 
areas. The assumptions underlying rule development are that soil distribution reflects the long-term interacuc'ns ber.ee 
terrain variables, geology, and vegetation in landscapes and that the existing soil maps have captured those in:eracticeis 
These rules were created using the C5.0 data mining software. 

Polygon boundaries for the soil-landforms map are derived from the intersection of a relief map of the MDB tegor.e 
into 5 classes and the new lithology map of the MDB (Kingham, 1998). In the alluvial plains of the Murray and Dan::.g. 
the lithology was sub-divided further into sedimentary facies units after Butler et al. (1973) and Watkins and Meaki: 
(1996). A total of 394 map units were created by the intersection of relief, lithology, and sedimentary facies b-it some 
unrealistic and small-in-extent combinations were merged with othei s to give a total of 319 classes. The 3 rn: t proba:.e 
dominant soil types in the soil-landforms map units are given. 

As part of the collaborative MDB Soil Information Strategy project, the BRS Land and Water Sciences Divis:on 
(formerly part of AGSO) has integrated the geology of the MDB at 1:250 000 scale to produce a new lithologacal 
classification. Since the data was compiled in the first instance as an input to identifying soils, a strategy was required 
ensure that the database was able to reflect the influence of parent material as one of the dominant soil formmg factces 
Ratherthan attempt standardisation over the whole of the MDB, the basin was sub-divided into major tectorn: units 
using the framework devised by Palfreyman (1984). Within these tectonic units, rock types were grouped ae.narding :. 
dominant lithology in broad time periods (recognising that specific lithologies can be characteristic of particular 
stratigraphic periods). This provided a simple classification on a lithostratigraphic basis. 

The mapsheets were compiled into a seamless dataset using the Arclnfo GIS. The database incorporates n1ne:y-t 
1:250 000 scale mapsheets and combined existing 1:250 000 scale geological, metallogenic and surficial gee lagy 
mapping from the New South Wales Department of Mineral Resources, the Victorian Department of Natural .esou-:es 
and Environment, the Queensland Geological Survey and AGSO, with more recent 1:100 000 scale mapplr. ..here 
available. 
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G. Piscopo. J. Dwver, P. C. Smith 
Department of Land and Water Conservation NSW 

P0 Box 3720 Parramatta 

The development of groundwater vulnerability maps for the use by land management planners is a 
product of the NSW Water Reforms. The maps are designed to assist mth the appropriate siting ot 
potentially polluting developments in the less sensitive areas as well as highlighting those areas wher 
significant environmental sensitivity exists and engineered protection would be required to prove a 

project. 

Maps for second order catchments covering the entire state are being developed. Several methodologies 
were trialled however the selection was biased by the scale and reliability of the least vell knon data 

sets. A modified DRASTIC approach was adopted over statistical methods. 

The paper defines the methodologies trialled demonstrates the maps produced to date and outlines 
innovative spatial GIS representations which have meshed with the planners and community InherenT 

understanding of the spatial environment that has facilitated the uptake of the complex concept oi 

aquifer vulnerability. 
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