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Preface 
The “West Midlands Hydrology Project” is a Northern Agricultural Catchments Council Inc (NACC) 
initiative, funded through the Natural Heritage Trust with support from Western Australia Department 
of Agriculture and Water & Rivers Commission. 

The main area of investigation of this project is the extent and impacts of rising groundwater and its 
subsequent effects on waterlogging and in increasing salinity. 

This two-stage project being undertaken from April 2001 to September 2002 has the following aims, 
objectives and outcomes: 

 

AIMS STAGE 

• To raise awareness of hydrological issues in the West Midlands region and 
the threats and opportunities they pose to biodiversity and sustainability, in 
particular, the agricultural sustainability of the region. 

One & Two 

• To investigate, develop and promote sustainable land and water 
management options that combat hydrological issues. 

Two 

• To facilitate communication between stakeholders so that management of 
hydrological issues in the West Midlands occurs in a strategic and 
integrated manner, and 

One & Two 

• To encourage meaningful on-ground implementation of selected 
management options. 

Two 

 
 

OBJECTIVES STAGE 

• To increase land managers understanding of groundwater systems and 
processes leading to the development of shallow watertables within the 
West Midlands. 

One & Two 

• To identify areas with a current and potential shallow watertable and 
provide strategic management options. 

One & Two 

 
 

OUTCOMES STAGE 

• To enable land managers to target areas identified as having the potential 
to develop a shallow watertable. 

One & Two 

• To enhance knowledge provided to land managers on the hydrogeology 
and associated degradation issues and processes affecting agriculture and 
biodiversity. 

One & Two 

• The compilation of existing hydrogeological information into one unit for 
efficient management. and 

One 

• The identification of areas and issues within the West Midlands requiring 
further hydrogeological research. 

One 
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This Report, “The Impacts of Hydrological Issues on Biodiversity and Agriculture in the West 
Midlands Region”, is one of three reports prepared as part of Stage One of the project.  The three 
Stage One reports are: 

West Midlands Hydrology Project - Stage 1 Report 
THE IMPACTS OF HYDROLOGICAL ISSUES ON BIODIVERSITY AND AGRICULTURE IN 
THE WEST MIDLANDS REGION 

West Midlands Hydrology Project - Stage 1 Report 
APPENDICES 

West Midlands Hydrology Project - Stage 1 Summary 
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GLOSSARY: 
This glossary has been adapted from Water & Rivers Commission at: 
http://www.wrc.wa.gov.au/waterdef/index.html. 

Acid(ic)  See pH.  

Australian Height 
Datum (ADH) 

The datum used to determine elevations in Australia. This uses a national 
network of benchmarks and tide gauges and sets mean sea level as zero 
elevation.  

Alkaline  See pH.  

Alluvial  Transported by water flow processes e.g alluvial plain. 

Alluvium  Geologically recent sediment deposited by flowing water. 

Aquaculture  Farming of fresh or saltwater fish, molluscs, crustaceans or plants, usually 
for commercial purposes.  

Aquatic  Living in, growing in, or frequenting water.  

Aquifer  A geological formation or group of formations capable of receiving, 
storing and transmitting significant quantities of water. Aquifer types 
include Confined, Unconfined and Artesian.  

Artesian aquifer  A confined aquifer in which the hydraulic pressure will cause water to rise 
in a bore above the upper confining layer of the aquifer. If the pressure is 
sufficient to cause the well to flow at the surface, it is called a flowing 
artesian aquifer. 

Beneficial use The current or future uses for a water resource which have priority over 
other potential uses because of their regional significance to the 
community. Beneficial use designations provide guidance in determining 
the management and protection of the quality and quantity of the resource.  

Biomass The amount (weight) of living material (plants or animals) (see Biota).  

Biota Flora and fauna in a given region. 

Bore A narrow, lined hole drilled to monitor or withdraw groundwater from an 
aquifer (see Well).  

Borefield A group of bores to monitor or withdraw groundwater.  

Brackish water See Salinity 

Brine Water containing high quantities of sodium chloride.  

Catchment The area of land which intercepts rainfall and contributes the collected 
water to surface water (streams, rivers, wetlands) or groundwater.  

Confined aquifer An permeable geological formation or group of formations, saturated with 
water and lying between upper and lower confining layers of low 
permeability (see Artesian aquifer).  

Confluence Running together, flowing together or intermingling e.g where a tributary 
joins a river.  

Conservation The management of human use of the biosphere so that it may yield the 
greatest sustainable benefit to present generations while maintaining its 
potential to meet the needs and aspirations of future generations.  

http://www.wrc.wa.gov.au/waterdef/index.html
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Contamination Surface water becomes contaminated when pollutants or microorganisms 
enter the waterbody directly, through stormwater drainage, or through 
groundwater. Groundwater becomes contaminated when pollutants or 
microorganisms filter through the soil to the watertable.  

Dam A structure constructed across a drainage system to store surface water 
flow for water supply use or release in a controlled manner for 
downstream use. A dam can  be constructed across a river valley or at the 
side of a valley to store water pumped into it from "run of river" flow. 
Dams also store water for farm use.  

Dampland A seasonally waterlogged basin of variable size and shape.  

Diffuse source 
pollution 

Pollution originating from a widespread area e.g. urban stormwater runoff, 
agricultural runoff. The opposite of point source.  

Discharge Volumetric outflow rate of water, typically measured in cubic metres per 
second.  

Discharge area Area where groundwater discharges to the surface.  

Dissolved oxygen 
(DO) 

The concentration of oxygen dissolved in water or effluent, measured in 
milligrams per litre (mg/L).  

Divertible 
(renewable) water 

The average annual volume of water which, using current practice, could 
be removed from developed or potential surface or groundwater sources 
on a renewable (sustainable) basis at rates capable of serving urban, 
irrigation, industrial or extensive stock uses.  

Drainage basin An area delimited by the Australian Water Resources Council as a basis 
for presenting surface hydrogeological data (see Catchment).  

Ecology The study of the interrelationships between living organisms and their 
environment.  

Ecosystem A term used to describe a specific environment, e.g. lake, to include all the 
biological, chemical and physical resources and the interrelationships and 
dependencies that occur between those resources.  

Effluent The liquid, solid or gaseous wastes discharged by a process, treated or 
untreated.  (see Wastewater).  

Evaporation Loss of water from the water surface or from the soil surface by 
vaporisation.  

Evapotranspiration The combined loss of water by evaporation and transpiration  

Fauna Animal life of a particular area or period of time.  

Floodplain The portion of a river valley next to the river channel which is or has been 
periodically covered with water during flooding.  

Floodprone land All land subject to flooding including the floodway, flood fringe and flood 
plain.  

Flood - 100 year Refers to a severe flood which has a statistical probability of occurring 
once in 100 years. The 100 year flood level is generally defined as a 
contour through the floodplain to which this flood will rise. The flood has 
a 1% chance of occurring on any given year; on average it will occur once 
in every 100 years.  
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Flood fringe The area of the floodplain, outside the floodway, which is affected by 
flooding. This area is generally covered by still or very slow moving 
waters during the 100 year flood.  

Floodway The river channel and portion of the floodplain which forms the main flow 
path of flood waters once the main channel has overflowed.  

Flora Plant life.  

Foreshore Area of land next to a waterway.  

Fresh water See Salinity.  

Geomorphology The study of the origin, characteristics and development of land forms.  

Gigalitre A commonly used term to measure large quantities of water, equal to 1000 
000 000 litres or 1 million cubic metres or 1 million kilolitres (kL).  

Grey water Water which has been used for domestic purposes not including sewage.  

Groundwater Water which occupies the pores and crevices of rock or soil (see Surface 
water).  

Groundwater and 
surface water 
management areas 

(see Groundwater area, Water reserve, Underground Water Pollution 
Control Area -UWPCA, and Public Water Supply Area - PWSA)  

Groundwater area An area proclaimed under the Rights in Water and Irrigation Act 1914 in 
which private groundwater abstraction is licensed. (see Groundwater and 
surface water management areas)  

Groundwater mound Unconfined (shallow) groundwater sometimes forms "mounds" where the 
water table slopes away from a high central area with groundwater 
flowing outward to ocean or rivers. The Gnangara Mound is 70 metres 
above sea level at its highest point.  

Habitat The environment or place where a plant or animal grows or lives (includes 
soil, climate, other organisms and communities).  

Headwaters The upper tributaries of a river.  

Hydrogeology The study of groundwater, especially relating to the distribution of 
aquifers, groundwater flow and groundwater quality.  

Hydrologic cycle 
(water cycle) 

The continual cycle of water between the land, the ocean and the 
atmosphere.  

Hydrology The study of water, its properties, distribution and utilisation above, on 
and below the earth's surface.  

Hypersaline Having a salinity greater than seawater (i.e. above 35 parts per thousand) 
(see Salinity).  

 Integrated Catchment Management (ICM) 

 The coordinated planning, use and management of water, land, vegetation 
and other natural resources on a river or groundwater catchment basis. 
ICM is based on cooperation between community groups and government 
agencies at all levels to consider all aspects of catchment management.  
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Kilolitre (kL) A term commonly used to measure water, equal to 1000 litres. A cubic 
metre is the volume occupied by a cube measuring one metre along each 
edge. One cubic metre contains one kilolitre of water.  

Lake A basin of variable size and shape that is permanently inundated with 
water.  

Landscape The visual appearance of natural and manmade environments.  

Leaching/Leachate The process by which materials such as organic matter and mineral salts 
are washed out of a layer of soil or dumped material by being dissolved by 
or suspended in percolating rainwater; the material washed out is known 
as leachate. Leachates can pollute groundwater and waterways.  

Lentic Standing water bodies e.g. lakes.  

Levee An artificial embankment or wall built to exclude flood waters, or a 
natural formation adjacent to a waterway built by the deposition of silt 
from floodwaters.  

Litre (L) Unit of volume equal to one cubic decimetre.  

Lotic Flowing waters e.g. streams.  

Millilitre (mL) Unit of volume; one thousandth of a litre.  

Minor local water 
sources 

Miscellaneous sources of water generally too small or too distributed for 
major water supply development, or artificially developed sources the use 
of which would not significantly diminish the volume of divertible 
resources. Surface sources would include roof runoff, farm dams, roaded 
and paved catchments. Any other source not classed as divertible (e.g. 
desalted sea water) would be included in this category.  

Nutrients Minerals dissolved in water, particularly inorganic compounds of nitrogen 
(nitrate and ammonia) and phosphorus (phosphate) which provide 
nutrition (food) for plant growth. Total nutrient levels include the 
inorganic forms of an element plus any bound inorganic molecules.  

Nutrient enrichment Over-enrichment of water by dissolved nutrients particularly nitrates and 
phosphates which leads to excessive growth of aquatic plants (see Algal 
bloom and  Eutrophication).  

Nutrient load The amount of nutrient reaching the waterway over a given time (usually 
per year) from its catchment area.  

Paluslope  An area of sloping land that is seasonally waterlogged.  

Palusmont  A highland area that is seasonally waterlogged.  

Palusplain  An area of flat land that is seasonally waterlogged.  

Pesticides  Collective name for a variety of insecticides, fungicides, herbicides, 
algicides, fumigants and rodenticides used to kill organisms.  

pH  A symbol denoting the concentration of hydrogen (H) ions in solution. A 
measure of acidity or alkalinity in water in which pH 7 is neutral, values 
above 7 are alkaline and values below 7 are acid.  

Pipehead dam  A small structure allowing diversion of some of the water flowing in a 
stream into a pipe for water supply use. Does not provide any storage 
capacity, relying on "run of the river" flows.  
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Point-source 
pollution  

Specific localised source of pollution e.g. sewage or effluent discharge, 
industrial waste discharge.  

Pollution  Water pollution occurs when waste products or other substances, e.g. 
effluent, litter, refuse, sewage or contaminated runoff, change the 
physical, chemical, biological or thermal properties of the water, adversely 
affecting water quality, living species and beneficial uses.  

Potable water  Fresh and marginal water generally considered suitable for human 
consumption (see Salinity).  

Public Water Supply 
Area  

(PWSA) An area defined under the Metropolitan Water Supply Sewerage 
and Drainage Act, in which restrictions are put on activities which may 
pollute the groundwater, but allowing the taking of groundwater for public 
supplies. (Also see Underground Water Pollution Control Area)  

Pumpback  A scheme in which water is diverted by means of a dam or pipehead dam 
and "pumped back" into a reservoir located further upstream. This allows 
the storage reservoir to obtain water from a greater catchment area than it 
would normally utilise, and hence increase its yield.  

Receiving water Waters into which effluent or waste streams are discharged.  

Recharge Water infiltrating to replenish an aquifer.  

Recharge area 
(recharge zone) 

An area through which water from a groundwater catchment percolates to 
replenish (recharge) an aquifer (see Catchment). An unconfirmed aquifer 
is recharged by rainfall throughout its distribution. Confined aquifers are 
recharged in specific areas where water leaks from overlying aquifers, or 
where the aquifer rises to meet the surface. Recharge of confined artesian 
aquifers is often at some distance 'upflow' from points of extraction and 
discharge.  

Remnant vegetation The parts of the natural vegetation still existing after major change to the 
environment.  

Reservoir (see Storage reservoir).  

Reticulated supply (see Scheme supply).  

Riparian vegetation Vegetation growing along banks of rivers, including the brackish upstream 
reaches of an estuary.  

Riparian zone The zone along or surrounding a water body where the vegetation and 
natural ecosystems benefit from and are influenced by the passage and 
storage of water.  

River basin The area drained by a river and tributaries (river catchment) (see 
Catchment).  

Runoff Water that flows over the surface from a catchment area, including 
streams.  
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Salinity  The measure of total soluble (or dissolved) salt i.e. mineral constituents in 
water. Water resources are classified on the basis of salinity in terms of 
Total Soluble Salts (TSS) or Total Dissolved Salts (TDS). TSS and TDS 
are measured by different processes, but for most purposes they can be 
read as the same thing. Measurements are usually in milligrams per litre 
(mg/L) or parts per thousand (ppt). Measurements in ppt can be converted 
to mg/L by multiplying by 1000, e.g. seawater is approximately 35ppt or 
35 000 mg/L TSS. Salinity is also often expressed as electrical 
conductivity, measured by an electronic probe (conductivity meter). 
Conversion factors to mg/L or ppt are given in reference 3.   
Water resources are classified as fresh, marginal, brackish or saline on the 
basis of salinity. 

1. Based on WA Water Resources Council classification.  

2. Based on National Health and Medical Research Council and 
Agricultural and Resource Management Council of Australia and 
New Zealand (1996) National Water Quality Management Strategy. 
Australian Drinking Water Guidelines.  

3. George, R, Weaver, D, & Terry, J (1996) Environmental water 
quality - a guide to sampling and measurement. Agriculture 
Western Australia.  

4. Halse, SA, Pearson, GB, & Patrick, S, (1993) Vegetation of depth - 
gauged wetlands in nature reserves of south-west Western 
Australia.  Department of Conservation and Land Management 
Technical Report No. 30.  

Salinisation  An increase in salinity levels in soils or waters which impairs quality.  

Salt wedge (Saltwater 
wedge)  

The wedge shaped body of saltier water that underlies fresher water in 
poorly mixed estuaries, or underlies fresher groundwater in coastal or 
estuary situations where the fresher groundwater is discharging to the 
ocean or estuary over and through a fresh/salt water interface.  

Saltwater intrusion  The inland or upgradient intrusion of saltwater into a layer of fresh 
groundwater.  

Scheme supply  Water diverted from a source (or sources) by a water authority or private 
company and supplied via a distribution network to customers for urban, 
industrial or irrigation use.  

Scum Froth or floating matter on a liquid.  

Secchi disc A black and white disc used to measure the turbidity of a water. 

Sediment Sand, clay, silt, pebbles and organic material carried and deposited by 
water or wind. Sedimentation is the process by which sediment is 
deposited e.g. in waterways.  

Sediment load The quantity of sediment moved past a particular cross-section in a 
specified time. Usually refers to the amount of sediment being transported 
by a stream or river.  

Self supply  Water diverted from a source by a private individual, company or public 
body for their own individual requirements.  
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Service reservoir  A reservoir built near consumers to receive bulk supplies of water from 
major sources before final distribution to services.  

Sewage  The waste matter that passes through sewers (see Wastewater, Effluent).  

Sewerage  System of pipes (sewers) to transport sewage.  

Siltation  Process whereby fine particles of sand, mud and other material picked up 
by moving water are deposited to form sediment.  

Storage reservoir  A major reservoir of water created in a river valley by building a dam (see 
Dam).  

Stormwater  Rainwater which has run off the ground surface, roads, roofs, paved areas 
etc. and is usually carried away by drains.  

Stratification  Formation of layers in a body of water.  

Sumpland (swamp)  A basin of variable size and shape that is seasonally inundated with water.  

Superficial aquifer  See Unconfined aquifer.  

Surface water  Water flowing or held in streams, rivers and other wetlands in the 
landscape. 

Surficial aquifer  See Unconfined aquifer.  

Sustainable yield  The limit on potentially divertible water available from a source is 
determined after taking account of "in stream" values and making 
provision for environmental water needs, so that water extraction does not 
cause lowering of the watertable, intrusion of more saline water or 
environmental damage.  

System yield  The demand that the water supply system can sustain with specified level 
of reliability or probability of restrictions. The rate that water can be taken 
from a surface or groundwater resource in perpetuity without unacceptable 
effects.  

Thermocline Formation of a layer of water where different temperature conditions 
prevail.  

Transpiration The process by which plants take up water from the soil and release water 
vapour through the leaves.  

Treatment Application of techniques such as settlement, filtration and chlorination, to 
render water suitable for specific purposes including drinking and 
discharge to the environment.  

Tributary A stream, creek or small river which flows into a larger stream, river or 
lake.  

Turbidity Muddiness or opaqueness of water due to suspended particles in the water 
causing a reduction in the transmission of light.  

Unconfined aquifer  An aquifer containing water, the upper surface of which is lower than the 
top of the aquifer. The upper surface of the groundwater within the aquifer 
is called the watertable. An aquifer containing water with no upper non-
porous material to limit its volume or to exert pressure (see Aquifer).  

Underground Water  

Pollution Control 

(UWPCA) An area defined under the Metropolitan Water Supply  

Sewerage and Drainage Act 1909, in which restrictions are put on 



NACC           West Midlands Hydrology Project      Page           

Earth Tech Engineering Pty Ltd     

xii 

Area  activities which may pollute the groundwater. (Also see Public Water 
Supply Area - PWSA)  

Wastewater Water which has been used for some purpose and would normally be 
treated and discarded. Wastewater usually contains significant quantities 
of pollutant (see Effluent and Pollution).  

Water cycle (See Hydrologic Cycle)  

Water quality The physical, chemical and biological measures of water.  

Water reserve An area proclaimed under the Metropolitan Water Supply Sewerage and 
Drainage Act or Country Areas Water Supply Act to allow the protection 
and use of water on or under the land for public water supplies. (see 
Groundwater and surface water management areas)  

Water resources Water in the landscape (above and below ground) with current or potential 
value to the community and the environment.  

Watercourse A river, stream or creek in which water flows in a natural channel, 
whether permanently or intermittently.  

Watertable The saturated level of the unconfined groundwater. Swamps or lakes in 
low-lying areas may be surface expressions of the watertable.  

Waterways All streams, creeks, rivers, estuaries, coastal lagoons, inlets and harbours.  

Waterways 
environment 

The waters and foreshores of a waterway and its natural components, both 
physical and biological, its ecological processes and its cultural 
components such as scenic, recreational and historic values.  

Weir A low structure across a watercourse retaining only a small proportion of 
the mean annual flow.  

Well A hole dug or drilled into an aquifer to monitor or withdraw groundwater. 
The term includes drilled bores as a specific type of well (see Bores). 
Household wells are commonly termed bores.  

Wellfield A group of wells to monitor or withdraw groundwater, including for 
scheme supply.  

Wetland Area of seasonal, intermittent or permanent waterlogged soils or inundated 
land, whether natural or otherwise, fresh or saline, e.g. lake, swamp, 
dampland.  

Yield The volume of water discharged from a well or water supply system 
measured in cubic metres per day, gigalitres per year, or equivalent.  

Yield benefit The increase in system yield which occurs when a new source is added to 
the water supply system.  

Zooplankton The animal component of plankton. Small animals which are weakly 
motile or carried passively in a body of water 
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Salinity – Measurement, Conversions & Recommended  Limits for Use 
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1 Introduction 
The purpose of this Report is to provide an overview of hydrological issues in the West Midlands 
region and how those issues impact upon biodiversity and agriculture. 

1.1 A Definition of “Hydrological” 
In this project, the term hydrological refers to water in the form of surface water, such as 
watercourses and wetlands, and groundwater that occurs on both a regional and localised scale.  
There are important differences between regional and localised groundwater systems and these 
differences are discussed later. 

Groundwater in particular has the potential to cause problems not only for agriculture and biodiversity 
but also infrastructure such as towns and roads.  A large portion of Stage One of the project has 
therefore focussed on providing a better understanding of groundwater. 

1.2 Hydrological Land Degradation 
This project is concerned with land degradation (in particular impacts upon agricultural productivity 
and biodiversity) caused by hydrological factors.  Land degradation is the loss of land productivity 
through various processes such as erosion, salinisation, waterlogging, depletion of nutrients, 
deterioration of soil structure and pollution (Nulsen 1991).  In the West Midlands, as elsewhere across 
Australia, land degradation has occurred largely as a consequence of clearing native vegetation and its 
replacement with annual pastures and crops for agriculture. 

Land degradation, with water as the main contributor, includes salinisation, waterlogging and water 
erosion.  It is these issues that are examined in this report. 
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2 THE STUDY AREA 

2.1 Location of the West Midlands Agricultural Region 
The West Midlands Agricultural Region is one of four sub-regions that comprise the Northern 
Agriculture Area of Western Australia.  The other three regions are Greenough, Yarra Yarra and 
Moore River.  The West Midlands Region, as shown in Figure 1, extends from south of Dongara to 
north of Lancelin and from the coast to the eastern boundary of the Moore River catchment. 

2.2 Boundaries 

2.2.1 Shire Boundaries 
The West Midlands covers an area of 1,232,592 hectares across 8 Shires (Figure 2). 

SHIRE Area (ha) Area in West 
Midlands (ha) 

% of Shire in 
West Midlands 

% of West 
Midlands in the 

Shire 
Carnamah 287,066 167,390 58.3 13.6 
Coorow 418,652 190,840 45.6 15.5 
Dandaragan 671,037 597,914 89.1 48.5 
Gingin 320,784 18,309 5.7 1.5 
Irwin 236,496 113,470 48.0 9.2 
Moora 375,978 1,000 0.3 0.1 
Three Springs 265,859 143,146 53.8 11.6 
Victoria Plains 254,861 523 0.2 >0.1 

TOTAL 1,232,592   
 

Table 1: Percentage of Area by Shire 

2.2.2 Land Conservation District Committees 
Some six Land Conservation District Committees (LCDCs) are represented in the West Midlands 
region. Apart from the Gillingarra-West Koojan LCDC in the south-east, all their boundaries are based 
on those of a Shire and their functional areas therefore extend beyond the West Midlands. Several of 
the LCDCs contain “sub-catchment” groups, who are primarily farmer groups concerned with soil and 
land conservation. Consequently the LCDCs, and in particular the “sub-catchments groups within 
them, are the organisations best positioned to successfully tackle land degradation.  The more detailed 
and localized information collated during Stage Two of this project will be based upon the sub-
catchments.  

The LCDCs of the West Midlands and their major sub-catchment groups are shown in Figure 3 and 
Table 2. 
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WEST MIDLANDS LAND CONSERVATION 
DISTRICT COMMITTEES 

SUBCATCHMENT GROUPS* 

Irwin (Shire) None 

Three Springs (Shire) Arrowsmith 

Nebru 

Carnamah (Shire) Lake Indoon 

Wilton Well 

Coorow (Shire) Warradarge 

Dandaragan (Shire) Hill River 

 Boothendarra 

 Bibby Springs 

 Agaton 

 Mullering 

 Minyulo 

 Caren Caren 

Gingin (Shire) 

 

Red Gully 

Gingin Brook 

Guilderton 

Gillingarra-West Koojan None 

* Subcatchments are based upon but do not correspond precisely to surface water 
subcatchments 

 

Table 2: LCDC and Subcatchment Groups within the West Midlands 

2.3 Physiography 
Physiography describes the slope, relief and soil comprising a landform.  Categorising a landscape in 
this way can be a useful aid when planning for, or examining, human land use. 

The landform is determined from the regional geology and faulting that provides the basis for the 
primary breakdown in classification.  These factors also constrain the location and development of 
both drainage lines and alluvial and colluvium sediments.  Physiographical units were developed to 
describe the West Midlands that have similar characteristic geology, topography and drainage patterns 
(Lowry 1974; Playford et al 1976).  The three zones (Physiographic Units) are the Swan Coastal Plain, 
Arrowsmith Region and Dandaragan Plateau (Figure 4). 

2.3.1 Swan Coastal Plain 
This area forms an elongated strip about 40 km wide on the western margin of the Northern Perth 
basin bounded by the Gingin Scarp in the east and the Indian Ocean in the west.  The Swan Coastal 
Plain is a low lying, gently undulating area covered largely by quaternary coastal dunes and marine 
shoreline deposits, derived from marine processes that eroded the area west of the scarp.  Alluvium  
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and sands are deposited in along the front of scarps from the sediment loads of rivers entering from the 
Arrowsmith Region (Mory and Iasky 1996).  The alluvium and sands are also deposited in valley 
floors in close proximity to coastal river systems such as the Hill River. 

Soils and related aspects of the geomorphology of the plain are described in detail in McArthur and 
Bettenay (1960) and Seddon (1972), giving a comprehensive description of the geology and 
geomorphology. 

The coastal plain may be further subdivided into three main geomorphic units, the Coastal Belt, 
Bassendean Dunes and Eneabba Plain.  The coastal belt contains the Quindalup and Spearwood dunes 
systems, recognised by their materials, topography and soil profile development.  The coastal belt 
extends approximately 20km inland.  The Quindalup dunes (McArthur and Bettenay 1960; Semeniuk 
and Searle 1985) consist of the Safety Bay sands comprising both stabilised and mobile dunes 
overlying Tamala limestone.  The Spearwood dunes are located inland of the Quindalup dunes.  The 
Spearwood dunes form an undulating landscape consisting a core of limestone overlain by yellow 
sand.  Well-developed limestone occurs in a number of localities.  The Tamala limestone of the 
Pleistocene Spearwood dune system (McArthur and Bettenay 1974) forms a rugged karst limestone 
terrain up to 70m above sea level and 30-40m above the level of the Eneabba Plain. 

The Bassendean Dunes (McArthur and Bettenay, 1960; Playford et al. 1976) occur within a low-lying 
zone between the Coastal Belt and Gingin Scarp, south of Cockleshell Gully.  The dunes form low 
hills, leached of quartz sand with elevations rarely exceeding 100m above sea level.  The dunes 
represent a belt of coastal dunes and associated shoreline deposits, generally they are orientated 
parallel to the coast (Water Authority of Western Australia 1995a). Numerous lakes and seasonal 
swamps occur within the inter-dunal depressions. 

The Eneabba Plain (Playford et al 1976) is the northward extension of the Bassendean dune system. 
The Eneabba Plain is a low-lying area between the coastal belt and the Gingin Scarp, restricted to the 
north of Cockleshell Gully.  It is built up of a series of early Pleistocene (or late tertiary) shoreline, 
lagoon and dune deposits having locally high concentrations of heavy minerals.  These deposits are 
associated with a series of low alluvial fans fronting the Gingin Scarp (Playford et al 1976).  The 
streams have ill defined channels and form ephemeral lakes. Reworked superficial sands occur as 
small dunes in the western part of the plain. 

2.3.2 Arrowsmith Region 
The Arrowsmith Region (Playford et al. 1976) occurs between the Swan Coastal Plain and 
Dandaragan Plateau.  The region is bounded between the Dandaragan Scarp and Gingin Scarp. It is an 
undulating sandy region with laterite breakaways occurring at the crest of hills. Some hills are flat 
topped and in many areas the laterite surface slopes towards the present drainage channels (Mory and 
Iasky 1996). 

The Arrowsmith Region is much more dissected than the Dandaragan Plateau.  Surface drainage in the 
region is generally ephemeral, terminating in lakes and swamps of the Swan Coastal Plain. 

2.3.3 Dandaragan Plateau 
The Dandaragan plateau (Gentilli and Fairbridge 1951; McArthur and Bettenay 1960) is characterised 
by undulating sand and laterite capped plateau, overlying cretaceous sediments, with similar elevations 
to the Arrowsmith Region ranging from about 140m to 260m above sea level (Moncrieff and Tuckson 
1989).  The surface of the plateau is flat to gently undulating, and for large areas it is essentially 
undissected.  Valleys are deep and V-shaped and the west boundary of the region is a marine erosion 
scarp.  The Dandaragan Scarp is a fairly prominent topographic feature up to some 50 to 100m high, 
which separates the Arrowsmith Region in the north and the Swan Coastal Plain in the south (Water 
Authority of Western Australia 1995b).  Deep yellow sands are common to the uplands with deep red 
and yellow sands located along valley floors.  Most rainfall infiltrates into the surface, particularly 
along the sandy valley floors.  
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The plateau drains to the Irwin, Hill River and Minyulo Brook (Commander 1981).  The valleys of the 
Dandaragan Plateau are in-filled with sandy colluvium and most streams do not flow due to the good 
internal drainage capacity of the sands (Commander 1981).  Ephemeral swamps are formed in the flat-
bottomed valleys after exceptionally heavy rain. Minyulo Brook is one of the smaller active drainages 
within the region. 

2.4 Surface Water Subcatchments 
The West Midlands is drained by the Arrowsmith, 617, Cockleshell, Hill, Logue, Minyulo, North 
Coastal Dunes and South Coastal Dune catchments (Figure 5).  Table 3 below details the catchment 
areas.  Watercourses originating on the Dandaragan Plateau and Arrowsmith Region drain into these 
areas.  All watercourses in these catchments with the exception of the Hill River terminate in large 
swamps or lakes in inter-dunal depressions on the Swan Coastal Plain.  On the Dandaragan Plateau 
surface drainage is limited to the Minyulo, Arrowsmith and Hill River catchments.  Present rainfall is 
insufficient for the surface drainage systems to regularly flow on the plateau.  A period of river 
rejuvenation possibly occurred on the Arrowsmith Region from a lowering in sea levels (Commander 
1981).  The Dandaragan Scarp, along the Otorowiri outcrop, separates the zone of active rejuvenation 
from remnant drainage on the Dandaragan Plateau. 

The surface drainage pattern is towards the west reflecting the general slope of the landscape of the 
sedimentary basin.  Minor divides to the surface water drainage system occur across the Dandaragan 
Scarp.  Little surface drainage occurs on the coastal belt where there are extensive subsurface flows 
through limestone caves towards the sea. 

A number of permanent and seasonal lakes and swamps occur in the inter-dunal depressions of the 
Swan Coastal Plain (Figure 5).  They are seasonally filled at the end of winter with chains of swamps 
and lakes connecting to form broad streams.  The major lakes are generally permanent and in 
hydraulic connection with the unconfined superficial aquifer. 

 

Subcatchment Area % of West 
Midlands 

Arrowsmith 183,326 14.9 

617 28,555 2.3 

Hill River 363,966 29.6 

Cockleshell 6,208 0.5 

Logue 85,651 6.9 

Minulyo 393,594 31.9 

North Coastal Dunes 119,665 9.7 

South Coastal Dunes 51,627 4.2 

TOTAL 1,232,593 100 
 

Table 3. Surface Water Subcatchment Statistics 
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Plate 1. Lake Indoon 

2.5 Climate 
The West Midlands Agricultural Region has a Mediterranean climate characterised by hot, dry 
summers and mild, wet winters.  Zones of high pressure that contain little rainfall commonly pass over 
the region between October and March.  Rainfall in the winter months results from sub-polar, low-
pressure cells that cross the region as cold fronts that are usually accompanied by strong winds and 
cloudy skies.  These low pressures allow Northern Monsoonal and tropical rain depressions to 
overflow into the Region. 

The average rainfall decreases away from the coast (Figure 6: Annual average rainfall).  
Approximately 90% of rainfall occurs between April and October, with the remaining months being 
characteristically dry with a mean pan evaporation that exceeds rainfall for ten months of the year 
(Figure 7a & 7b).  The average evaporation in the West Midlands region is approximately half the 
average annual rainfall.  Rainfall trends in recent years (1996-2001) for the region have declined 
compared to the calculated long-term averages (Table 4). 

Annual evaporation is 5.5 times rainfall and is only exceeded by rainfall in June and July.



Figure 6
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Figure 7a: Seasonal Rainfall Distribution 
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 Figure 7b: Seasonal Rainfall Distribution 
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Townsite Av. Rainfall; 
Long-term 

(mm) 

Highest 
Rainfall; 

Long -term 
(mm) 

Av. Rainfall 
1997-2001; 
Short-term 

( mm) 

Highest  
Rainfall; 

Short-term 
(mm) 

Difference 
between Long 
& Short- term 
Av.  Rainfall  

(mm) 

Leeman 660 923 609 923 -51 

Eneabba 511 851 517 851 +6 

Badgingarra 582 897 650 897 +68 

Jurien Bay 567 971 578 971 +11 

Watheroo 423 625 420 716 -3 

Dongara 461 522 410 953 -51 

Dandaragan 635 807 501 904 -134 

Moora 464 701 425 790 -39 

Gingin 738 1119 663 903 +75 

Lancelin 626 854 588 854 -38 

 

Table 4. Annual Long Term Rainfall Averages versus Averages from past 5 years  (Bureau of 
Meteorology. 2001)
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3 Condition Pre and Post European Settlement  
It is important to understand the physical conditions in the region prior to European settlement since by 
comparing the pre-European conditions with current conditions it is possible to explain the consequences 
of changes to the landscape.  Being aware of the changes over time long term trends can be defined and, 
where practical, possible solutions to problems sought. 

3.1 Vegetation 
The main difference between the pre and post European settlement landscape is the extent of native 
vegetation cover.  Beard (1976) completed the mapping of native vegetation in the West Midlands with 
the assignment of vegetation systems to landscapes.  The majority of vegetation in the region is defined as 
low scrub heath up to one metre tall.  Maps and descriptions of the pre and post European settlement 
vegetation types are provided for each subcatchment in Appendix 2. 

Clearing of land in the West Midlands commenced, primarily in areas with freely available fresh surface 
water and heavier soil types, as early as the 1850s. However, large areas of sandplain were not cleared 
until the 1950’s and 60’s. This followed recognition of the need to apply trace elements and other 
essential minerals to prevent crop and pasture deficiencies.  Prior to this, the low fertility of these soils 
made farming uneconomic.  An awareness of biodiversity resulted in a relatively large number of 
conservation reserves within the West Midlands compared to similar size areas of the Western Wheatbelt.  
The major parks in the area include Drovers Cave, Lesueur, Nambung, Badgingarra and Watheroo 
National Parks. Remnant vegetation is relatively well maintained along the coastal plain due to the 
infertility and waterlogging of the soils. The extent of cleared land is detailed in Table 5 and shown in 
Figure 8. 

 
Plate 2. Native vegetation at Coomallo Reserve 

 

Figure 8 shows the extent of woody vegetation cover and cleared land in 2001.   
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Table 5 below shows the distribution of woody vegetation cover across the subcatchments by area and 
percentage cover. 

Subcatchment Area and % woody 
vegetation cover 

Area and % cleared 
land 

Total Area 

Arrowsmith 92,802 (50.6%) 90,524 (49.4%) 183,326 

617 12,986 (45.5%) 15,569 (54.5%) 28,555 

Hill River 134,096 (36.8%) 229,870 (63.2%) 363,966 

Cockleshell 5,290 (85.2%) 918 (14.8%) 6,208 

Logue 39,226 (45.8%) 46,425 (54.2%) 85,651 

Minyulo 154,215 (39.2%) 239,379 (60.8%) 393,594 

North Coastal Dunes 99,607 (83.2%) 20,058 (16.8%) 119,665 

South Coastal Dunes 41,448 (80.3%) 10,179 (19.7%) 51,627 

TOTALS 579,670 (47%) 652,922 (53%) 1,232,592 

Table 5. Extent of Woody Vegetation Cover by Subcatchment 

 

 
Plate 3. Smoke bush in Coomallo Reserve 

3.2 Landuse 
Landuse is highly diversified, although broadacre farming predominates.  Other industries include 
mineral sand mining, commercial fishing and the production of gas and condensate from the Woodada 
gas field.  Cropping is more common on the slopes where heavier and gravely soils tend to occur.   
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Plate 4. Broadacre farming in the Minyulo Catchment 

Significant planting of pines (Pinus pinasta) has occurred in the Minyulo and Gillingarra-West Koojan 
Catchments with plantings boosted in recent years by up front payments from the Pine Share Farming 
Scheme. This scheme was initiated in 1999 following successful negotiations initiated by members of the 
Gillingarra-West Koojan LCDC with the Forestry section of CALM for an incentive to plant pines. The 
scheme is now managed by the Forest Products Commission.  

Irrigation for a range of purposes occurs mainly in the south of the region. It has expanded considerably 
in recent years due to the development of horticulture (e.g., vegetables, grapes, olives) and tree crops  
(e.g.,  Paulownia).   

Mining of mineral sands is a major, non-agricultural activity that occurs on the Eneabba Plain to the north 
and east of Lancelin in the south. Processing of the ore using wet separation techniques requires an 
ongoing supply of groundwater for operations to remain economically viable.  

Coastal towns, comprising Seabird, Lancelin, Cervantes, Jurien, Green Head, and Leeman, are centres for 
the rock lobster industry and are also supported by tourism.   

The Brand Highway, which runs parallel to the coast but some distance inland, provides the main access 
route for traffic between Perth and Geraldton.  A number of sealed and unsealed roads form a network 
linking landowners and the coastal and inland towns. 

3.3 Salinity 
Salinity is classified into primary and secondary according to whether it existed before European 
settlement (primary) or has developed following the clearing of land for agriculture (secondary) (Hillman 
1980). 

Secondary salinity affects about 1.8 million hectares in Western Australia with projected large increases 
in the next 50 years (Ferdowsian et al 1996).  This has followed the progressive clearing and replacement 
of deep rooted, perennial species of native vegetation with shallow rooted annual species over the past 
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one and a half centuries (George 1990).  The resulting decrease in transpiration increased recharge and 
resulted in the rising watertables across the agricultural area (Peck 1983; Ruprecht and Schofield 1991).   

Prior to clearing, transpiration from indigenous vegetation was equivalent to 99% of the rainfall within a 
catchment (Nulsen 1986). Loh and Stokes (1981) suggest that recharge under agricultural conditions is 
proportional to the rate of watertable rise in rainfall.  They considered that after clearing the recharge 
within the 600-1150 mm/yr rainfall zone is between 30 to 100 mm/yr.  With a rise in groundwater the 
salts stored in the regolith (sub-surface profile) are mobilised and brought to the surface.  As groundwater 
nears the surface,  root uptake and capillary rise of saline water cause salts to accumulate in the topsoil. 
With evaporation, the salt concentration becomes toxic to most plants. 

In areas where the regolith contains little salt and where waterlogging and/or surface flooding occur, or 
there is fresh groundwater discharge, the ongoing evaporation of the relatively fresh water results in the 
concentration of salts. Unless flushed from the system in some way the salt accumulates to a level where 
it becomes toxic to most plants.   

Mapping by the CSIRO (Division of Mathematical & Information Sciences) and the Department of 
Agriculture Western Australia, through the Landmonitor Program, shows that in 1988-89 the West 
Midlands had 9050 hectares of salt affected land.  This had increased to 12960 hectares by 1998-99, an 
increase of 3910 hectares (43%) in ten years.  The rate of increase in salinity is, however, not uniform 
across all subcatchment , as Table 7 and Figure 9 show. 

Some caution is also needed when considering this analysis since it is based upon satellite imagery and 
affected by vegetation cover. While salinity is estimated to have increased more on cleared than naturally 
vegetated areas, in accord with expectation, vegetation prevents or reduces the detection of salinity using 
satellite imagery.  The figures should therefore be treated as a guide rather than taken as absolute.  

 The current area of salt affected land in the West Midlands is estimated to be only 1.1%, compared to 
approximately 7.0% in the adjoining Upper Moore River catchment. Despite this difference, there should 
be no cause for complacency in the West Midlands as there is a large time lag between clearance of 
vegetation and the manifestation of waterlogging and salinity through rising groundwater. 

 

 
Subcatchment 

Area 
affected by 
salinity in 

1987-89 (ha) 

Additional 
Area 

affected by 
salinity in 

1997-98 (ha)  

% increase 
from 1987-89 

to 1997-98 

Total Area affected by 
salinity in 1997  (ha) and 

% of catchment 

Arrowsmith 834 300  36% 1134 (0.62%) 

617 266 64  24% 330 (1.16%) 

Hill River 937 748  80% 1685 (0.46%) 

Cockleshell 5 8  160% 13 (0.21%) 

Logue 1,925 975  51% 2900 (3.39%) 

Minulyo 2,410 1,502  62% 3912 (0.99%) 

North Coastal Dunes 2,626 285  11% 2911 (2.43%) 

South Coastal Dunes 51 31  61% 82 (0.16%) 

TOTAL 9,054 3,913  43% 12,967 (1.05%) 

Table 6. Extent of Salinity by Subcatchment - 1987 to 1997 
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3.3.1 Landscape Salt Storage 
Mobilised salts are responsible for salinity in Western Australia with the salt originating from 
atmospheric deposition (Hingston and Gailitis 1976).  The salt, 90% of which is sodium chloride, that is 
deposited annually in rain is proportional to rainfall and the distance from the ocean.  The accession of 
salt varies geographically with the largest deposition occurring in the south-west of the State from strong 
wind and rain originating in the Indian Ocean (Hingston and Gailitis 1976).  Annual deposition ranges 
from approximately 100 kg/ha near the coast to approximately 20 kg/ha inland.  The salt within the 
regolith profile has accumulated over thousands of years. 

Other origins of salt within the profile include the weathering of rocks, igneous processes and oceanic 
aerosols.  The storage of salts is also determined by topography and soil type.  Soils with good matrix 
hydraulic conductivities, such as sands readily leach the salts through the profile.  The larger surface areas 
and cation charges of the clay soils retard the easy leaching of the soils.  The salt load of soil varies 
dramatically with rainfall, with higher accumulation when rainfall is low. 
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3.4 Threats 

3.4.1 Agricultural Productivity 
Western Australia’s south-west agricultural region produces agricultural goods worth over $4.5 billion 
annually for both local and export markets, (Government of Western Australia 1998).  This production 
occurs on around 18 million hectares of cleared land. 

In 1997, 1,69 million hectares or 9.4% of cleared farmland in Western Australia was affected by 
secondary salinisation, with the salt affected area predicted to double in size over the next 25 years, and 
double again before reaching a new equilibrium in 100 to 200 years time (George et al 1997).  The most 
fertile cropping land, predominantly located in the flat valley floors, is most vulnerable to groundwater 
rise.  Consequently, even though production is expected to increase with the improvement of technology, 
salinity will have a significant impact on productivity at the State level. Despite the relatively low level of 
salinity existing currently in the West Midlands (1%) the increase of 43% in the decade from 1987 to 
1997 suggests that, unless water management improves, production in this region will also be affected.       

3.4.2 Biological Resources (Biodiversity) 
Biodiversity refers to all the living organic material that inhabit an area including plants, animals and 
even microscopic organisms such as algae and bacteria.  The level of biodiversity therefore relates to the 
number and range of all of these organisms collectively. 

The West Midlands is one of the most biologically diverse regions on Earth, it has an extremely high 
level of biodiversity.  The Lesueur National Park, for example, is home to nearly 1000 plant species and 
is one of the most important reserves for flora in Western Australia.  The area also supports a wide variety 
of birdlife, with more than 120 species recorded. In addition there are 41 species of lizard and 11 species 
of snake.  The shrublands of the Lesueur area have a greater species richness, for example than that of 
tropical rainforest (Weir 2001).  Protecting this biodiversity should be a very high priority. 

The clearing of 87% of the south-west of Western Australia for agricultural land has already caused 
extensive habitat loss (Beeston et al 1994).  The vegetation, wetlands and riverine systems on both private 
and public land throughout south-western Australia are being rapidly degraded by dryland salinity. 
George et al (1997) suggests that within the Eastern Wheatbelt groundwaters are rising between 0.05 and 
1 m/yr beneath cleared catchments, with vegetation in the lower catchment being most effected. Rising 
groundwater levels also threaten parts of many upland remnants, including those in some relatively large 
nature reserves (George et al 1997). 

Riparian zones along streams are the most vulnerable to groundwater rise with groundwater discharge 
first seen at the valley floors.  More than 80% of the riparian vegetation in south-west Western Australia 
is seriously degraded by salinity (George et al 1997). 

Without adequate management over 80% of remnant habitats on private land and as much as 50% within 
public land reserves could be lost over the next 30 to 50 years (Government of Western Australia 1996). 

The above figures emphasise the need to understand and manage the hydrological issues of the West 
Midlands in order to preserve its rich biodiversity. In terms of remnant vegetation cover alone, the West 
Midlands region is fortunate in comparison to much of the rest of the south-west, and in particular the 
wheatbelt.  Overall, the West Midlands has woody vegetation cover on 579,670 hectares out of a total 
area of 1,232,592 hectares, or 47%.  Almost all this cover is remnant vegetation.  However, despite this 
vegetative cover, as discussed in section 3.3, watertables are continuing to rise and causing increased 
waterlogging and salinisation.  (See Section 8.) 

The main threats to biodiversity in the West Midlands come from: 

• Rising watertables with an increased likelihood of   

! Waterlogging, with excessive water flows,  and 

! Salinity, which lead to vegetation death and damage to riparian habitat 
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! Excessive and  possible permanent flooding of caves, which are habitat to unique fauna. 

• Changes in the inundation regime of wetlands (some of which also have changed salinity levels). 

• Further land clearance. 

• Spread of Phytophthora cinnamomi, a fungus that is spread easily by water at the surface or 
underground and causes what is commonly termed “die-back”. 

• Introduced weeds, plant diseases and pests and feral animals. 

3.4.3 Rural Infrastructure 
The infrastructure so heavily relied upon by rural communities, including roads, railways, services and 
buildings, is damaged by shallow ground watertables.  This damage increases the regularity and cost of 
maintenance. Rising water tables are already causing such increases in the West Midlands.  

3.4.4 Water Resources 
Outside of the West Midlands increased salinity in river and streams has cost the community 
substantially.  More than a third (36%) of the south-western potential water supplies are now brackish and 
no longer suitable for development as a drinking water supply (Davidson 1995).  Between 1990 to 1998 
over 40 million dollars was spent on the replacement of water supplies and there will be a major cost in 
the future as potential supplies become more saline. Such effects in the West Midlands have to date been 
limited although increasing salinity is now of serious concern for some water supplies originating in the 
Arrowsmith catchment. 

3.5 Present Study 
The major issue underlying the threats discussed in section 3.4, is alterations to the regional and localised 
ground watertables due to land clearance (and the subsequent increase in waterlogging and salinity).  In 
the West Midlands, hydrogeology has historically been studied from a water resource development 
perspective, while the role of hydrogeological processes in land degradation has largely been neglected.  
This Report is therefore based on the recognition that land managers require an understanding of the 
hydrogeology to successfully achieve the objectives of land management. 

The following sections explore the relationship between hydrogeology and land degradation within the 
West Midlands.  They show how an understanding of hydrogeology at a regional scale is linked to the 
causes of degradation. 

Unfortunately the geology and hydrogeology of the West Midlands is complex. The causes of land 
degradation due to hydrogeological processes requires considerable knowledge. In addition, the cause of 
problems in one catchment, one small subcatchment or even one paddock may well not be the same as in 
those an adjacent area. 

Interpretation of a problem such as waterlogging in a paddock requires specialist knowledge or 
investigation to determine the underlying cause.  Is it a regional problem or a localised problem?  The 
answer to this question determines the appropriate management measure, with localised groundwater 
systems more responsive to the adoption of land management practices. 

This report provides a picture of the issues and causes of hydrogeology and land degradation at a regional 
and localized scale.  
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4 Geology 

4.1 Geological Setting and Basin Evolution 
The major structural event in the Perth Basin took place when rifting caused the break-up of the Indian 
and Australian plates (Playford et al 1976).  As India drifted to the northeast, the structure was filled 
with thousands of meters of sediments originating from the Yilgarn Craton during the late Permian 
through to Cretaceous periods.  During spreading a period of widespread uplift and erosion occurred 
and at the end of the Neocomian, the present form of the geological structure was established (Figure 
10).  These sediments are now lithified into sedimentary rocks, characterised mainly by sandstones, 
siltstones and shales. 

Rifting and sagging along the continental margin has resulted in the Perth Basin being dominated by 
faulting (Figure 11) with the overall structure of the basin being described as intensely faulted half 
graben (Playford et al 1976).  However, much of this complex fault pattern is not seen at the surface 
owing to the cover of Quaternary deposits.  The position of most faults was determined from seismic 
surveys and deep exploratory drilling. 

4.2 Stratigraphy 
The stratigraphic units, most relevant to West Midlands Region, as determined by their extent and 
significance, are described in order of deposition in Table 7. with further detail on each below. 

 

Age (M years) GEOLOGICAL EPOCH STRATIGRAPHIC UNIT 

Kockatea Shale (Trk) 
Woodada Formation (Trw) 

Triassic 

Leseur Sandstone Formation (Trl) 
Eneabba Formation (Je) 
Cattamarra Coal Measure (Jc) 
Cadda Formation (Jd) 

Jurassic 

Yarragadee Formaton (Jy) 
Parmelia Formation (Kp) 
Warnbro Group (Kw) 
Coolyena Group (Kc) 

Cretaceous 

Lancelin Formation (Kcl) 
Superficial Formation 

Oldest 
(       ) 

 
 
 
 
 
# 
 
 
 
 
 

Youngest 
(          ) 

Cainozoic (Quaternary 
Sediments) Surficial Deposits 

 

Table 7: Major Stratigraphic Units in the West Midlands region according to geological age 

4.2.1 Triassic  
The Triassic Formation in the West Midlands consists of three formations: Kockatea Shale, Woodada 
Formation and the Lesueur Formation (see Fig. 10). 

4.2.1.1 Kockatea Shale (Trk) 
The Kockatea Shale (McWhae et al 1958) is considered the major oil source rock and seal within the 
basin (Thomas 1979).  The unit consists of blue shale or siltstone with some thin sand beds.  The unit 
recognizes the two members, Bookara Sandstone Member and Arranoo Member. The units consist of 
dark shale, micaceous siltstone, and minor sandstone and limestone.  Where the unit outcrops it 
consists of thin, red, purple, brown or buffed color ferruginous siltstone or fine-grained sandstone.  
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The Woodada Formation conformably overlies the unit, with an exception to the north of the 
formation. 

4.2.1.2 Woodada Formation (Trw) 
The Woodada Formation is located between the Kockatea Shale and the overlying Lesueur Sandstone.  
The formation consists of inter-bedded fine-grained sandstone and carbonaceous siltstone and has 
been identified only in the subsurface. 

4.2.1.3 Lesueur Sandstone Formation (Trl) 
The Lesueur Sandstone Formation outcrops southwest of Eneabba and extends northwards beneath the 
Eneabba Formation.  It consists of thick permeable (coarse to very coarse grained) sandstone with 
infrequent mudstone beds, siltstone and conglomerate.  The Lesueur Sandstone unconformably 
overlies the Woodada Formation and underlies the Eneabba Formation (Mory and Iasky 1996).  The 
formation was deposited in a non-marine origin, most likely of a fluvial environment.  The formation 
outcrops along the Beagle Fault and north and south of the Hill River (Commander 1981). 

4.2.2 Jurassic  
The Jurassic sediments comprise the Eneabba Formation, Cattamarra Coal Measures, Cadda 
Formation and Yarragadee Formation (see Fig. 10). 

4.2.2.1 Eneabba Formation (Je) 
The Eneabba Formation (Playford et al. 1976) is a Lower Jurassic terrigenous red-bed unit (Mory and 
Iasky 1996).  The unit was named the Eneabba Formation for the basal unit of the Cockleshell Gully, 
however the name has since been abandoned as it is considered a distinctively different unit (Mory and 
Iasky 1996). 

The formation consists of fine to coarse-grained sandstone interbedded with multicoloured siltstone 
and shale. Minor carbonaceous shale with thin coal seams is also present (Mory and Iasky 1996).  The 
formation subcrops between the Beagle Fault system in the west and the Lesueur and Wedge Faults, 
located in the east.  The formation lies conformably between the Lesueur and Cattamarra Coal 
measures south of the formation.  To the north the unit unconformably overlies the Kockatea Shale. 

4.2.2.2 Cattamarra Coal Measures (Jc) 
The Cattamarra Coal Measures has historically been referred as the Upper Cattamarra Coal Member of 
the Cockleshell Gully Formation (Playford and Low 1973). The name, Cockleshell Gully Formation 
has since been abandoned. 

The measures consist of non-marine probably fluvial sandstones interbedded siltstone and shale, 
which is in part carbonaceous, and seams of coal (Mory and Iasky 1996).  The formation occurs at 
shallow depth west of the Warradarge and Lesueur Faults.  The formation also outcrops in a small area 
east of the Urella Fault.  The Cattamarra Coal Measures are approximately 300m thick in the 
Woodada gas field.  The formation conformably overlies the Eneabba Formation. 

4.2.2.3 Cadda Formation (Jd) 
The Cadda Formation was first recognised but not named by Conrad and Maynard (1948) as a marine 
Middle Jurassic unit composed of shale, siltstone, and very coarse sandstone grading into a limestone.  
The formation conformably overlies the Cattamarra Coal Measures and the overlying Yarragadee 
Formation. 

4.2.2.4 Yarragadee Formation (Jy) 
The Yarragadee Formation (Playford et al 1976, Backhouse 1984) is one of the most significant units 
in the Perth Basin in terms of the formation and thickness. It extends throughout the Perth 
Sedimentary Basin. The formation east of the Gingin and Dandaragan Scarp is located at considerable 
depth beneath the easterly dipping Parmelia Formation.  
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The period of deposition of the Yarragadee Formation is believed to be middle-l ate Jurassic in a non-
marine, mainly fluvial environment (Moncrieff 1989).  The unit may reach a thickness of up to 3km 
(Kern 1988, Commander 1978).  The Yarragadee Formation (McWhae et al 1958), consists of 
laterally discontinuous interbedded sandstones, siltstones that are commonly more than 200m thick.  
Sandstone is more common in the upper units while the lower units may contain about 50% siltstone 
and shale interbeds (Briese 1979, Moncrieff 1989).  The beds of sandstone are frequently up to 30m 
thick and usually consist of medium to very coarse, felspathic, sub angular, and weakly cemented 
sand.  The formation also contains thick siltstone as well as thinly bedded sections of alternating 
sandstone and siltstone. 

The unit lies conformably between the underlying Cadda Formation and the overlying Parmelia 
Formation. 

4.2.3 Cretaceous  
The cretaceous sediments within the West Midlands Agricultural Region comprise the Parmelia 
Formation, Warnbro Group and Coolyena Group (see Fig. 10).  The cretaceous sediments are located 
to the east and south of the area. 

4.2.3.1 Parmelia Formation (Kp) 
The Parmelia Formation (Backhouse 1984) has historically been referred to as the upper unit of the 
Yarragadee Formation.  The Parmelia Formation overlies the confining Otorowiri Siltstone Member. 
The formation extends westwards of the Darling Fault to the Gingin Scarp.  The thickness of the 
sandstone in the Parmelia Formation is variable but is generally in the order of 100m-200m thick.  
Two thick sandstone-shale members can sometimes be identified within the unit: the basal Otorowiri 
Member (Kpo) and the Carnac Member (Kpc), occurring in the middle of the formation (Backhouse 
1984).  The Otorowiri Siltstone Member that marks the base of the Cretaceous sediments is a 
distinctive unit comprising mainly of siltstone, often referred to as ‘blackjack’.  The Otorowiri 
Siltstone Member was encountered in all east to west bore lines drilled in the region (Water Authority 
of Western Australia 1993). 

The formation was deposited in the late Jurassic in a non-marine mainly fluvial environment and 
consists of interbedded sandstone, claystone and shale (Moncrieff 1989).  Deposition of the Otorowiri 
Member and Carnac Member was mainly in a lucustraine or lagoonal environment.  Sandstone of 
fluvial origin overlies the Carnac Member in the upper part of the Parmelia Formation (Backhouse 
1984). 

The unit conformable overlies the Yarragadee Formation and is disconformably overlain by the 
Warnbro Coolyena Groups. 

4.2.3.2 Warnbro Group (Kw) 
During the early cretaceous the Dandaragan Trough was overlain with shallow marine sedimentation.  
The Warnbro Group (Cockbain and Playford 1973) is used to describe the shallow marine 
sedimentation within the region.  The group consists of the Gage Formation, South Perth Shale and 
Leederville Formation, that unconformable underlies the Parmelia Formation.  

The basal unit of the Warnbro Group, the Gage Formation was deposited in a shallow lagoonal or 
marine environment.  The formation comprises 50% sandstone, interbedded with about 50% siltstone 
and shales. 

The most significant formation of the Warnbro Group, the Leederville Formation (Kll) (Cockbain and 
Playford 1973) consists of interbedded sandstone, siltstone, mudstone and shale laid down during 
depositional environments (Moncrieff 1989).  Mudstone and siltstone are more abundant in the upper 
part of the unit.  Individual sandstone beds are mostly less than 10m thick (Moncrieff 1989), thinner 
than the Yarragadee. Siltstone and shale layers are more abundant in the upper part of the unit (Briese 
1989).  The formation reaches a maximum thickness of 600-700m under the Swan Coastal Plain 
(Yanchep Syncline) and thins eastwards to a maximum of less than 500 metres under the Dandaragan 
Plateau.  It occurs in all areas west of the Dandaragan and Gingin Scarp except in the northwest corner 
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of the region where the Yarragadee Formation sub-crops.  The Leederville Formation is difficult to 
distinguish from the underlying Parmelia as in the northern Perth Sedimentary Basin there is no 
unconformity at the interface of the formations (Commander 1981).  Because the formations are 
undifferentiated, and are in hydraulic connection they have been treated as a single aquifer system. 

4.2.3.3 Coolyena Group (Kc) 
The Coolyena Group (Cockbain and Playford 1973) consists of the upper cretaceous marine 
sediments.  The group overlies the Warnbro Group and comprises the Osborne Formation at the base, 
passing up into the Molecap Greensand, Gingin Chalk and Poison Hill Greensand.  Recently added to 
the group is the Dandaragan Sandstone.  The unit commonly outcrops along the eroded sections of the 
Caren Caren and Minyulo Brooks along the Dandaragan Scarp.   

The Dandaragan Sandstone Formation is a sequence of medium to coarse-grained sandstone (Mory 
and Iasky 1996).  Dandaragan Sandstone conformably overlies the Leederville Formation on the 
Dandaragan Plateau that is uncomfortably overlain by the Coolyena Group. It is up to 40m thick along 
the Watheroo-Jurien Bay borehole line. 

The Osborne Formation (Kco) defined by McWhae et al (1958) is of a shallow marine origin laid over 
an irregular topography (Playford et al 1973).  The formation includes a lower sandstone sequence, 
middle siltstone shale sequence and an upper interbedded shale and sandstone sequence.  The unit 
unconformably overlies the Leederville Formation and is overlain both conformably and 
unconformably by the Molecap Greensand, Gingin Chalk or Poison Hill Greensand. 

Molecap Greensand (Kcm) (Fairbridge 1953) consists of a fine to medium grain silty clay sandstone. 
The Molecap Greensand was deposited under shallow marine conditions over irregular topography 
(Playford et al 1973). The Molecap Greensand is overlain conformably by the Gingin Chalk and 
unconformably overlies the Osborne Formation. 

The Gingin Chalk (Glauert 1910) has a shallow marine origin and consists of weakly to moderately 
consolidated chalk containing thin beds of greensand.  The formation is situated with apparent 
conformity between the Molecap Greensand below and the Poison Hill Greensand. 

The Poison Hill Greensand is the most widespread unit of the Coolyena Group. The unit consists of 
unconsolidated pale yellow clayey sand (Fairbridge 1953). The sand is well rounded, and was once 
considered channel infill of a Quaternary age (Allen 1977).  The Poison Hill Greensand formation 
overlies the Gingin Chalk and is capped by laterite and associated Quaternary deposits. 

4.2.3.4 Lancelin Formation (Kcl) 
The Lancelin Formation underlies the Quaternary sands described by a glauconitic marl.  The 
formation was deposited under marine conditions (Davidson 1995) and has until recently been 
represented as a unit of the Coolyena Group.  

4.2.4 Cainozoic 
Playford et al (1976) describes the geology of the Quaternary sediments of the Swan Coastal Plain. 

4.2.4.1 Superficial Formation 
The ‘Superficial Formation’ is a collective name used to describe surface or near surface Quaternary – 
Tertiary sediments on the Swan Coastal Plain that forms a single predominantly unconfined aquifer 
system (Allen 1976).  The superficial formations consist mainly of silt sand clay and limestone in 
varying proportions.  The formation includes the Bassendean Sand, Tamala Limestone, Guildford 
Formation and Safety Bay Sands.  Along the west, the sandy sediments pass laterally into limestone 
towards the coast.  Moving east from the coast the clay content of the sediments increases. 

4.2.4.2 Surficial Deposits 
The Cainozoic surficial deposits within the West Midlands region include the Laterite and associated 
sand, Aeolian sands, alluvial and colluvium deposits, lake and swamp deposits. 
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The surficial deposits have largely developed from the in situ weathering of the underlying geological 
formations.  Over much of the sediments on the Dandaragan Plateau have developed laterite, pisothilic 
gravels and associated sands (Kay 1999).  The laterite is generally confined to the ridges that are of a 
tertiary age.  Two types of laterite outcrop and sub crops are common within the West Midlands 
Region: a nodular, pisolitic laterite, goethite rich laterite formed on the Osborne Formation and a 
coarse grained, well rounded, ferruginized sandstone developed on the Poison Hill Greensand (Kay 
1999).  Laterite is also well developed on the Mesozoic rocks of Arrowsmith Region. 

Aeolian sands occur throughout the Dandaragan Plateau.  The dunes often form low longitudinal 
dunes caused from being reworked after deposition.  The dunes surround the lakes of the Eneabba 
Plain. 

Holocene lake and swamps deposits are present throughout the Dandaragan Plateau.  They include 
clay, sand and diatomaceous deposits generally less than 3m in thickness. 

Alluvial and colluvium soils within the Dandaragan Plateau and Arrowsmith Region occur along the 
river systems and valleys.  On the Dandaragan Plateau channel sands up to 150m have in-filled the 
drainage lines in valleys. Colluvial and alluvial sediments also occurs as outwash fans at the base of 
the Gingin Scarp.  On the Eneabba Plain the deposits overlie strand lines and lagoonal deposits, where 
mineral sand mining is concentrated. 
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5 Hydrogeology  

5.1 Groundwater Occurrence 
There are a number of aquifers within the West Midlands Agricultural Region (Figure 12).  The most 
significant of the aquifer systems occurring within the region include the superficial aquifer, 
Leederville-Parmelia Aquifer and Yarragadee Aquifer.  Other less significant aquifers in the region 
include the Cattamarra Aquifer, Lesueur-Eneabba Aquifer and Poison Hill groundwater system.  
Where confining beds are absent the aquifers can be locally connected. 

The borelines installed by the Geological Society of Western Australia (GSWA) located east to west 
across the Northern Perth Basin has provided the information on the behaviour and extent of the 
regional aquifer system.  Cross sections of the regional hydrogeology, depicting groundwater flow, 
recharge and discharge were developed for each boreline (Figures 13-16). 

5.1.1 Yarra Yarra Palaeochannel Aquifer 
A palaeochannel is a hydraulic connection of permeable sediments of a surface drainage system that 
has been infilled. Palaeochannels can transmit large volumes of water that characteristically have a 
high porosity and permeability of sediments.  The Yarra Yarra Palaeochannel borders the Darling 
Fault, beneath the alluvial zone of the southward flowing Coonderoo River system (Yesertener et al 
2000).  The Yarra Yarra Paleaochannel has been developed by the uplift of the Perth Basin preventing 
westward drainage across the Dandaragan Plateau, producing a north to south drainage line that has 
been infilled. Agraria identified a conductive zone at Mogumber representing a continuum for the 
potential path of groundwater flow associated with the palaeochannel (Tedesco et al 1999). 

The presence of the Yarra Yarra Paleaochannel has recently received close attention with high salinity 
loads and a potential to contaminate adjacent region and economically significant aquifers (Stelfox 
2001).  There is a potential for the paleaochannels to contaminate the Leederville-Parmelia Aquifer 
where groundwater discharges into the underlying aquifers.  Contamination into the Moore River is 
possible through the hydraulic connection and discharge of salts from the paleaochannel aquifer. 

5.1.1.1 Groundwater Flow  
The Yarra Yarra Palaeochannel Aquifer flows in a south direction along a lower groundwater gradient.  
The groundwater moves through sediments, between 23.5 and 37 m thick, consisting of sand, gravel 
and clay (Yesertener et al 2000). 

5.1.1.2 Groundwater Recharge  
The Yarra Yarra Palaeochannel is recharged from groundwater throughflow from the Yarra Yarra 
lakes, estimated at 0.3 M3/yr (Yesertener 1999).  Recharge of the palaeochannel aquifer occurs in 
areas underlain by the Leederville-Parmelia Aquifer.  The low hydraulic gradient in the palaeochannel 
aquifer indicates additional flow into the lake will not substantially increase groundwater outflow 
(Yesertener et al 2000). 

5.1.1.3 Groundwater discharge 
The watertable in the north is close to the Yarra Yarra lakes with saline groundwater discharging into 
the Coonderoo River (Yesertener, C). Further south, along the Coonderoo River, lower watertables 
exist due to the permeable sediments underlying the palaeochannel. Discharge from the palaeochannel 
aquifer possibly occurs in the salt lakes further south towards Moora (Commander 1981). 
Groundwater discharge into the Moore catchment through the palaeochannel is estimated at 6.6 
m3/year (Yesertener 1999). 
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Figure 13.  Eneabba Boreline Hydrogeological Cross Section (adapted from Commander 1978) 
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Figure 14.  Watheroo Boreline Hydrogeological Cross Section (adapted from Harley 1974) 
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Figure 15.  Moora Boreline Hydrogeological Cross Section (adapted from Briese 1979) 
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Figure 16.  Gillingarra Boreline Hydrogeological Cross Section (adapted from Moncrieff 1989) 



Figure 17
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5.1.1.4 Groundwater salinity 
The groundwater salinity of the Palaeochannel Aquifer decreases towards the south with a dilution 
from groundwater recharge of the underlying Mesozoic aquifers.  North of the Palaeochannel Aquifer 
groundwater salinity concentrations reach 280 000 mlg/L compared with 14 000 mg/L in the south. 

5.1.2 Surficial Groundwater System  
Localised saturated zones above impermeable sediments are included in the surficial groundwater 
system.  The saturated zone occurs within the Cainozoic aeolian, fluviatile and lacustrine sediments 
should not be confused with the superficial aquifer on the coastal plain comprising of quaternary 
tertiary sediments. 

Surficial sediments are widespread but usually form groundwater systems only along drainage lines 
and on the coastal plains where they are relatively thick.  Elsewhere they generally form a thin veneer 
that may contain localised saturated zone that can potentially recharge into underlying sedimentary 
regional aquifers.  The localised saturated zones generally occur within a couple of metres from the 
surface.  Historically the surficial groundwater system has been the most readily accessible source of 
fresh groundwater for early settlers, prospectors, the pastoral industry and coastal settlements.  The 
watertables have a small and defined catchment area and are recharged through direct rainfall and 
runoff. In instances where the actual watertable is only metres from the surface it is often difficult to 
differentiate between the causes of land degradation.  Groundwater occurs in surface sand overlying 
the Coolyena Group on the Dandaragan Plateau (Kay and Diamond 2001).  In some instances it is 
difficult to differentiate between the surficial groundwater system and the Poison Hill groundwater 
system.  A perched saturated zone also exists above some of the thicker shale beds in the Leederville 
Formation beneath the western part of the Dandaragan Plateau. 

Salinity is highly variable within the surficial groundwater system due to the small catchment area that 
is immediately responsive to land use changes.  In areas that have been cleared the surficial 
groundwater system is expected to have the highest salinity caused from the evaporation and 
concentration of salts. 

5.1.3 Superficial Aquifer 
The superficial formations are considered to constitute a single aquifer containing mainly an 
unconfined groundwater flow system (Figure 17).  The aquifer consists predominantly of a shallow 
water marine and aeolian sequence that has been deposited in bands parallel to the coast (Moncrieff 
and Tuckson, 1989).  The superficial aquifer is a major unconfined aquifer comprising the quaternary-
tertiary sediments of the coastal plain.  The groundwater in the superficial aquifer ranges in age from 
present to 2000 years in age at the base of the aquifer (Thorpe and Davidson 1991). 

Significant variations occur within the system owing to the differences in hydraulic conductivities of 
the Guildford Formation and Tamala limestone.  The groundwater flow system is bounded in the west 
by the Indian Ocean and to the east by the limit of the superficial formation along the Gingin Scarp 
(Davidson 1995). 

5.1.3.1 Groundwater Flow  
Groundwater flow moves very slowly through the superficial aquifer and generally flows towards the 
west (Figure 17).  Downward leakage from the flow system is thought to be significant in the eastern 
part of the coastal plain from Guildford and Ascot Formations into the underlying Mesozoic aquifers 
(Kern 1997).  Upward leakage by discharge from the Mesozoic Aquifers into the flow system takes 
place in the coastal area (Figure 18).  Upward leakage also occurs from the Yarragadee Aquifer across 
the Warradarge Fault that is assumed to act as a hydraulic barrier.  Where the superficial formation 
overlies the impermeable Coolyena Group and Kockatea Shale there is no leakage from or into the 
flow system (Kern 1997).  The saturated thickness of the superficial formations varies substantially, 
between 10 to 60m. 
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5.1.3.2 Groundwater Recharge 
Water levels fluctuate in response to rainfall with the main recharge occurring in the winter months 
(April-October).  In general, watertable levels are highest during August-October and lowest during 
March-May.  Recharge to the aquifer system is by direct infiltration of rainfall with subordinate 
amounts of runoff (Figure 18).  The streams on the Dandaragan Plateau and Arrowsmith Region 
episodically recharge the superficial aquifer. Where recharge is solely by rainfall the net recharge can 
be expressed as a percentage of rainfall from analysis of chlorinity data.  The average chlorinity of the 
rainfall, estimated from the data for Yanchep and Boothendarra (Hingston and Gailitis 1977) is about 
9 mg/l.  The chlorinity of groundwater, averaged from several bores, is 135 mg/l, representing a 
recharge rate of about 7% of rainfall.  The difficulty of making estimates of recharge from runoff is 
caused with no river gauges and spot estimates are varied and inaccurate. 

5.1.3.3 Groundwater Discharge 
Groundwater is discharged at the hydraulic boundaries formed by rivers, the ocean, and some of the 
lakes.  Groundwater discharges mainly to the sea and to certain sections of the Hill River (Figure 18). 
Discharge to the sea occurs above a saltwater lens at the edge across the coast. 

5.1.3.4 Groundwater Salinity 
The physical and chemical properties of groundwater from the superficial aquifer vary mainly with 
geological location and position relative to the recharge and discharge area. The salinity of the 
groundwater in the superficial aquifer ranges from about 150 to 1200 mg/l Total Dissolved Solids 
(TDS) but rarely exceeds 1000 mg/l TDS (Kern 1988, Nidagal 1994).  The lowest salinity water is in 
the recharge areas at the origin of groundwater flow within the system (Figure 19). 

5.1.4 Poison Hill Groundwater System 
The Poison Hill groundwater system comprises units of the Coolyena Group, consisting of the Poison 
Hill Greensand, Gingin Chalk, Molecap Greensand and Sandstone units of the Osborne Formation.  
The Poison Hill groundwater system outcrops over the south-east area of the Dandaragan Plateau and 
is difficult to distinguish from the surficial groundwater system. Davidson (1995) described the 
Mirrabooka Aquifer as analogous to the Poison Hill groundwater system. 

Groundwater exists within the Poison Hill groundwater system within the numerous sand beds that lie 
discontinuous between an impermeable barrier.  Depth to groundwater is generally less than 10m 
below the ground surface underlying the aquifer. However, depth to groundwater may exceed 50m 
with groundwater contained in sand beds of the Osborne Formation. Groundwater within the Osborne 
Formation has been dated to 7,500 years of age in bore GL7W (Egis Consulting 1999).  Groundwater 
is prevented from leaking to the Leederville-Parmelia Aquifer by the Karinya Shale of the Osborne 
Formation that forms a hydraulic barrier.  Some leakage through the Osborne formation is reported 
and identified from the low salinity and high head within some of the bores. 

5.1.4.1 Groundwater Flow 
Flow direction is difficult to estimate due to the complex, discontinuous nature of the aquifer system 
(Kay and Diamond 2001).  The groundwater flow is likely to be related to the topography and 
distribution of sandstone and shale interbeds (Kay and Diamond 2001).  Groundwater flow of the 
aquifer is generally in a west direction (Kay and Diamond 2001). 
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5.1.4.2 Groundwater Recharge  
The Poison Hill groundwater system is generally unconfined, being recharged from direct rainfall. The 
main recharge sites are likely to be where the aquifer outcrops along topographic highs.  Groundwater 
leakage between the underlying aquifers probably occurs between the sand and shale units where shale 
units locally confine the Mesozoic Aquifer.  The groundwater system supplies up to 60 m3 of fresh to 
brackish groundwater that may be obtained locally within the Poison Hill groundwater system (Kay 
and Diamond 2001). 

5.1.4.3 Groundwater Discharge  
Groundwater discharge from the Poison Hill groundwater system occurs within the region in the form 
of springs along the valleys of the Caren Caren Brook and Minyulo Brook. Where tributaries are ill 
defined the Dandaragan Plateau discharge occurs in topographical depressions.  

5.1.4.4 Groundwater Salinity 
Salinities are less than 1000 mg/l in the west but the salinity increases eastwards. 

The discharged groundwater from the Poison Hill groundwater system is fresh, with TDS levels less 
than 500 mg/L (Kay and Diamond 2001). 

5.1.5 Leederville-Parmelia and Leederville Aquifers 
The Leederville-Parmelia Aquifer occurs between the Dandaragan Scarp, the Urella and Darling 
Faults (Figure 12).  The aquifer is used to describe the aquifer within the Cretaceous sediments where 
there is hydraulic connection between the Leederville Formation, Henley Sandstone and Parmelia 
Formation.  The aquifer consists of discontinuous interbedded sandstones, siltstones and shales of the 
Dandaragan Sandstone, the Leederville Formation and the upper sandy faces of the Parmelia 
Formation (Moncrieff 1989).  The Leederville-Parmelia Aquifer comprises a multi-layer aquifer 
system within the Leederville Formation and underlying Parmelia Formation consisting of equal 
proportions of sandstone and siltstone.  Previous authors have referred to the Leederville-Parmelia 
Aquifer as the Upper Yarragadee Aquifer, including all the Cretaceous sediments higher than the 
Otorowiri Siltstone.  The Leederville-Parmelia Aquifer includes the Parmelia Formation and areas 
where the Leederville and Parmelia are undifferentiated in the southeast of the region.  The term 
“Agaton Groundwater System”, commonly used by landowners of the region was referred to by 
Harley (1975) to include both the Parmelia Formation and overlying Warnbro and Coolyena Groups. 

The Leederville Aquifer was previously included the Parmelia-Leederville Aquifer (Water Authority 
Western Australia 1993).  However the Leederville Aquifer is distinct, located on the Swan Coastal 
Plain across the Gingin Anticline (Water Authority Western Australia 1993).  The Leederville Aquifer 
is comprised of the Leederville Formation and Henley Sandstone. 

The Leederville-Parmelia Aquifer is confined beneath the discontinuous interbedded siltstone and 
shale units of the Coolyena Group (Kay and Diamond 2001).  The aquifers are unconfined along the 
Dandaragan and Gingin Scarps where the Osborne Formation is removed by erosion exposing the 
Leederville Aquifer.  The aquifer is unconformably unconfined in the Caren Caren and Minyulo 
Brooks where the Coolyena Groups are removed (Kay and Diamond 2001).  The Leederville Aquifer 
is in hydraulic connection with the overlying Poison Hill groundwater system where the Osborne 
Formation is absent.  Where the Kardinya Shale is absent the Leederville-Parmelia Aquifer is in 
hydraulic connection with the underlying Mirrabooka Aquifer (Kay and Diamond 2001).  The 
Leederville Aquifer subcrops to the southwest of the region where it directly underlies the superficial 
aquifer.  Hydraulic connection with the underlying Yarragadee Formation is prevented by the low 
permeability shale or siltstone of the Otorowiri Member or Carnac Member belonging to the Parmelia 
Formation. 

The Leederville-Parmelia Aquifer contains a large resource of fresh to brackish groundwater that 
extends from the Darling Fault to Gingin Scarp.  The overall hydraulic conductivity of the aquifer 
depends on the lateral continuity of the beds.  The siltstone and shale beds are assumed to have a 
hydraulic conductivity of 1*10-6 m/day (Davidson 1995), whereas sand beds have a hydraulic 
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conductivity of 10m/d (Briese 1979).  Yields within the Leederville Formation are generally between 
50 and 200m3/day, however yields have reached 5000m3/d. 

5.1.5.1 Groundwater Flow 
The groundwater divide for the Leederville-Parmelia Aquifer is located south of the Eneabba Borehole 
line (Commander 1978).  North of the divide, groundwater flows towards the Arrowsmith River 
(Figure 20).  South of the groundwater divide the groundwater flow is southwest (Figure 20).  
Groundwater movement is also west across a small hydraulic gradient along the Otorowiri Siltstone 
Member forming springs in the north of the region (Figure 20).  The relatively impermeable Otorowiri 
Siltstone Member maintains the head difference of the Parmelia-Leederville Aquifer.  The north to 
southwest direction of groundwater flow from the divide reflects an increase in the hydraulic gradient 
where the aquifer thins or is absent above the Gingin Anticline (Kay and Diamond 2001). 
Groundwater flow occurs across the Gingin Anticline into the Leederville Aquifer.  There is also 
hydraulic discontinuity of the Leederville-Parmelia Aquifer at the north-south aligned faults to the 
west of Moora (Kay 1999). 

5.1.5.2 Groundwater Recharge  
The main recharge area for the Leederville-Parmelia Aquifer is about 100 km north from the 
Gillingarra Borehole line (Commander 1981), in an area referred to as the Agaton area and areas in the 
south are largely recharged by through flow (Figure 21). Leakage into the aquifer from downward 
hydraulic gradients is occurring throughout the year, however the aquifer shows seasonal fluctuations 
in the order of 1 to 3m, highest in April-May and lowest in October-November.  The head changes are 
in response to changes in the level of the watertable and are a pressure effect.  Reliable estimates 
based on recharge are not available. Estimates based on through flow calculations (Allen 1979) are 
considerably greater than would be expected from rainfall distribution over the known recharge areas, 
suggesting that local streams may contribute substantially to recharge. 

In the western margin of the Dandaragan Plateau, particularly along the Caren Caren and Minyulo 
Brook, where the Coolyena Group of sediments have been incised to expose the aquifer recharge of 
the Leederville-Parmelia Aquifer occurs by direct precipitation and local runoff.  Recharge also occurs 
along the Gingin and Dandaragan Scarp where the Coolyena Group is thin or absent (Kay and 
Diamond 2001, Balleau and Passmore 1972).  In these areas the aquifer directly outcrops or underlies 
the surficial groundwater system. Localised recharge occurs where the Coolyena Group thins and the 
Osborne Formation is absent.  Furthermore, the Leederville-Parmelia Aquifer is recharged along a 5 
km section of the Moore River (Stelfox 2001). 

5.1.5.3 Groundwater Discharge 
The Leederville-Parmelia Aquifer discharges as spring flows along the Dandaragan Scarp in the north 
of the region (Figure 21).  Groundwater discharge occurs along the Arrowsmith River and as springs. 

The Leederville Aquifer receives groundwater flow from the Leederville-Parmelia Aquifer across the 
Gingin Anticline, with leakage into the underlying Yarragadee Aquifer.  Discharge takes place along 
the foot of the Gingin Scarp and at the Gingin and Moondah Brooks.  Discharge also occurs along 
sections of the Moore River as base flow from wetlands.   
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Figure 21
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The salt lake chains west of Moora townsite are possibly formed from discharge of the Leederville-
Parmelia aquifer as the potentiometric heads are close to the surface and there is a local absence of the 
Osborne Formation (Kay 1999, Kay and Diamond 2001).  

5.1.5.4 Groundwater Salinity 
The groundwater generally has a TDS of around 500 mg/l but salinity does increase towards the east 
(Figure 22). Salinities are probably due to localised recharge near the Darling Fault where runoff from 
the saline drainage systems (in the Yarra Yarra Region) is concentrated (Kay 1999). The groundwater 
also has a high concentration of iron. Groundwater is lowest at the recharge areas and increases with 
depth and distance from these areas. The groundwater usually contains dissolved iron that generally 
requires treatment before the water can be used for public water supply. The aquifer area, thickness 
and high proportion of sand are indicative of a large aquifer volume.  

Groundwater in the Leederville-Parmelia Aquifer ranges in age from about 1900 years to more than 36 
800 years, but is generally less than 36 000 years (Thorpe and Davison 1991). 

5.1.5.5 Water Levels and Trends 
Studies by Diamond and Kay (2000) have suggested a rising trend in the potentiometric heads 
throughout the south of the West Midlands Agricultural Region. Kay (1999) discussed the water level 
trends of the Leederville and Leederville-Parmelia Aquifers in the south of the West Midlands 
Agricultural Region.  Rates of rise from the Gillingarra borehole lines had a rise between 8.0 cm/yr 
(GL5B2) to 47 cm/yr (GL8W) (Kay and Diamond 2001). 

The highest rate of rise for the Leederville Aquifer occurs along an area immediately east of the 
Darling and Urella Fault (Figure 23). Rates of rise along the fault line have risen at 47cm/yr (GL8W) 
and 25cm/yr (EL1C). 

The spatial variance of the rates of rise in the Leederville-Parmelia Aquifer strongly relates to the 
distribution of the Osborne Formation.  Where the Osborne Formation is thin or absent, the rates of 
rise are substantially lower than bores located on the formation (Figure 23).  Within the Agaton 
wellfield, A11 located on the Osborne Formation had a rate of rise of 50cm/yr, or ten times higher 
than A5 with a rate of rise of 5.11cm/yr.  Given both bores are located on cleared farmland the 
difference in groundwater rise is attributed to the Osborne Formation (Figure 23).  The impermeable 
sediments of the Osborne Formation prevent water from moving through the profile to recharge the 
regional aquifer.  The Leederville-Parmelia Aquifer has substantially higher rates of rise, reflecting the 
absence of the Osborne Formation and a largely cleared area. 

The rise of the potentiometric heads of the Leederville-Parmelia Aquifer beneath the confining 
Osborne Formation is claimed to be from the increased overburden of weight from rising groundwater 
in the overlying surficial and Poison Hill groundwater systems (Kay 1999).  The findings based on 
farm bore data are vulnerable to many inaccuracies through data measurement, collection and 
interpretation. 

Kay (1999) found no relationship between a rise in water level and cleared land for agriculture.  The 
failure to detect a relationship is attributed to the project area being well cleared with monitored bores 
contained on small pockets of remnant vegetation. In the West Midlands Hydrology Project area bores 
located within or adjacent (100m) native vegetation were found to have a lower rate of rise for the 
Leederville-Parmelia Aquifer (Figure 24).  Bores located in remnant vegetation and on the Osborne 
Formation (A17, A12, ML1A, ML1D, ML1E) had much lower rates of aquifer rise. Commander 
(1981) supports the increased rise of groundwater beneath cleared farmland. 



Figure 22
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Figure 23 a. Hydrographs from the Moora Line in the Leederville-Parmelia Aquifer     

?



NACC   West Midlands Hydrology Project          Page  52 

Earth Tech Engineering Pty Ltd 

 

 

 

 

 
 

            

             

             

             

             

             

             

             

             

             

             

             

             

             

             

             

             

             

             

             

             

Figure 23 b. Hydrographs from the Agaton Borefield in the Leederville-Parmelia Aquifer    
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Figure 23 c. Hydrograph from the Eneabba Line, Gillingarra Line and Cataby Shallow in the Leederville-Parmelia Aquifer 

             

 

 

 

 

 



Figure 24
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Figure 25
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The limited monitoring datasets to generate hydrographs for bores in the Leederville-Parmelia Aquifer 
prevents accurate conclusions concerning the temporal changes of groundwater levels.  The 
hydrographs for the Eneabba boreline are well represented with monitoring data that show an 
increasing rate of rise.  The high lag time taken between rainfall infiltration and recharge is considered 
a product of groundwater depth and low permeability of the Leederville and Parmelia Formations 
(Figure 23).  The lag time is highest for bores on the Osborne Formation that restricts direct recharge 
to the underlying Leederville-Parmelia Aquifer. 

Commander (1981) noted water levels in the confined Leederville Aquifer respond inversely to 
changes in the atmospheric pressure. Water levels change by 25 to 15cm within a few days from a 30 
mB fluctuation change in the barometric pressure (Commander 1985).  Harley (1975) has also 
contributed Earth tides to affect water level fluctuation in bores of the region.  The changes in water 
levels caused by earth tides are relatively small compared to changes in water levels from the 
barometric pressure. 

5.1.6 Yarragadee Aquifer  
Yarragadee Formation contains the thickest and most extensive aquifer system underlying the West 
Midlands Agricultural Region. It extends east to the Urella and Darling Fault, and west towards the 
coast (Figure 12).  The Yarragadee Aquifer is the most widespread and important aquifer in the basin. 
The Yarragadee Formation is unconfined between the Warradarge Fault and Dandaragan Scarp.  East 
of the scarp, it is confined beneath the Carnac Member or the Otorowiri Siltstone Member of the 
Parmelia Formation. 

The Yarragadee Formation consists predominantly of sandstone (90%) with subordinate shale in the 
Dandaragan trough that may reach a thickness of some 2500m (Commander et al. 1990). In the North 
of the sedimentary Basin the Yarragadee Aquifer thins to the surface.  The Cadda Formation and 
South Perth Shale confine the aquifer.  It is in hydraulic continuity with the groundwater of the 
Leederville Aquifer where the South Perth Shale is absent on the crest of the Gingin Anticline.  In the 
northern section of the groundwater area, the aquifer is unconfined where the Yarragadee Formation 
outcrops (between the Gingin and Dandaragan Scarps) or is directly overlain by the superficial 
formations (west of the Gingin Scarp). 

Water resources of the Yarragadee Formation are available for private use to all areas. Near the 
Allanooka wellfield, where much of the resource is planned for future public water suppliers, there 
may be limited availability (Water Authority of Western Australia 1995).  The Yarragadee Formation 
contains the largest available groundwater supply for private extraction. 

The groundwater age of the Yarragadee Aquifer is between 30510 and 36560 years before present 
(Egis Consulting 1999). 

5.1.6.1 Groundwater Flow 
Groundwater movement of the Yarragadee Aquifer is away from the unconfined proportion of the 
aquifer (Figure 25).  The groundwater divide for the aquifer is located in a line from the Darling Fault 
parallel with the Hill River.  The watertable of the aquifer is highest at 120m above sea level along the 
Hill River Catchment (Commander 1981).  The groundwater flow of the Yarragadee Aquifer is 
controlled by the groundwater geometry of the aquifer. North of the groundwater divide the flow is 
northwest in the confined area of the aquifer and northeast on the unconfined area of the aquifer.  The 
groundwater flows southwest of the divide beneath the confined area of the aquifer and southeast 
beneath the unconfined area of the Yarragadee Aquifer. Groundwater in the confined aquifer east of 
the Warradarge Fault is towards the southeast and westwards beneath the Swan Coastal Plain where 
offshore discharge can be expected (Briese 1979).  

5.1.6.2 Groundwater Recharge 
The Yarragadee Aquifer is recharged from rainfall and stream flow on these areas by direct infiltration 
through the surficial, superficial and Leederville Aquifers.  In the Arrowsmith Region recharge to the 
Yarragadee Aquifer occurs through downward leakage from rainfall and stream flow as the confining 
South Perth Shale and Otorowiri Member of the Parmelia Formation becomes thin or absent (Kay and 
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Diamond 2001). Recharge in the Arrowsmith Region is likely to be concentrated in the valleys as is 
for the Leederville Aquifer.  

Recharge may also occur across the Dandaragan Scarp from the Leederville Aquifer, especially where 
faulting offsets the Otorowiri Siltstone Member that occurs south of Eneabba Springs (Commander 
1981). 

The Yarragadee Aquifer may also receive recharge from along the Urella and Darling Fault, supported 
by the lower potentiometric head in Dathagnoorara bores (Commander 1981). 

5.1.6.3 Groundwater Discharge 
The main discharge area for the Yarragadee Aquifer occurs offshore by upward leakage through 
overlying formations (Briese 1979). Leakage across the Cadda Formation appears to take place 
because of the lower hydraulic head in the Cadda Formation.  There is also local discharge occurring 
in the Hill River valley where the surface is below the potentiometric head of the aquifer.  The 
groundwater discharges into the Hill River along the impermeable boundary produced by the Cadda 
Formation. 

5.1.6.4 Groundwater Salinity 
Groundwater quality is variable within the multi-aquifer system but is mostly less than 1000 mg/l 
TDS, except in the Dongara area near the coast (Figure 26).  Results from GSWA exploratory drilling 
(Briese 1979) and WAPET exploratory oil wells (Nowak 1978) confirmed groundwater qualities of 
less than 1000 mg/l TDS, extends to a depth of 1500m. An extremely large volume of low salinity 
groundwater is therefore contained in storage. 

5.1.6.5 Water Level Trends 
Hydrographs for the Yarragadee Aquifer were obtained from the Eneabba Borehole line, Gillingarra 
Borehole line, Moora Borehole line, Watheroo Borehole line and Allanooka Borehole field (Figure 
27). 

The confined section of the Yarragadee Aquifer has a lower rate of rise compared to the unconfined 
section of the aquifer located to the west of the outcrop of the Otorowiri Member along the 
Dandaragan Scarp.  The confined section of the Yarragadee has a potentiometric head with a rise 
between 2cm/yr (GL5A) to 1cm/yr (GL6A).  In the unconfined section of the Yarragadee Aquifer, 
located between the Warradarge Fault and outcrop of the Otorowiri Member the rate of watertable rise 
is as high as 44 cm/yr (WL8) and 39 cm/yr (WL10) near the discharge area along the Warradarge 
Fault and Hill River. 

The lower rate of rise for the Yarragadee Aquifer in the confined area coincides with the direction of 
groundwater flow, suggesting that water levels are most affected where the aquifer is unconfined 
(Commander 1981).  The rise of water levels in the unconfined section of the aquifer is attributed to 
clearing (Commander 1981). 
 
The rate of rise from the Eneabba boreline and Allanooka borefield increases with time to suggest a 
lag response between clearing and time recharge to the aquifer.  Seasonal fluctuations of the aquifer 
were not apparent for bores in the Yarragadee Aquifer.  Other hydrographs from the borelines were 
not representatively sampled preventing an interpretation on the temporal rise of the aquifer.  

Where the Yarragadee Aquifer is unconfined fluctuations of the potentiometric head are caused by 
changes in the atmospheric pressure. Commander (1981) noted water levels in the confined aquifer 
within the region respond inversely to changes in atmospheric pressure. 
 

 

 

 



Figure 26
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Figure 27 a: Hydrographs from the Eneabba Line for the Yarragadee Aquifer.         
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Figure 27 b: Hydrographs from the Gillingarra Line for the Yarragadee Aquifer.        
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Figure 27 c: Hydrographs from the Gillingarra Line, Moora Line, Watheroo Line for the Yarragadee Aquifer.      
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Figure 27 d: Hydrographs from the Allanooka Borefield for the Yarragadee Aquifer.        
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Figure 26e): Hydrographs from the Irwin Borefield for the Yarragade

 

 

 
 
 

 

 

 

Figure 27 e: Hydrographs from the Irwin Borefield for the Yar
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Figure 27 f: Hydrographs from the Irwin Borefield for the Yar
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Figure 27 g: Hydrographs from the Leeman borefield for the Yarragadee Aquifer       
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Figure 27 h: Hydrographs from the Cataby Shallow Bores for the Yarragadee Aquifer       
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5.1.7 Cattamarra Aquifer  
The Cattamarra Formation comprises a multi-layered inter-bedded siltstone, shale and sandstone aquifer 
(Figure 12).  The Cattamarra Aquifer crops out in a narrow faulted block bounded by the Warradarge 
Fault and the Lesueur Peron Faults.  The formation consists of about 25% sandstone, where groundwater 
is contained. 

The water resources contained within the Cattamarra Coal Measures are commercially used for mineral 
processing at Eneabba.  The aquifer is also used for farm water supplies (Commander 1991). 

5.1.7.1 Groundwater Flow 
The groundwater flow is north and south from a groundwater divide near the headwaters of Cockleshell 
Gully (Commander 1981).  Towards the Hill River groundwater refracts west towards the Lesueur Fault 
(Figure 28).  In the north groundwater flows are to the northwest (Figure 28) (Kern 1997). 

5.1.7.2 Groundwater Recharge  
Recharge to the Cattamarra Aquifer is from direct rainfall and surface runoff in outcrop areas by 
downward leakage from the overlying Cadda and Yarragadee Formations. Subsurface flow from the 
aquifer can take place across the Warradarge Fault from the Yarragadee Aquifer.  Recharge to the 
Cattamarra Aquifer also occurs where the superficial and surficial formations directly overlie.  Recharge 
takes place from the sandy superficial aquifer west of Eneabba (Commander 1981). 

5.1.7.3 Groundwater Discharge  
Groundwater from the Cattamarra Aquifer is discharged along the coastline above a salt-water interface 
north of Leeman.  The aquifer also discharges to the overlying superficial formation and to gaining 
streams within the Eneabba Plain.  Rocky Springs represents groundwater discharge from the subsurface 
movement of groundwater from the Yarragadee Aquifer through the Quaternary sediments (Commander 
1981). 

5.1.7.4 Groundwater Salinity 
Groundwater in the Cattamarra Aquifer is commonly brackish to saline, ranging from 1500 to 8270 mg/L 
TDS. Qualities are generally better in the elevated areas of the Arrowsmith Region. 

5.1.8 Eneabba and Lesueur Aquifer 
The Eneabba Formation forms a multi-layered confined aquifer that is undifferentiated with the Lesueur 
Sandstone (Pers. Comm Commander 2001).  For the purpose of this report groundwater within the 
Eneabba Formation and Lesueur Sandstone have been grouped into a single aquifer.  The aquifer is bound 
to the east by the Leseuer Fault and the Beagle Fault in the west (Figure 12). Depending on the location 
the Eneabba Formation, its thick shale and siltstone beds may confine the groundwater in the Lesueur 
Sandstone (Briese 1979).  However, where the Eneabba Formation comprises of sandstone groundwater it 
is indistinguishable with Lesueur Sandstone (Pers. Comm Commander 2001). 

Large volumes of water are used from the Eneabba-Lesueur Aquifer to irrigate stands of clover and 
lucerne south of White Lake. Kern (1997) considers the aquifer to be relatively unutilised. 

5.1.8.1 Groundwater Flow 
Groundwater moves northwest and southwest from a groundwater divide north of Cockleshell Gully 
(Figure 29) (Commander 1978).  Groundwater flow in the aquifer is restricted from directly discharging 
to the ocean by the impermeable Kockatea Formation.  

5.1.8.2 Groundwater Recharge 
The Eneabba-Lesueur Aquifer is recharged by rainfall and surface water runoff in outcrop areas. Local 
recharge takes place from the overlying Cattamarra Aquifer.  In addition, recharge occurs from the sandy 
superficial formation west of the Gingin Scarp (Kern 1997).  Recharge also occurs where the Eneabba 
Formation, comprising of shale and siltstone is thin or absent. Areas of recharge occur in the Mt. Lesueur 
Region and Gardner Range, or areas overlain by Bassendean Sand and Tamala Limestone (Kern 1997). 
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5.1.8.3 Groundwater Discharge 
Groundwater within the Eneabba-Lesueur Aquifer indirectly discharges at the coast. Groundwater 
discharge as indicated by the southwesterly flow of the Eneabba-Lesueur Aquifer is probably discharged 
into the Tamala limestone along the Beagle Fault, which forms the eastern boundary with the Kockatea 
Shale (Commander 1981).  Along the coast the Lesueur Aquifer discharges into the overlying Woodada 
Formation or Tamala limestone (Harley 1974).  At Three Springs, groundwater emerges from the Tamala 
limestone before being soaked back into the limestone (Commander 1981).  The groundwater of the 
aquifer flows west of the Beagle Fault discharging to the ocean through the Tamala limestone.  The 
Eneabba-Lesueur Aquifer seasonally discharges to the Hill River (Commander 1981). 

5.1.8.4 Groundwater Salinity 
The quality of groundwater in the Eneabba-Lesueur Aquifer is generally brackish (1000-3000 mg/L).  
Groundwater in this formation is generally fresh (<1000mg/l TDS). Salinities increase from the recharge 
to discharge areas and on the Beagle Ridge groundwater in the formation is brackish to saline (2000 
mg/L) (Kern 1997).  The high salinities are probably due to a lack of recharge at the site. In outcrop areas 
to the north the salinity is generally less than 500mg/l (Harley 1974). 

The Eneabba-Lesueur Aquifer has a relatively moderate to high iron content.  The water is potable in the 
north of Hill River but south of the river it becomes marginal and can be used for stock supply. 

5.1.8.5 Water Level Trends  
The Eneabba-Lesueur Aquifer experiences seasonal fluctuations (EL11C and EL11D) to the water levels. 
No other aquifer in the West Midlands clearly responds to seasonal fluctuations.  Hydrographs reflect a 
fall of the aquifer water level during summer before recharging in winter. The water level peak for the 
aquifer occurs at the completion of winter (Figure 30).  The trends of the Eneabba-Lesueur are difficult to 
comment on due to the commencement and cessation of groundwater pumping from the aquifer. 
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Figure 29
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Figure 30a: Hydrographs from the Eneabba Line and Leeman S
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Figure 30b: Hydrographs from the Cataby Shallow and Wather
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6 Method of Investigation 

6.1 Regional Hydrogeological Database 
A hydrogeological database was generated to assist in the collation and spatial illustration of the 
hydrogeological information existing within the region.  The project entailed the creation of a 
Geographical Information Systems (GIS) groundwater information database to assist land managers in 
making informed land use decisions within the West Midlands Agricultural Region.  The project 
consisted of parts, namely the creation of a borehole database and the collation and spatial presentation 
of hydrogeological data into management zones. 

The development of the borehole database involved the interrogation of borehole data from the WIN 
database, a Water and Rivers Commission database used to store hydrogeological and monitoring 
data.  The WIN database was interrogated to abstract and compile the bore attributes of date drilled, 
bore depth, depth to the watertable, geological logs and water quality.  The project differentiated each 
bore into the three classes; Farm bores, Geological Society of Western Australia bores (GSWA; see 
Figure 31) and Water Supply bores.  Each bore point was spatially mapped and attached with an 
attribute summary table.  Hydrographs and a subsequent trend analysis were completed for all GSWA 
bores. 

A Geographical Information System database was generated through the assembly of all available and 
relevant spatial information from the Water and Rivers Commission, Department of Agriculture, 
Department of Environmental Protection, Conservation and Land Management, Department of 
Minerals and Energy.  The study also included the examination of published and unpublished 
hydrogeological information, to further define more accurately the extent of aquifers, aquacludes and 
aquatards.  The compiled information was delivered for each surface water catchment within the 
region.  Each catchment has therefore been treated as a single management zone.  Although the 
groundwater movement is independent of surface flows, surface catchments have historically been 
effective as a geographical boundary where land managers have worked collectively to formulate 
plans and implement best practice land management techniques.  The information compiled for each 
surface water catchment entails the subsurface hydrogeology, aquifer flow direction, aquifer level and 
trend.  The salinity status and projections were also provided for each of the catchments based on the 
Land Monitor and Water and Rivers Commission data. 
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7 Surface Catchment Management Zones 

7.1 Arrowsmith Catchment  

7.1.1 Landform Physiography and Drainage 
The Arrowsmith catchment of the West Midlands Region (see Fig 5) drains on the Dandaragan 
Plateau, Arrowsmith Region and Swan Coastal Plain.  The headwaters of the Arrowsmith catchment 
are within the Irwin Sub-basin.  The Arrowsmith watercourses flow into the Dandaragan Plateau 
across the Urella Fault with relatively deep incised walls that continue to the Arrowsmith Region.  The 
Arrwomsmith Region has a well-developed dendritic drainage system characterised by a high density 
of drainage lines.  The surface flows of the Arrowsmith Region end as lakes on the Eneabba Plain. 

7.1.2 Landuse 
The landuse within the catchment changes from agriculture in the east to remnant vegetation towards 
the coast in the west.  Almost half of the catchment is composed of remnant vegetation.  The remnant 
vegetation is contained predominantly within vacant crown land and to a lesser extent Conservation 
and Land Management (CALM) land.  

The agricultural land mainly supports grazing with some cropping. 

7.1.3 Hydrogeology 
The larger aquifers located beneath the catchment include the Leederville-Parmelia and Yarragadee 
Aquifers.  Smaller aquifers existing in the catchment include the Cattamarra and Eneabba-Lesueur 
Aquifers, located west of the catchment. 

7.1.3.1 Leederville-Parmelia Aquifer 
The Leederville-Parmelia Aquifer was intercepted along the Dongara borehole line located east of the 
Otorowiri Member (Figure 31). Groundwater flow of the Leederville-Parmelia Aquifer, located 
between the Otorowiri Member and Urella Fault in the middle of the catchment, is towards the Hill 
River where it discharges. 

Groundwater is discharged from the aquifer into the Arrowsmith River, near its contact with the 
Otorowiri Siltstone at the Dandaragan Scarp. Groundwater discharge into the river occurs near the 
Otorowiri springs, Dathaganarra Spring and Arrowsmith Well and maintains river flow for part of the 
winter. 

Within the Arrowsmith catchment the Parmelia-Leederville Aquifer has a salinity concentration of 
500-1000mg/l. 

7.1.3.2 Yarragadee Aquifer 
The Yarragadee Aquifer underlies almost the entire catchment to the west of the Urella Fault. 
Hydrogeological data for the Yarragadee Aquifer in the Arrowsmith catchment is obtained from the 
Arrowsmith River borefield. 

Recharge to the aquifer occurs primarily to the west of the Dandaragan Scarp where the Yarragadee 
Aquifer is unconfined.  Furthermore recharge to the aquifer occurs by downward leakage from the 
Arrowsmith River. 

Salinity levels of the Yarragadee Aquifer are lowest (500-700) within the middle of the catchment and 
highest (1000-1500) towards the east of the catchment along the boundary with the Urella Fault.  
Salinity levels increase from the west of the catchment towards the coast. Groundwater movement of 
the Yarragadee Aquifer and overlying superficial aquifer is towards the coast. 

 



NACC   West Midlands Hydrology Project          Page  76 

Earth Tech Engineering Pty Ltd 

 

 

 

7.1.3.3 Superficial and Localised Groundwater System  
Tributaries of the Arrowsmith catchment drain part of the Irwin sub-basin.  The Irwin sub-basin 
located between the Urella and Darling Fault contains groundwater within a localised groundwater 
system and within the underlying regional sediments of the basin.  Groundwater on the Irwin sub-
basin occurs within the colluvium and alluvium sands as various sediment deposits.  The localised 
groundwater system often discharges to the surface from below impermeable sediments.  Salinities 
range from a few hundred milligrams per litre to over 10 000 mg/l in saline alluvial sediments of the 
Yarra Yarra Region. Water levels of wells are usually closer to the surface than the potentiometric 
surfaces or watertable in the underlying bedrock. 

On the Dandaragan Scarp, overlying the Leederville-Parmelia Aquifer the occurrence of localised 
groundwater systems is owed to the presence laterite and the Coolyena Group of sediments.  In the 
Arrowsmith Region, the localised groundwater systems overlie the Yarragadee Formation (Balleau 
and Passmore 1972). 

The superficial aquifers along the coastal plain to the west of the Gingin Scarp overlie sections of the 
Yarragadee and Cattamarra Aquifer (Kern 1994).  Downward leakage from the superficial aquifer to 
the underlying aquifers (Yarragadee, Cattamarra) occurs in the Arrowsmith catchment.  Springs, 
swamps and lakes such as Beharra Spring, Munganooka Spring, Arromal Lake and Arrowsmith Lake 
are areas of evaporative discharge.  The Arrowsmith River reaches the coastal strip, with substantial 
surface flows. Groundwater flows west from LS 20 (Figure 31) in the catchment into the Northern 
Coastal Zone, before discharging to the coast.  The superficial aquifer contains the highest hydraulic 
gradients for the Arrowsmith catchment reflecting the clayey nature of the superficial sediments in the 
catchment. Recharge of the superficial aquifer is from direct rainfall infiltration (Nidagal 1994).  Fresh 
groundwater in the superficial aquifer with salinities less than 1000 mg/L TDS are located 
immediately east of the coastal plain, along the recharge area, (Nidagal 1995) to the west of the 
Arrowsmith catchment. 

7.1.3.4 Cattamarra Coal Measures 
Recharge of the aquifer is east of the Beagle Fault where rainfall and surface runoff directly infiltrate 
into the Cattamarra Aquifer.  Recharge to the aquifer in the Arrowsmith catchment occurs to the west 
of Beagle Fault from groundwater leakage of the Yarragadee Aquifer across the fault. 

Groundwater salinities of the Cattamarra Aquifer range from 930mg/L to 7450 mg/L TDS.  The 
distribution of groundwater salinity is associated to areas where the Yarragadee Aquifer discharges 
(Nidagal 1994). 

Leeman shallow bores drilled by GSWA are located to the west of the Arrowsmith catchment. Bores 
within the Cattamarra seemingly exhibit seasonal fluctuations with the water levels (LS 16). 

7.2 South Coastal Dunes 

7.2.1 Physiography/ Landform 
The investigation area covers a section of the Swan Coastal Plain, a low-lying area covered by 
Quaternary sediments.  The Gingin Scarp, a remnant shoreline separates the Swan Coastal Plain. 
Surface water drainage is absent in the South Coastal Dunes catchment (see Fig. 5).A number of 
permanent and seasonal lakes occur in inter-dunal depressions of the Bassendean sand.  The major 
permanent lakes of the south coastal dunes are aligned parallel to the coast and are in hydraulic 
connection with the superficial aquifers. 

7.2.2 Landuse 
The area is located along the coastal margin of the sedimentary basin, covered largely by native 
vegetation.  Agricultural activity in the area is relatively minor due to the inherently poor productivity 
of the land. 
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7.2.3 Hydrogeology 
The South Coastal Dunes are almost entirely covered by the superficial aquifer. Underlying the 
superficial sediments are regional aquifers including the Eneabba-Lesueur, Yarragadee and the 
Cattamarra Aquifers. 

7.2.3.1 Superficial Aquifer 
The South Coastal Dunes are entirely covered by the superficial formation that constitutes a single 
aquifer containing mainly an unconfined groundwater system.  The groundwater flow system is 
bounded to the west by the Indian Ocean and to the east by the Gingin Scarp. Groundwater flow in the 
superficial Aquifer is in a westerly direction (Kern 1988).  Surface water flows from the Dandaragan 
and Arrowsmith Plateau towards the coast in the catchment.  Subsurface drainage is also well 
developed in the cave systems facilitating the substantial movement of water (Kern 1988). 

The superficial aquifers are recharged in areas by upward hydraulic gradients of the underlying 
Mesozoic Aquifers.  Where superficial aquifers overlie the impermeable Kockatea Shale there is no 
leakage from or into the formation.  

Groundwater discharge of the superficial aquifer occurs along the shoreline above a saltwater ledge. 

Groundwater salinity at the watertable within the superficial formation ranges from 250-500 mg/l to 
1500-3000 mg/l.  Groundwater salinity generally increases in the direction of groundwater flow. 
Groundwater salinity is highest at discharge boundaries. 

7.2.3.2 Yarragadee Aquifer  
The Yarragadee Aquifer discharges into the overlying superficial formation in the area. At Cataby 
Shallow (CS) 11 the Yarragadee Aquifer has an upward hydraulic gradient (Figure 31).  There is 
potential for upward leakage where the Yarragadee Aquifer sub-crops beneath the superficial aquifer 
(Kern1988). 

The Yarragadee Aquifer is typically fresh (250-500 mg/l) to marginal (1000-1500 mg/l). The salinity 
of the groundwater decreases towards the discharge area. 

Leeman Shallow Bores (LS1, LS6), Moora line (ML9) and Cataby Shallow bores (CS33, CS28, CS23, 
CS17, CS11 and CS 1) are GSWA bores (Figure 30) located within the south coastal dunes.  The bores 
provide the basis to identify the hydrogeology beneath the catchment. 

7.2.3.3 Leederville Aquifer 
The Leederville Aquifer discharges at the coast along a saltwater ledge to the south of the catchment.  
The Leederville Formation is unconfined and in hydraulic connection with the overlying superficial 
aquifers (Kern 1988). 

7.2.3.4 Eneabba- Lesueur Aquifer 
The aquifer is juxtaposed with the impermeable Kockatea Shale along the Beagle Fault.  Along the 
Beagle Fault the Eneabba-Lesueur Aquifer has an upward hydraulic gradient that discharges along a 
hydraulic barrier formed by the impermeable Kockatea Shale. 

The groundwater quality in the Eneabba-Lesueur Aquifer is generally low, except along the Lesueur 
Fault where there is leakage of saline groundwater from the Cattamarra Aquifer.  The coastal wedge 
was intercepted in CS11D but fresh groundwater was encountered in the superficial formations in bore 
CS23D, 200m from the coast (Figure 31).  Groundwater salinity of the Eneabba-Lesueur Aquifer is 
highest at the margin of the Kokatea Shale, where the aquifer discharges. 

7.3 Northern Coastal Dunes 

1 Physiography/ Landform 
The North Coastal Plain is located as a strip along the coast, extending from Jurien to Cliffhead (see 
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Fig. 5).  The North Coastal Dunes almost exclusively covers the Swan Coastal Plain, a low-lying area 
covered by Quaternary sediments and alluvium.  The Gingin Scarp bounds the Swan Coastal Plain to 
the east. 

Swamps and lakes within the inter-dunal depressions dominate the area.  When lakes are full, water 
overflows into the cave systems. 

7.3.1 Landuse 
The area is located along the coastal margin of the sedimentary basin, covered largely by native 
vegetation.  Agricultural activity in the area is relatively minor due to the inherently poor productivity 
of the land. 

7.3.2 Hydrogeology 
There are two main regional aquifers in the north coastal dunes.  They are an unconfined flow system 
of the superficial sediments and the Mesozoic Aquifers including the Eneabba-Lesueur, Yarragadee 
and Cattamarra Aquifers. 

7.3.2.1 Superficial Formation 
The superficial formation forms a multi-layer aquifer extending from the Gingin Scarp to the coast, 
with saturated sediments ranging in texture.  Over much of the area the aquifer directly overlies 
sedimentary rocks of the Mesozoic Aquifers. 

Recharge to the superficial aquifer is possibly associated to the discharge from the Mesozoic Aquifers.  
At site LS11, situated along the Beagle Fault there is an upward hydraulic gradient of 11.9m over 50m 
in the top of the Lesueur Sandstone (Kern 1997) (Figure 30). Where the superficial aquifer overlies the 
impermeable Kockatea Shale there is no leakage from or into the formation. 

Groundwater flow of the superficial aquifer is towards the west where it discharges above a salt-water 
wedge parallel along the coast.  The interface between the fresh groundwater and seawater was 
intersected at sites LS12 and LS15 (Kern 1997) (Figure 31).  Discharge also takes place to the salt 
lakes between Jurien and Coolimba, often through springs overlying the Kockatea Shale. 

Salinity of the groundwater within the North Coastal Dunes is relatively high, ranging from 1500 
mg/L to 7000 mg/L. Salinity is highest at the discharge boundaries formed by the salt lakes.  
Discharge of groundwater from the underlying aquifers into the superficial aquifers may cause 
elevated salinities of the superficial aquifer. Groundwater salinities are lowest at recharge areas in the 
catchment, located along the Tamala limestone where it is recharged by the Lesueur Sandstone 
Aquifer. 

7.3.2.2 Yarragadee Aquifer 
More permeable sediments of the superficial formation underlie the Yarragadee Aquifer in the North 
Coastal Dunes Catchment.  The Cattamarra Coal Measures juxtaposes the Beagle Fault in the south of 
the catchment.  The absence of the Beagle Fault in the north of the catchment enables the direct 
connection of the Yarragadee Aquifer with the coastline. 

Groundwater flow of the Yarragadee Aquifer is to the west, with some downward leakage from the 
underlying aquifer occurring within the north of the catchment.  Salinities within the Yarragadee 
Aquifer increase towards the discharge area along the coast (Nidagal 1994).  A salt-water interface 
present along the coast extends 8km inland.  The bores LS30 and LS33 intersected the saltwater 
interface (Nidagal 1994) (Figure 31). 

7.3.2.3 Cattamarra Aquifer 
Groundwater in the Cattamarra Coal Measures within the North Coastal Dunes discharges to the sea 
along the coastline above a salt-water interface north of Leeman (Kern 1997).  Discharge from the 
Cattamarra Aquifer also occurs into the overlying superficial formation.  Groundwater salinity of the 
aquifer is generally brackish in the catchment area (1500-7000mg/L). 
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Groundwater recharge west of the Beagle Fault exists within the catchment from groundwater 
movement across the fault from the Yarragadee Formation (Nidagal 1995).  Aquifer recharge west of 
the fault also takes place from the overlying superficial formation. 

7.3.2.4 Eneabba-Lesueur Aquifer 
The aquifer discharges within the North Coastal Dunes along the Beagle Fault east of Leeman.  
Groundwater of the aquifer also discharges at the coast north of Coolimba along a saltwater wedge 
parallel to the coast.  The salt-water wedge was intercepted at site LS15 (Figure 31).  Also at the site 
the aquifer has a potential for upward flow with head differences between deep and shallow bores of 
0.19m.  An upward groundwater gradient enables discharge into the overlying superficial formation or 
Woodada Formation.  Where the Quaternary sediments are unconformity incised below the watertable 
of the Eneabba-Lesueur Aquifer groundwater moves into the Tamala Limestone.  Groundwater within 
the Tamala limestone discharges to the sea (Kern 1997). 

Groundwater salinity of the Eneabba-Lesueur Aquifer is generally brackish (1000-3000 mg/L).  
Salinity of the Lesueur Sandstone is typically more saline compared to the east, where the recharge 
area exists.  In areas close to the coastline salinities reach 2000 mg/L. Salinities of the aquifer are 
affected by faults that hydraulically connect the more brackish aquifers. 

7.4 Minyulo Catchment  

7.4.1 Physiography/ Landform 
The Minyulo catchment borders the southern region of the agricultural region (See Fig. 5; Section 
2.4).  The catchment intersects the five physiographical units including the Darling Plateau, Yarra 
Yarra Region, Dandaragan Plateau, Arrowsmith Region and a small component of the Swan Coastal 
Plain. 

The Minyulo River drains the Arrowsmith Region as a dendritic drainage system.  The region contains 
a high frequency of drainage lines per unit area.  The Dandaragan Plateau is effective in surface 
drainage with poorly developed drainage lines.  Drainage lines on the Swan Coastal Plain are absent 
towards the coast. 

7.4.2 Landuse 
The Minyulo catchment supports a large variety of industries with the main activities being livestock 
and crop production. Livestock grazing becomes more dominant towards the coast on the relatively 
nutrient poor soils of the Swan Coastal Plain. 

Mining within the region is generally confined to lateritic gravels deposits for the purpose of 
constructing roads.  Mineral sand mining occurs on the Swan Coastal Plain at Cooljarloo near Cataby.  
Small Diatomaceous earth deposits, generally of sub economic potential occur throughout the 
Dandaragan Plateau. 

7.4.3 Hydrogeology  
The aquifers of the Minyulo catchment include the superficial, Poison Hill groundwater system, 
Surficial Groundwater Systems, Mirrabooka Aquifer, Leederville-Parmelia Aquifer, Leederville 
Aquifer and Yarragadee Aquifer.  A majority of the aquifer systems within the Minyulo catchment are 
described by Kay and Diamond (2000) and Kay (1999). Surficial groundwater systems are also 
extensive throughout the Minyulo catchment. 

7.4.3.1 Superficial Aquifer 
The superficial formation forms an unconfined aquifer within the catchment, located to the west of the 
Gingin Scarp and overlying the sediments.  The superficial aquifer overlies the Leederville-Parmelia, 
Yarragadee, Eneabba-Lesueur and Cattamarra Aquifers. 

Groundwater flow in the superficial aquifer is towards the west, commencing at the Gingin Scarp. 
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Recharge of the superficial aquifer in the Minyulo catchment varies according to seasonal conditions 
due to the shallow and unconfined nature of the system. 

The aquifer is recharged seasonally, predominantly through direct infiltration of rainfall. Recharge 
also occurs from streams originating in the Arrowsmith Region and to a lesser degree on the 
Dandaragan Plateau.  Some recharge also occurs in the northwest of the catchment.  At site CS32 
(ML6) there is an upward hydraulic gradient of 5.5m over 140m in the top of the Yarragadee Aquifer 
(Kern 1988) (Figure 31). 

The discharge of groundwater within the Minyulo catchment occurs to the Nambung River, north of 
CS35 (Kern 1988) (Figure 31).  Discharge is also by evapotranspiration from within inter-dunal 
depression where the watertable is close to the surface or exposed. Substantial downward (negative) 
heads between the superficial aquifer and the underlying Leederville and Yarragadee Aquifers imply 
downward leakage. 

The salinity of the superficial aquifers to the west of the Minyulo catchment is lower than the 
superficial aquifers within the South Coastal Dune catchment.  Where recharge is occurring within the 
Minyulo catchment the superficial aquifer is relatively fresh. Groundwater salinities exceeding 
1000mg/l occur in the numerous lakes and swamps in localized areas where the watertable is shallow.  
Salinity exceeding 3000mg/L occurs where there is seasonal groundwater discharge, particularly along 
drainage lines in areas surrounding Nambung River and Frederick Smith Creek. 

Groundwater salinity is highest at the discharge boundaries formed by salt lakes and in the lower 
catchment area of Nambung River where saline water discharges from the Eneabba-Lesueur Aquifer 
and Cattamarra Aquifer.  The discharge of brackish groundwater from the Mesozoic Aquifers causes 
the superficial aquifer to locally exceed 8000mg/L TDS on the Nambung River east of Cervantes 
(Kern 1988). 

7.4.3.2 Yarragadee Aquifer 
The Yarragadee Aquifer extends west onto the continental shelf and east to the Yilgarn Block.  East of 
the Dandaragan Scarp the Otorowiri Member is confined by the Yarragadee aquifer.  The South Perth 
Shale further confines the Yarragadee Aquifer in the Minyulo catchment to the west of the Gingin 
Scarp. 

Recharge to the formation is by infiltration of rainfall into the weathered sediments across the 
Arrowsmith Region and coastal plain where the confining Otorowiri Member is absent and a 
downward head potential exists.  A groundwater mound has developed beneath the Arrowsmith 
Region (Briese 1979). 

Groundwater flow of the Yarragadee Aquifer within the Minyulo catchment is southeast and west 
from the apex of the groundwater mound on the Arrowsmith Region.  The regional flow of the 
Yarragadee Formation is south.  The Yarragadee discharges within the Minyulo catchment across the 
Warradarge Fault into the Cattamarra Coal Measures. The main discharge from the Yarragadee 
Aquifer is offshore (Briese 1979). 

Salinities of the Yarragadee in the Minyulo catchment from Moora ranged from 330 to 770 mg/L TDS 
(Briese 1979).  Groundwater salinity of the Yarragadee Aquifer is highest along the Darling and 
Muchea Fault, where salinity exceeds 3000 mg/L TDS (Kay and Diamond 2001). 

7.4.3.3 Leederville-Parmelia Aquifer 
The Leederville-Parmelia Aquifer in the Minyulo catchment is located east of the Darling Fault to the 
Gingin Scarp or Dandaragan Scarp.  The aquifer is overlain with the Coolyena Group except within 
drainage lines, where erosion has removed the group.  Underlying the aquifer is the Otorowiri Member 
that comes close to the surface along the Dandaragan Scarp and Gingin Anticline. 

The westward groundwater flow in the Leederville- Parmelia Aquifer is restricted along the Gingin 
Anticline and Dandaragan Scarp, increasing the hydraulic gradient (Moncrieff 1989). 
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Recharge of the Leederville-Parmelia Aquifer within the Minyulo catchment is by direct rainfall 
infiltration on the Dandaragan Plateau where the Coolyena Group is thin or absent. The main recharge 
area of the Leederville-Parmelia Aquifer is located 50 km north of the Moora line (Commander 1981) 
within the Hill River surface water catchment. Groundwater recharge also occurs along the Gingin 
Anticline.  Furthermore, groundwater of the Leederville Parmelia may also be recharged from the 
underlying Yarragadee Formation through leakage from the Otorowiri Member, as evident by 
downward hydraulic heads at GL7 (Moncrieff 1981) (Figure 30).  Currently there is also debate to the 
significance of groundwater recharge across the Darling Fault. 

Balleau and Passmore (1972) and Briese (1979) used isopotentials to indicate regional groundwater 
flow is towards the south-southwest (Figure 14). 

Groundwater outflows from the Leederville Parmelia Formation in the Minyulo catchment is across 
the Gingin Anticline, recharging the Leederville Aquifer (Figure 15).  There is minor evaporative 
discharge of the Leederville- Parmelia Aquifer from permanent pools in the Moore River (Briese. 
1979). 

Groundwater quality of the Leederville-Parmelia Aquifer is lowest in the east from the saline drainage 
water of the Yarra Yarra Region (Briese, 1979) (Figure 22).  Towards the coast the salinity of the 
groundwater progressively improves as it becomes diluted with fresher water (Moncrieff 1989). 
Groundwater of the Leederville Parmelia is generally less than 1000 mg/L TDS, however can exceed 
higher levels at intake areas from the saline drainage of the Yarra Yarra Region (Briese 1979). 

7.4.3.4 Cattamarra Aquifer 
The Cattamarra Aquifer subcrops in the west of the Minyulo catchment.  Recharge is presumably by 
direct infiltration of rainfall from the overlying superficial aquifer and from the Yarragadee Aquifer. 
Groundwater flow is southerly, similar to the Yarragadee Aquifer.  Groundwater discharge from the 
aquifer occurs along fault boundaries into the Lesueur Sandstone and coast (Briese 1979).  
Groundwater discharges from the formation in the low-lying areas along the foot of the Gingin Scarp 
eat of Cervantes where the potentiometric head of bores LS3A and LS4A is above ground level 
(Figure 31). 

The aquifer generally has a high salinity. A salinity of 457 mg/L was recorded from Bore 8 of the 
Moora Line.  The low quality of the groundwater is associated with the interbedded siltstone and shale 
and also by recharge by brackish water from the overlying superficial aquifers (Kern 1988).  The high 
salinity of the groundwater is most suitable for stock water.  

7.4.3.5 Eneabba-Lesueur Aquifer 
The aquifer outcrops, faulted against the Cattamarra Aquifer within the western margin of the Minyulo 
catchment. 

Recharge of the Eneabba-Lesueur Aquifer is by direct infiltration at its outcrop, groundwater inflow 
from the Cattamarra Coal Measures and from the overlying Eneabba Aquifer (Briese 1979).  The 
groundwater within the aquifer flows in the southwest, due to the hydraulic barrier created by the 
impermeable Kockatea Shale. 

Groundwater salinity in the Lesueur Sandstone is generally low except along the Lesueur Fault where 
there is leakage of saline groundwater from the Cattamarra Coal Measures.  Moora bore 8, located 
close to the Lesueur Fault supports the suggestion with a very high salinity of 4500 mg/l TDS (Figure 
31).  Briese (1979) noted that the site is unrepresentative, with the high salinity contributed to a 
limited surface recharge at the area sampled. 

7.4.3.6 Leederville Aquifer 
The Leederville Aquifer is located in the southwest corner of the Minyulo catchment where it sub-
crops to the surface.  Underlying the aquifer hydraulically disconnecting it from the underling 
Yarragadee Aquifer is the South Perth Shale. 
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Connection of the Leederville Aquifer to the superficial aquifer occurs where the low permeable strata 
of the Coolyena Group is thin or absent. Major groundwater recharge to the Leederville Aquifer 
occurs across the Gingin Anticline from the Leederville-Parmelia Aquifers and overlying superficial 
aquifers.  A downward head difference between the watertable and the underlying Leederville is CS 
15 the difference in groundwater head from water levels in the superficial aquifer and the Leederville 
Aquifer is 6.5m (Figure 31). 

The salinity in the Leederville Formation is generally 500-1000mg/L TDS (Moncrieff 1989) (Fig 9).  
In the southwest of the catchment the high salinity values of the Leederville Aquifer are attributed to 
salt plumes from lakes and swamps within the superficial aquifer. 

7.4.3.7 Surficial Groundwater System and Localised Groundwater Systems 
It is difficult to differentiate the surficial groundwater systems from the Poison Hill groundwater 
system.  The surficial groundwater system within the Minyulo catchment therefore incudes all perched 
groundwater together with the Poison Hill groundwater system.  The surficial formations are important 
in the west of the Minyulo catchment where it discharges into the drainage lines of the Minyulo and 
Caren Caren Brooks. 

The groundwater system is unconfined and has a highly disconnected groundwater flow.  The 
groundwater system occurs close to the surface being responsible for the majority of land degradation 
in the catchment from where it discharges to the surface.  The salinity of 500 mg/L (TDS) ranges 
between 500 to 5000 mg/L along drainage lines (Kay 1999).  The hyper saline (10 000mg/L) salt 
lakes, west of Moora, are suggested by Kay (1999) to possibly occur through the discharge from the 
surficial groundwater system, although argument also exists for the lakes existing from discharge of 
the Leederville-Parmelia Aquifer. 

7.5 Hill River Catchment  

7.5.1 Physiography/ Landform 
The catchment, located in the middle to north of the region, is defined by the watershed of the Hill 
River (See Fig. 5; Section 2.4) .  The catchment drains across the Dandaragan Plateau, Arrowsmith 
Region and the Swan Coastal Plain. The Hill River is the only river between the Irwin and Moore with 
an outlet on the coast.  The active drainage area of the catchment lies within the Arrowsmith Region 
being characterised by a dendritic drainage system. On the Dandaragan Plateau the drainage lines are 
poorly developed and are referred to as inactive due to the minor contribution to stream flow. 

7.5.2 Landuse 
A relatively large area of the Hill River Catchment contains significant areas of remnant vegetation 
within the CALM reserves and Crown Land.  The largest areas of remnant vegetation are located 
within Crown Land to the northeast of the catchment  

The agricultural land in the Hill River catchment supports grazing with some cropping occurring 
through the east of the catchment. 

7.5.3 Hydrogeology 
7.5.3.1 Leederville-Parmelia Aquifer 
As much as 3m thickness of laterite covers weathered sediments of the Parmelia Formation.  It is not 
as well developed as other parts of the Perth Basin (Balleau and Passmore 1972).  Beneath the laterite 
the Yarragadee Formation is leached, in some places to more than a hundred meters (WL4) below the 
groundwater surface (Harley 1974) (Figure 31). 

The potentiometric surface and topography are reported by Balleau and Passmore (1972) to be nearly 
coincident. Groundwater movement is between the hydraulic boundaries of the Dandaragan Scarp and 
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Darling Fault. Groundwater flow between the boundaries is generally towards the south from higher 
elevations west and north of the Agaton borefield.  

In WL1 adjacent the Darling Fault (Figure 30) the salinity exceeds 5000 mg/L (Figure 21) at the 
intake from the saline drainage along the Darling Fault zone. 

Potentiometric water levels were constant from east to west and may decrease slightly with depth 
(Figure 20).  Balleau and Passmore (1972) showed the groundwater flow to be in a southeasterly 
direction. 

Localised recharge across the aquifer is known to contribute to change in potentiometric surfaces north 
and south of A7, as flow encounters a less permeable bed.  Localised groundwater mounding also 
occurs beneath local topographic highs (A9) (Balleau and Passmore 1972). 

Recharge takes place in the outcrop area of sediments in the west (Balleau and Passmore 1972).  
Recharge occurs within the north of the aquifer, south of the Eneabba Line (Commander 1978).  The 
recharge is likely to have been caused from the high topographic elevation, and presence of the thick 
sequence of Quaternary sands. 

The aquifer has a salinity range of 160 mg/l to just over 2000 mg/l, although it is generally less than 
1000 mg/l.  Areas of fresher water coincide with the presence of palaeochannel aquifer, where absence 
of laterite may facilitate recharge. 

The watertable occurs at a maximum depth of 90m below surface along the Eneabba line (Commander 
1978) with an east to west hydraulic gradient.  The westerly flow causes spring flow against the 
Otorowiri Member (Dandaragan Scarp).  A groundwater divide for the Leederville-Parmelia Aquifer 
is located south of the Eneabba Line, with groundwater north of the divide flowing northwards to 
discharge at the Arrowsmith River. Groundwater movement of the aquifer is south of the groundwater 
divide (Balleau and Passmore 1972). 

7.5.3.2 Otorowiri Siltstone Member 
The Otorowiri Siltstone Member forms a hydraulic barrier between the Yarragadee Aquifer and the 
overlying Leederville-Parmelia Aquifer.  The Otorowiri Member holds a head difference between the 
aquifers, which is as much as 140m (Commander 1981).  The Otorowiri Siltstone Member comprises 
small independent groundwater systems within beds of sand that have a ranging potentiometric surface 
(Harley 1974).  Salinities of the groundwater are extremely high reaching 2190 mg/L. The sands were 
intersected in WL5A (Figure 30) and Hill River Bores (Harley 1974). 

7.5.3.3 Yarragadee Aquifer 
Potentiometric levels were measured at several depths in the Yarragadee Aquifer, showing little 
variation implying a horizontal flow dominates the system.  Flow in the upper cretaceous bed is an 
exception.  The heads of the Leederville-Parmelia Aquifer have a downward gradient with the 
Yarragadee Aquifer indicating a potential for recharge from the Leederville-Parmelia Aquifer.  

The Yarragadee Aquifer underlies the whole area east of the Darling Fault. 

The 25-30m of sand intersected from A22 and A23 (Figure 30) has likely to have been deposited in an 
old watercourse. The thin cover appears to be residual or wind deposited. 

The aquifer has a groundwater movement to the north and south along the east to west of the 
groundwater divide, located South of the Eneabba Line. West of the Dandaragan Scarp Groundwater 
flow is towards the northwest, with potentiometric heads declining over 100m in the south to less than 
40m towards the Arrowsmith River (Commander 1981).  The slight rises and falls in the 
potentiometric surfaces of the Yarragadee Aquifer to the west of the Dandaragan Scarp may be caused 
by local factors including the discharge (WL10) or recharge (WL8) from Hill River (Figure 30).  The 
Hill River seasonally recharges the Yarragadee Aquifer to the west of the catchment with groundwater 
discharge occurring into the Hill River further at the east. Hill River Springs, Bitter Pool and 
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Coomallo Lake represent a groundwater contribution to river discharge (Commander 1981).  Harley 
(1975) suggests groundwater flow of the Yarragadee be towards the southeast. 

Recharge to the aquifer is from the unconfined section of the Yarragadee Aquifer located west of the 
Dandaragan Scarp and by episodic recharge along the Hill River (Harley 1974).  Recharge takes place 
from rainfall and also possibly by concentration of surface runoff.  There may potentially also be some 
downward leakage from the overlying Parmelia-Leederville Aquifer (Commander 1981). 

Groundwater discharge of the Yarragadee Aquifer takes place in the northwest along the Warradarge 
Fault and Cadda Formation (Figure 11). 

The lowest salinities occur just west of the Dandaragan Scarp, and in the south of the outcrop area.  
The salinity increases in the northwest (Figure 26). Salinities in the west section Hill River catchment 
are less than 1000 mg/L, increasing to the east with depth (Figure 25).  The high salinity in WL1 
(Figure 30) is due to the local intake; with faults west of the Magnetic Observatory bore preventing 
westward contamination.  The groundwater salinity around WL 10 (Figure 31) is less than 500 mg/l, 
but gradually increases to the east and with depth (Figure 26). 

7.5.3.4 Surficial Groundwater System 
Shallow groundwater can be locally perched in the Quaternary sediments above the less impermeable 
cretaceous sediments. Water movement is dominated by local groundwater flow systems.  The 
groundwater system is recharged from direct infiltration of rainfall and discharges at evaporative 
soaks.  There is leakage from the shallow groundwater systems into the underlying Leederville-
Parmelia Aquifer east of the Dandaragan Scarp. 

Thin Surficial groundwater systems are located along the Dandaragan Scarp in the vicinity of Dinner 
Hill (Harley 1974).  The line of shallow soaks and wells tapping these aquifers in the Quaternary sands 
are parallel to the apparent strike of the Otorowiri Siltstone Member (Harley 1974).  Salinities vary 
from 2000 mg/L to 100 mg/L.  The high salinities are due to evapotranspiration losses. 

Except for the Poison Hill Greensand, that comprises the Poison Hill groundwater system the 
Coolyena Group is a relatively impermeable barrier that serves as a hydraulic barrier.  The Poison Hill 
groundwater system is difficult to distinguish from the surficial groundwater system and is thereby not 
differentiated.  In A2 (Figure 31) groundwater was found in channel sands overlying the Osborne 
Formation (Balleau and Passmore, 1972).  The extent of the numerous springs in the Dandaragan area 
is located at the outcrop of the Coolyena Group. 

Localised groundwater systems are also located on impermeable beds of laterite overlying the 
Yarragadee Formation (Balleau and Passmore 1972). Watertables are shallow, mostly within 5 metres 
of the surface.  Recharge is from rainfall and local runoff, with discharge taking place in small springs, 
swamps and ephemeral lakes. 

To the east of the Hill River catchment extensive aeolian sands overlie relatively impermeable 
sediments on the eastern Dandaragan Trough and Southern Irwin sub-basin.  The sediments are 
partially saturated providing localised groundwater supplies. South of the Irwin sub-basin the aeolian 
sands from a shallow aquifer.  The aeolian sands overlie impermeable bedrock to the east of the Urella 
Fault.  The water is used for soaks, wells and shallow bores.  The topography strongly influences the 
shallow depth to groundwater and flow towards the Yarra Yarra lakes (Commander 1981).  Salinity in 
soaks ranges from 250mg/L near the Urella Fault to 1200mg/L at the discharge to the Yarra Yarra 
lakes (Commander 1981). 

Where water levels of the localised groundwater system are above the potentiometric head of the 
surface there is a possibility for downward leakage to the underlying regional aquifer. 

7.5.3.5 Cattamarra Aquifer 
The Cattamarra Aquifer intercepted in bore WL11 (Figure 31) consists of several discrete aquifers that 
show marked variations between their potentiometric levels.  The topography indicates groundwater 
flow is towards the Hill River. 
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Recharge is from direct infiltration where the aquifer outcrops, and possibly from downward leakage 
of the overlying aquifers.  The groundwater salinity of the Cattamarra Coal Measures rarely are less 
than 1000 mg/l and increase with depth to more than 5 000 ppm at WL11 (Figure 31). 

In areas the potentiometric surface of the Cattamarra Aquifer may be sufficient to discharge brackish 
water into the Yarragadee Aquifer (2000 mg/L) (Commander 1981). 

7.5.3.6 Eneabba-Lesueur Aquifer 
Recharge to the aquifer in the Hill River catchment occurs to the east of the Gingin Scarp, particularly 
where the formation is exposed along the Hill River.  Groundwater flow of the Eneabba-Lesueur 
Aquifer is westwards towards the coast where it discharges.  Discharge also occurs along the Beagle 
Fault system in the catchment at the hydraulic boundary with the Kockatea Shale. Groundwater 
discharge from the Lesueur-Eneabba Aquifer maintains the water supply to Canover Pool in the Hill 
River. 

Groundwater salinity of the Eneabba-Lesueur Aquifer was recorded as 2100 mg/L in bore LS5A 
(Figure 31), near the coast within the Hill River catchment.  The salinity decreases further east from 
the coast towards the recharge area (Figure 26) (Kern 1997). 

7.6 Cockleshell Catchment 

7.6.1 Physiography/ Landform 
The Cockleshell catchment is the smallest catchment of the Region, located in an area 25 km northeast 
of Jurien (See Fig. 5; Section 2.4).  The catchment drains the Arrowsmith Region onto the Swan 
Coastal Plain.  The surface water drainage system terminates into swamps and lakes in the inter-dunal 
depressions along the coastal strip, as described in the North Coastal Dunes. 

7.6.2 Landuse 
A large area of the catchment area in uncleared with remnant vegetation contained within the Lesueur 
and Drovers Cave National Parks.  The Lesueur National Park encompasses the entire Cockleshell 
Gully catchment to the east of the Gingin Scarp.  Drovers National Park is located south of 
Cockleshell Gully.  A catchment with soils of relatively poor fertility, the cleared land is primarily 
used for grazing. 

7.6.3 Hydrogeology 
7.6.3.1 Superficial Aquifers 
The groundwater flow of the superficial aquifer in the catchment is towards the west from the Gingin 
Scarp to coast across a high to low hydraulic gradient that reflect the topography and soil properties.  
The watertable in Cockleshell Gully drops by 60m over a 6km distance. Groundwater flows of the 
superficial aquifer are discharged into coastal lakes underlain by Kockatea Shale before being 
discharged to the ocean. 

In the west of the Cockleshell Gully there is significant recharge from the underlying Yarragadee 
Aquifer. At site LS11 (Figure 31) there is an upward head gradient of 11.9m over an interval of 50m 
in the top of the Eneabba-Lesueur Aquifer. Recharge of the superficial aquifer is also by direct 
infiltration of rainfall.      

Groundwater salinity increases towards the coast and is highest in the catchment towards the discharge 
boundary represented by the chain of salt lakes where the Cockleshell Gully terminates.  The salinity 
of LS10 (Figure 31) is 3970 mg/L TDS, located at the termination of the Cockleshell Gully adjacent 
salt lakes. Salinities of 1000 mg/L occur along the Gingin Scarp where the Yarragadee Aquifer 
discharges.  Fresh groundwater of 1000 mg/l exists only in a 1/3 of the Cockleshell catchment located 
on the Swan Coastal Plain. 
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7.6.3.2 Eneabba-Lesueur Aquifer 
The aquifer is located east of the Beagle Fault within the catchment.  The groundwater divide for the 
Lesueur Sandstone Aquifer is located within the Cockleshell Gully catchment. Groundwater flows 
from the divide are to the northwest and southwest in the north and south of the catchment. Recharge 
to the Eneabba-Lesueur Aquifer occurs primarily outside of the catchment along the Hill River where 
the formation is exposed. Recharge to the Eneabba-Lesueur Aquifer occurs in the catchment along the 
Gingin Scarp and across faults from the Eneabba Formation and Cattamarra Coal Measures. 

Groundwater flow in the Eneabba-Lesueur Aquifer within the catchment is eventually discharged 
along the Beagle Fault into the ocean, through the superficial aquifer underlain by the impermeable 
Kockatea Shale. Discharge takes place across the Beagle Fault where superficial sediments have been 
incised below the watertable in the Eneabba-Lesueur Aquifer to allow an overflow into the Tamala 
Limestone. Commander (1981) suggests the process is occurring along the Cockleshell Gully where 
the watertable in a shallow bore is higher than the Woolmulla Pool, just west of the Beagle Fault. 

The salinity of the Eneabba-Lesueur Aquifer increases from the recharge areas along the Gingin Scarp 
towards the discharge area along the Beagle Fault system.  Groundwater salinity in the Lesueur 
Sandstone along the Gingin Scarp of the catchment in bore LS11 (Figure 31) was 500 mg/L Total 
Dissolved Solids (TDS).  The Cattamarra Aquifer possibly contributes to the leakage of brackish water 
into the aquifer (Kern 1997). 

7.7 Logue Catchment  

7.7.1 Physiography/ Landform 
The catchment is situated north of Leeman, east of the North Coastal Dunes (See Fig. 5; Section 2.4).  
The catchment extends across the Arrowsmith Region, west of the Gingin Scarp onto the Swan 
Coastal Plain.  The surface water drainage system terminates into swamps and lakes in the inter-dunal 
depressions along the coastal strip as described in the North Coastal Zone. 

7.7.2 Landuse 
A large area of the catchment is uncleared with remnant vegetation remaining in CALM estates, 
vacant crown land and reserves.  An important natural habitat area within the catchment is the Lake 
Indoon Wildlife Sanctuary, southwest of Eneabba.  Agricultural activity is predominantly contained to 
the south of the catchment.  Cleared land is mainly used for grazing due to the inherently low fertility 
of the soils. Irrigation of lucerne is occurring near White Lake (Kern 1997). A significant area of land 
to the south of Eneabba is used for sand mining to obtain rare earth minerals. 

7.7.3 Hydrogeology 
7.7.3.1 Superficial Aquifer 
The superficial aquifer extends west from the Gingin Scarp to the coast. Groundwater flow of the 
aquifer is west with groundwater discharged to the ocean.  The presence of surface water drainage 
systems is terminated at the coastal strip of the Swan Coastal Plain adjacent the coastline. 

West of Eneabba, the superficial aquifer has an impermeable base causing the perching of 
groundwater.  Lake Indoon and Lake Logue have been developed from the perching of groundwater 
over the impermeable base of the superficial formation. 

7.7.3.2 Yarragadee Aquifer 
The Yarragadee Aquifer subcrops in the east of the catchment, bounded by the Dandaragan Scarp and 
Warradarge Fault. Groundwater flow of the Yarragadee Aquifer is towards the west from the recharge 
zone on the Eneabba Plain.  The aquifer has a regional north to northwest flow. Recharge of the 
aquifer in the Logue catchment is primarily from the infiltration of rainfall and surface runoff east of 
the Gingin Scarp. East of the Gingin Scarp the Yarragadee Aquifer is additionally recharged by the 
overlying superficial aquifers on the Eneabba Plain.  Discharge of the Yarragadee Aquifer possibly 



NACC   West Midlands Hydrology Project          Page  87 

Earth Tech Engineering Pty Ltd 

 

 

 

occurs across the Warradarge Fault inflowing into the Cattamarra Aquifer. Channel sands at EL6 
(Figure 31) form a hydraulic connection supporting the relatively low potentiometric head.  The 
salinity of the aquifer increases to the west from the recharge areas.  Groundwater salinity of the 
Yarragadee Aquifer within the catchment is between 500-1500mg/L (Kern 1997). 

7.7.3.3 Cattamarra Aquifer 
The Cattamarra Aquifer was encountered between the Warradarge and Beagle Faults at bores EL8, 
EL9 and EL11 (Commander 1978).  The groundwater flow of the Cattamarra Aquifer is to the north.  
The Cattamarra Aquifer is recharged from direct rainfall and surface runoff in outcrop areas and by 
downward leakage of the superficial aquifer.  Recharge from the superficial aquifer occurs near bore 
EL8, where the hydraulic head decreases with depth (Commander 1978).  The discharge of the 
Cattamarra Aquifer is towards the sea and by upward leakage along the coastal strip of the North 
Coastal Dunes.  The salinity of groundwater in the Cattamarra Aquifer ranges from 620 to 2190 mg/L 
(Commander 1981). Groundwater is less than 1000mg/l in elevated areas of outcrop of the aquifer in 
the Arrowsmith Region. 
 
7.7.3.4 Eneabba-Lesueur Aquifer   
The aquifer is recharged by rainfall and concentration of surface run-off on its outcrop area and from 
the overlying Cattamarra Aquifer.  The Eneabba-Lesueur Aquifer is recharged from rainfall and 
surface water runoff east of the Gingin Scarp. Groundwater flow of the aquifer in the catchment is 
towards the northwest from the groundwater divide in the Cockleshell Gully.  Downward leakage of 
the superficial aquifer also contributes to recharge of the Eneabba-Lesueur Aquifer near LS 7 (Figure 
31) (Kern 1997).  Discharge from the aquifer occurs along the Beagle Fault and has produced Three 
Springs, located 25 km southwest of Eneabba.  Upward hydraulic gradients in EL9 and EL11 (Figure 
31) indicate a potential for recharge from the underlying aquifer systems (Commander 1978).  The 
discharge from the aquifer occurs as spring discharge along the Beagle Fault at Three Springs, located 
25km southwest of Eneabba.  The caves along the Beagle Fault system may be active in facilitating 
the movement of groundwater to the coast.  The salinities are lowest at the outcrop area where the 
aquifer is recharged (300-900mg/L) (Commander 1981).  Salinities increase from the recharge area 
towards the coast where the groundwater is discharged. 
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8 Hydrological Land Degradation in the West Midlands  
The identification of areas threatened by waterlogging and salinity from rising watertables requires an 
understanding of the hydrogeology.  A knowledge of salt distribution and the processes contributing to 
land salinisation and waterlogging is also required (Coram 1998). 

8.1 The occurrence of waterlogging and salinity in the West Midlands 
Agricultural Region 

Both regional and local processes influence the occurrence of waterlogging and salinity.  The major 
regional factors influencing groundwater rise and the occurrence of future degradation are the 
stratigraphy, climate, landuse and landforms.  At a local scale the process and products from the 
weathering of the geological formations strongly influence the occurrence of groundwater discharge.  
Discharged water that is unable to flow due to a low topographic gradient causes waterlogging and 
salinisation, through the evaporation and concentration of salts (George et al 1997). 

A number of hydrogeological models have been generated to represent the cause of groundwater 
discharge in the region (Kay 1999, Commander 1981, Rutherford 2000).  These models enable a 
discharge site to be categorised and thereby provide a foundation for determining a suitable 
management option.  Groundwater discharge models remove the need to fully understand the exact 
cause of the discharge through illustration of the processes causing hydrological land degradation.  
Each discharge model has been formulated from the evaluation of a field discharge site and gathering 
information on the discharge source, groundwater flow direction and the permeability barriers 
preventing or impeding groundwater movement. 

Degradation associated with geological formations also includes erosion caused by uncontrolled 
surface and subsurface water flows. This is particularly noticeable on valley slopes surrounding the 
Otorowiri Member. 

8.2 Localised Groundwater Discharge Zones   
A localised Groundwater Discharge Zone refers to an area where the expression of groundwater at the 
surface is in close contact with the recharge area.  The recharge area may be within the same paddock 
as the discharge area or within an adjacent property.  The time taken between rainfall infiltration and 
its discharge is relatively fast compared to the regional aquifers.  The low residence time of 
groundwater indicates a short lag time effect between management implementation and effect. 

The majority of waterlogging and salinity in the West Midlands Agricultural Region is primarily 
correlated to the Otorowiri Member, Osborne Formation, Cadda Formation and Cattamarra Coal 
Measures (formerly a member of the Cockleshell Gully Formation).  Three high-risk degradation 
zones identified throughout the region include the Cattamarra, Otorowiri and Osborne (Figure 31).  
Hydrological degradation also occurs throughout the region from laterite and clays developed from the 
in situ weathering of the Yarragadee and Leederville, Parmelia Formations.  The Department of 
Agriculture is primarily responsible for research into the hydrogeological processes responsible for 
land degradation in the region. 

8.2.1 Cattamarra Hydrological Degradation Zone 
The Cattamarra Land Degradation Zone includes the Cattamarra Coal Measures, Cadda Formation and 
Eneabba Formation, with low permeabilities from the weathering to a clay rich soil (Figure 32). 

8.2.1.1 Permeability Contrast 
Groundwater Discharge from the upward hydraulic gradient of the Yarragadee Aquifer has produced a 
chain of springs along the impermeable Cadda Formation and Warradarge Fault.  The springs are 
located within localised depressions that are underlain by an impermeable substrate associated with 
the Cadda Formation and Cattamarra Coal Measures.  The springs are unconnected and are unable to 
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LOCALISED GROUNDWATER DISCHARGE MODELS 
Cattamarra Hydrological Degradation Zone 

  

 
Figure 33: Groundwater Discharge Sites: Discharge from Permeability Contrast, Valley Floor 

Break of Slope (adapted from Rutherford 2000) 

 

 be diluted by surface water flows.  Through time the water quality of these springs deteriorates, 
promoting salinisation. 

8.2.1.2 Valley Floor 
In the lower landscape along the Cattamarra Coal Measures and Cadda Formation, calcrete and 
silcrete developed within the valley floors are indurated to form a low permeability barrier that 
promotes waterlogging.  The precipitation has occurred from the dissolved minerals in the 
groundwater. 

Lakes forming in localised depressions between Eneabba and Leeman have been developed as perched 
watertables overlying the Eneabba Formation.  The impermeable layer at the base of the superficial 
formation prevents the hydraulic connection of the superficial aquifer with the underlying Eneabba-
Lesueur Aquifer (Kern 1994). Lake Indoon and Lake Logue have both been found to be hydraulically 
separate from the underlying regional Eneabba-Lesueur Aquifer (Kern 1997, Commander 1981).  The 
Department of Agriculture is completing an on-going hydrogeological investigation of the lakes. 
Drilling by the Department of Agriculture around the lakes found no evidence of a perching layer at 
the base of the superficial sediments.  The drilling encountered a saturated profile from the surface to 
base of the boreholes (18 and 21.5m). At 17-20m a bed of Glauconite sands were intersected.  The 
presence of Glauconite has been postulated (Personal Communication, R. Speed) to contribute to the 
eutrophication of the lake through the upward head of the regional aquifer leaching phosphorus to the 
surface. 
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8.2.2 Otorowiri Hydrological Degradation Zone 
Groundwater discharge sites occurring along or in close proximity to the Dandaragan Plateau are 
associated with the Otorowiri Member, conformably underling the Parmelia Formation, that serves as 
an aquaclude through maintaining hydraulic discontinuity with the underlying Yarragadee Aquifer. 
The Otorowiri Member does not contain a watertable. 

Rutherford (1999) and Deshon (2001) have developed groundwater discharge models to represent the 
nature of discharge along the Otorowiri Siltstone.  Groundwater discharge occurs from the saturated 
profile overlying the Otorowiri Member (Figure 34). 

8.2.2.1 Permeability Contrast 
The saturated profiles exist over impermeable clay that has originated from the weathering of the 
Otorowiri Member. The clays are believed to contain a high salt load, through the time series 
accumulation of salts within the rainfall.  The saturated sediments overlying the Otorowiri Member 
have relative high permeability’s, being effective in the transmission of groundwater.  The saturated 
sediments are either quaternary sands or a weathered profile of the Otorowiri Member.  The low 
angles and slopes restrict water flow. Discharged groundwater is generally a fresh to brackish quality, 
however, it is likely to stagnate and evaporate unless it drains quickly into an efficient drainage line or 
aquifer.  Where the groundwater is allowed to stagnate and evaporate on the Otorowiri Member, 
salinisation of the surface is possible. 

Groundwater discharge along the Otorowiri Member may also occur at a permeability contrast 
between the weathered profiles from sandy shale the weathering of siltstone within the Otorowiri 
Member.  Discharge of groundwater occurs at the margin of the sediments caused by the relatively 
low permeability of weathered siltstones.  The subsurface cauterisation over the Otorowiri Member 
siltstones is likely to exacerbate the discharge through providing an additional low permeability barrier 
at the margin with the weathered sandy shale. 

Waterlogging and salinisation along the eastern margin of the Otorowiri Member also occurs from the 
discontinuous vertical and horizontal sand lenses.  The sand lenses within the siltstone often provide a 
hydraulic gradient for groundwater to reach the land surface.  The discharged groundwater pertained 
within these localised systems discharge to the surface. Sand lenses originate from water almost 
compartmentalised within the siltstone.  The more permeable sands offer a migration pathway for the 
water to reach.  An upward flow is maintained by water residing within the clays being under pressure.  
The groundwater within the sand lenses is likely to have moved from the Otorowiri Member clays  

Discharge from the Parmelia-Leederville Aquifer caused land degradation across the Otorowiri 
Member has also been proposed in part is caused by discharge from the Parmelia-Leederville Aquifer 
that borders the impermeable Otorowiri Member within the east. It is conceptualised that the regional 
watertable transmits into the permeable sediments overlying the clay rich sediments of the Otorowiri 
Member.  The groundwater from the Parmelia-Leederville Aquifer to the overlying sediments of the 
Otorowiri Member occurs through the topographical valleys that incise the Dandaragan Scarp. 

8.2.2.2 Break of Slope  
Groundwater discharge occurs at the break of slope along the Otorowiri Member.  The expression of 
discharge at the surface is due to the water in the overlying sediments of the Otorowiri Member being 
unable to effectively move downslope, compared to uphill.  The lower transmission of the water is 
caused by a lower slope and poorer hydraulic conductivity of the sediments.  
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LOCALISED GROUNDWATER DISCHARGE MODELS 

 
Figure 34a: Groundwater Discharge Sites: Otorowiri Member (adapted from Rutherford 2000)      

            
Figure 34b: Groundwater Discharge at Break of Slope (adapted from Rutherford 2000) 
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Figure 34c: Groundwater Discharge: Permeability Contrast (adapted from Rutherford 2000) 

 

                       
Figure 34d: Groundwater Discharge: Permeability Contrast (adapted from Rutherford 2000) 
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Figure 34e: Groundwater Discharge: Permeability Contrast (adapted from Rutherford 2000) 

 

8.2.3 Osborne Formation 
Hydrological degradation in the central Dandaragan Plateau has been caused from the Osborne 
Formation, of the Coolyena Group.  Conceptual models for groundwater discharge formulated by Kay 
(1999) can applied to the outcropping and sub-cropping areas of the Coolyena Group.  The Osborne is 
an aquaclude forming an impermeable barrier system for the overlying saturated profile. 

Groundwater discharge is a function of surface topography and permeability contrasts.  The discharge 
of groundwater from the saturated profile occurs by a number of different processes (Figure 35). 

8.2.3.1 Permeability Contrast 
Permeable sands overlying sediments of low permeability cause the most common form of discharge.  
The Osborne Formation forms an impermeable barrier that underlies the more permeable sands 
associated with the Poison Hill groundwater system.  The discharge process is also believed to be 
responsible for waterlogging and salinity expression along the margin of low permeability alluvial 
sediments. Kay suggests that the model is applicable along floodplain of the Moore River. 

Discharge of groundwater above impermeable horizontal layered sediments exists as the erosional 
surface.  The discharge is above the confining layers and impermeable horizontal beds of the Osborne 
Formation.  The discharge is annual, occurring over a larger saturated zone. Examples of the 
sediments contributing to the discharge within the region include the layered Poison Hill sediments 
and Gingin chalk.  To a lesser degree laterite may contribute to groundwater discharge at the erosional 
surface through serving as a hydraulic barrier promoting the lateral transmission of groundwater. 

8.2.3.2 Break of Slope  
Groundwater discharge also occurs at the break of slope of the Poison Hill Greensand underlain by the 
Osborne Formation.  The expression of discharge at the surface is due to the water being unable to 
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move as effectively downslope, compared to uphill.  The lower transmission of the water is caused by 
a lower slope and poorer hydraulic conductivity of the sediments. 

8.2.3.3 Valley Floor 
The valley floor discharge refers to the event where groundwater within the Poison Hill groundwater 
system discharges to the surface at the valley floor. Water accumulates from the catchment into the 
valley floor to saturate the aquifer.  The discharges in the valley floors are typical within the broad 
low-lying valley floors underlying the Osborne Formation. 

 

LOCALISED GROUNDWATER DISCHARGE MODELS 
Osborne Hydrological Degradation Zone  

 
Figure 35a: Groundwater Discharge Sites: Osborne Formation (adapted from Rutherford 2000)
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  Figure 35b: Discharge in valley floors (adapted from Kay 1999) 

                                              
  Figure 35c: Discharge at the break of slope (adapted from Kay 1999) 

                                              
  Figure 35d: Discharge over low permeability strata (adapted from Kay 1999) 



NACC   West Midlands Hydrology Project          Page  97 

Earth Tech Engineering Pty Ltd 

 

 

 

8.2.4 Lateritic Hydrological Discharge Zone   
Conglomerated laterite pisolites mixed with clays form an impermeable substrate on the in situ 
weathered Yarragadee, Leederville and Parmelia Formation (Commander 1981).  The process leading 
to the discharge occurs by rainfall infiltrating into the surface, which overlies permeable sediments 
onto the impermeable clay and laterite.  Groundwater moves laterally across the laterite and clay to 
discharge at the erosional surfaces. 

The occurrence of waterlogging and salinity from the impermeable horizons of clay and laterite are 
not as extensive as degradation outside of the Osborne, Cattamarra and Otorowiri Hydrological 
Degradation Zones.  Where waterlogging exists from a perched impermeable horizon the area has 
frequently been exploited as a soak to provide water to stock (Figure 36). 

8.3 Regional Aquifer Discharge 
Given the rising rates of groundwater levels from the Yarragadee and Leederville-Parmelia Aquifers 
discharge from the aquifers are likely to be a continuing concern to landowners.  The Yarragadee, 
Leederville-Parmelia and Cattamarra Aquifers all discharge to the surface in the region.  The 
discharge areas from the regional aquifers are located at the interface with the aquacludes, where 
hydraulic heads are sufficient in causing the aquifer to discharge to the surface. 

8.3.1 Cattamarra Aquifer 
The indurated calcrete and silcrete forming a low permeability barrier is discontinuous with breaks 
that allow groundwater from the regional Cattamarra Aquifer to discharge to the land surface (Figure 
36) (Rutherford 2000).  Surface expression of the watertable in the Cattamarra Aquifer is also located 
within ephemeral drainage lines and localised depressions (Figure 36).  The groundwater discharge is 
responsible for the occurrence of small lakes connected to broad drainage lines along the Hill River 
and Bibby Springs. Saline groundwater discharges to the surface from the Cattamarra Aquifer 
contributing to salinisation across the zone. 

8.3.2 Leederville-Parmelia Aquifer 
Groundwater discharge from the Leederville-Parmelia Aquifer on the Dandaragan Scarp is contained 
within areas where the confining Osborne Formation is thin or absent (Figure 38).  An area where the 
Leederville-Parmelia Aquifer discharges to the surface is not clearly defined with considerable 
conjecture surrounding discharges locations.  It is believed groundwater discharge from the 
Leederville-Parmelia Aquifer is responsible for the occurrence of salt lakes immediately west of 
Moora.  In the area the potentiometric head of the aquifer is close to the surface and the Osborne 
Formation possible missing (Kay 1999). 

To the north of the region springs exist along the eastern boundary of the Otorowiri Member.  Flow 
within the Leederville-Parmelia Aquifer is westerly across a small hydraulic gradient giving rise to 
spring flows across the Dandaragan Scarp, where the Otorowiri Siltstone Member outcrops. The 
relatively impermeable Otorowiri Siltstone Member maintains the head difference of the Parmelia-
Leederville Aquifer. 

2 Yarragadee Aquifer  
Groundwater discharge of the Yarragadee Aquifer is restricted to the western margin of the aquifer 
where it comes into contact with the more impermeable Cadda Formation and Cattamarra Coal 
Measures (Figure 39).  At the permeability margin the Yarragadee Aquifer has an upward gradient 
exerted at the faulted contact with the Cadda Formation in the north and Cattamarra Coal Measures. 
The upward hydraulic gradient has produced springs along the Warradarge Fault and interface with the 
Cadda Formation.  The groundwater discharge from the Yarragadee Aquifer has a low salinity, 
however deteriorates with time in the springs. Salinisation occurs through the evaporation and 
concentration of salts from a stagnant water body. 
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LOCALISED GROUNDWATER DISCHARGE 
Lateritic Hydrological Discharge Models 

              
Figure 36a: Groundwater Discharge: Ferricrete Layer (adapted from Kay 1999)  

 

              
 Figure 36b: Groundwater Discharge: Lateritic Profile (adapted from Rutherford 2000) 
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                REGIONAL GROUNDWATER DISCHARGE MODELS 
Cattamarra Aquifer 

                
 Figure 37a: Groundwater Discharge: Valley Floor (adapted from Rutherford 2000) 

 

                 
Figure 37b: Groundwater Discharge: Valley Floor (adapted from Rutherford 2000) 

 



NACC   West Midlands Hydrology Project          Page  100 

Earth Tech Engineering Pty Ltd 

 

 

 

REGIONAL GROUNDWATER DISCHARGE MODELS 
Leederville-Parmelia Aquifer 

                
 Figure 38a: Groundwater Discharge: Permeability Contrast (adapted from Kay 1999) 

 

                 
Figure 38b: Groundwater Discharge: Valley Floor (adapted from Kay 1999) 
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REGIONAL GROUNDWATER DISCHARGE MODELS 
Yarragadee Aquifer 

 
Figure 39a: Groundwater Discharge: Valley Floor  (adapted fromRutherford 2000) 

 

Figure 39b: Groundwater Discharge: Permeability Contrast (adapted Rutherford 2000)
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9 Groundwater and Land Management 
The extent of waterlogging and salinity in the West Midlands region is currently minor compared to 
the eastern wheatbelt, where as much as 30% of land is projected to be in risk of developing a shallow 
watertable within the next 50 years (George et al 1994). However, increasing areas of the West 
Midlands Agricultural Region shows signs of hydrological degradation.  The hydrogeology of the 
region is more complex, resulting in a greater level of uncertainty in conceptual models of the 
processes involved, but investigations of land degradation within the West Midlands to date have been 
limited.   

Preliminary studies suggest the West Midlands has a high risk of developing water logging and 
salinity around localised groundwater discharge points, from either superficial or regional aquifers. 
Higher salt deposition due to proximity to the sea is counteracted to some extent by the higher rainfall 
but such effects in turn depend on local soil, geological, topographical and vegetative characteristics. 
The greater cover of perennial vegetation has and is assisting reduce the risk of water logging and 
salinity in some areas. Nevertheless the effects of clearing are discernable and the impact both on and 
off-site are again dependent on localised and regional factors.   

Improved groundwater management is required at both a regional and localised scale to maintain the 
sustainability of both the groundwater resources and agricultural production within the West Midlands 
Agricultural Region. In a number of instances this requires an improved understanding of the 
hydrology so that the methods of management used are appropriate to the area concerned.   

9.1 Groundwater Management  
Groundwater is a major component of the economic water resources and of great importance to the 
continuing development of the West Midlands Agricultural Region. Aquifers presently supply both 
towns and industry.  Some groundwater resources within the region will become relatively more 
vulnerable to contamination, salinity and over abstraction as more intensive agricultural pursuits occur 
and population density along the coast increases.  It is expected that with the increasing pressure and 
dependence on water resources, the management of groundwater will progressively become of greater 
importance.  Management of the groundwater to maintain sustainability within the region will require 
the cooperation of users and all responsible state and local government agencies. 

The Water and Rivers Commission, which is now part of the Department of Water, Environment and 
Catchment Protection, has a major role in groundwater management of the region. Its operations 
include measuring and assessing groundwater resources, managing groundwater abstraction and 
protecting groundwater quality. 

9.2 Groundwater Management Areas  
Administration of the Water and Rivers Commission functions occur via groundwater management 
areas.  The Northern Perth Basin is divided into three groundwater management units; Gingin, Jurien 
and Arrowsmith Groundwater Management Areas.  The West Midlands Agricultural Region covers a 
large part of the former and almost all of the latter two areas.  Written management plan exists for 
each management area that, stipulate the policies and management principles for the area. 

The “Rights in Water and Irrigation Act” (1914) and the “Water and Rivers Commission Act” (1995) 
are used as legislative vehicles by the Water and Rivers Commission to enforce the effective 
management of groundwater resources within country areas. Some revision of these acts occurred in 
2001 to allow trading of water and the establishment of stronger community based management 
advisory committees. 



NACC   West Midlands Hydrology Project          Page  103 

Earth Tech Engineering Pty Ltd 

 

 

 

9.3 Groundwater Use 
Landowners use the groundwater resources within the West Midlands Region commonly for domestic 
use.  Domestic use includes using the groundwater for stock and domestic water supplies.  Under the 
“Rights in Water and Irrigation Act”, the right to use and control groundwater is vested in the crown.  
Licensing of all artesian and non-artesian wells within specific groundwater management areas is 
mandatory. 

The allocation of water to a property or landowner is in accord with the calculated water requirement 
for the purpose nominated when applying for a water allocation licence. Water  requirements for crops 
are based on figures provided usually by the Department of Agriculture Western Australia. Many of 
these estimates come from extrapolation from research completed elsewhere within the State or 
elsewhere in Australia. 

9.4 Land Degradation  
Land degradation within the West Midlands Agricultural area due to shifts in the water table will be an 
increasing phenomenon. Some sites are already easy to distinguish because of annual or less frequent 
discharge or water logging. However, without more adequate knowledge of the susceptible areas, time 
of effect, causes and identification of groundwater discharge and adequate knowledge of sites others 
will unexpectedly develop over time. Only when the land manager has cost effective and sustainable 
answers to these questions can a management plan be successfully implemented across the catchment. 

9.4.1 Watertable Contour Map and Depth to Regionally Unconfined Water levels  
The watertable contour map shown in Fig. 40 represents the Standing Water Level (SWL) at 
Australian Height Datum for the regional aquifers in areas where they are unconfined.  This map was 
generated from measurements water level in the most shallow, slotted section of the monitoring bore 
within the aquifer. 1 This map provides valuable information on the flow direction of the watertable 
with flow in the direction from higher to lower values.  

A depth to the regional watertable map produced for Water and Rivers Commission by subtracting 
Watertable Contours (AHDm) values from Surface Topography (AHDm) measurements is shown in 
Fig. 41. The depth to watertable comprises the water classes <2m, 2-5 m, 5-10 m, 10-20 m and  >20 
m.  Of these classes the <2m class has the highest environmental significance since it represents a 
critical depth for land management, eg, plant production. 

The watertable is, however, dynamic, being susceptible to season fluctuations and long term land use 
changes.  Consequently water levels between 2 to 5m, and possible deeper, can be considered as 
critical if accompanied by a trend of rising groundwater.  

The accuracy of the depth to groundwater map is limited by the extent of representative regional 
watertable data in the region, ie, density and distribution of bores.  It is most inaccurate between bore 
sites since inference is required, in particular in areas where groundwater movement is complicated by 
faulting and divides.  Given these factors and the distribution of the GSWA bores, the greatest 
inferences concerning groundwater levels and movements in the West Midlands region occur in the 
Cockleshell Gully area and on the Dandaragan Plateau between the Eneabba Line and Agaton 
Borefield.  Insufficient hydrogeological data also exist within the Cockleshell catchment to produce a 
watertable contour map, due to the inaccessibility for drilling (Personal Communication, Commander 
2001). 

 

                                                      
1 a) Contour height in Fig 40 is not depth to groundwater from the land surface.  

b) The accuracy of these measurements depends on the accuracy of positioning of the slotted section of the 
bore casing 
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9.4.2 Future Waterlogging and Land Salinisation 
The predictions on the extent and time frame of salinity and water logging within an area requires the 
careful analysis of temporal land changes coupled with bore trend data. 

Figure 41 shows the areas of the West Midlands affected by salinity as determined by the the Land 
Monitor Program (a project of the Western Australian Salinity Action Plan supported by the National 
Heritage Trust). Land Monitor quantified the current area of salinity within the West Midlands 
as 12,967 ha, or 1.05% of the land area (see also Section 3.3). 

Areas predicted by the Land Monitor Program as having the potential to develop a shallow watertable 
in the future, and hence at risk of water logging and salinity, are shown in Figure 42. The areas shown 
were identified through the integration of computational tools derived from limited hydrogeological 
knowledge.  Land Monitor combined Landsat scenes, DEMs and surface water accumulation models.  
Accurate, high-resolution contour data were then required to produce predictions on areas with the 
potential to develop a shallow watertable. 
The methodology used for the Land Monitor predictions assumes groundwater flows are dependent of 
surface topography, with discharge limited to valley floors.  Prediction of areas with the potential to 
develop a shallow water table in the eastern wheatbelt are therefore  acknowledged as being relatively 
accurate since groundwater is subdued by surface topography. In contrast, the predictions for West 
Midlands Agricultural Region are relatively inaccurate since groundwater flows and depth in this 
region are largely independent of surface topography. Land Monitor predictions therefore provide only 
a framework on which to base farm management strategies. The predictions are most applicable to 
localised discharge systems occurring within drainage lines and valley floors. 

It must be noted that the predictions of areas susceptible to developing a shallow watertable and 
therefore at risk of salinisation (Fig. 42) also discounts the risk of future water logging and salinisation 
from the regional aquifers. Current predictions only provide landowners with an indication of areas 
where a shallow watertable may develop given the area is underlain by a shallow regional watertable.   

Areas of hydrological degradation are more clearly defined by overlaying the Land Monitor 
predictions with the Cattamarra (Figure 43), Otorowiri (Figure 44) and Osborne (Figure 45) 
Hydrological Land Degradation Zones. 

9.5 Land Management Options 
Salinity and waterlogging at the surface can, in many cases, be successfully mitigated, where the cause 
is clearly defined.  At localized discharge areas, where the recharge area can be defined, land 
managers can successfully implement management procedures that can quickly reclaim the degraded 
land.  Where discharge occurs from regional aquifers it is difficult to address the problem due to the 
large area contributing to the discharge.  The best approach for land managers at regional discharge 
sites is to implement a best practice management approach with the intention to minimize the rate of 
spread. 

To optimally manage a discharge area a discharge model should be used to represent the site. 
Landcare coordinators and Department of Agriculture hydrologists and landcare officers are the most 
qualified to match a discharge model to a discharge area.  Unfortunately, due to limited resources,  the 
Department of Agriculture representatives cannot provide advice to individual farmers creating an 
information gap between any research and on site implementation. 

The management options available for discharge areas, characterized by waterlogging and salinity are 
dependent upon factors including the soil type, slope, geology, water quality and water volume.  The 
biggest driving factor for the management of discharge areas is not necessarily the physical 
environment, but is more determined by money.  Unfortunately the extent of land management 
fluctuates with the economic cycle, with money designated for land management being alternatively 
used during hardships on a farm. 



Figure 41

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#
#

Moora

Jurien

Coorow

Leeman

MorawaDongara

Eneabba

Carnamah

Watheroo

Mingenew

Cervantes

Dandaragan

Green Head

Badgingarra

Gillingarra

Coomberdale

Port Denison

Three Springs

LEGEND

Wetlands
Watercourses
Present Salinity
Main Roads
West Midlands Boundary

# Towns

N

0 5 10 15 Kilometres

Salinity Status in the Northern
Perth Sedimentary Basin



Figure 42
Interim Prediction of Areas Susceptible to
Developing  Waterlogging and Salinity

LEGEND
#

Area Predicted to be at Risk  of
Developing W aterlogging and Salinity

Main Roads
Watercourses
West Midlands Boundary
Towns

#

#

#

#

#

#

# #

#

#

#

#

#

#

#

#

#

#

#

Moora

Jurien

Coorow

Leeman

Morawa

Dongara

Eneabba

Carnam ah

W atheroo

Cervantes

Dandaragan

Green Head

Badgingarra

Gillingarra

Coom berdale

Port Denison

Three S pr ings

5 0 5 10 Kilometres

N



Figure 43

##########
######

###
###

###
####

#
#

###

###

#
##

###############

#

##

#

#

#

##

##

##

#

#### ###
##

#

# ##

## #

#
## #

#

#
##

## ##

#

# ## ##
# ##

#

#

#

#

##
## ## ##

## ##
##

##

##

#
##

##
##

## # ##

##

##
##

##
##

## ##

#

##

#

#

#

#

#

##

##

##

#

#

###

#

##
#

###
#
##

##
#
#

#########

##
##
###

###

#

#

#

#

#

#

#

#

Jurien

Leeman

Eneabba

Carnamah

Cervantes

Dandaragan

Green Head

Badgingarra

WY

C
O

A
ST

 R
D

JURIEN RD

D
A

ND
AR

A G
AN

 R
D

BIBBY RD

CARNAMAH ENEABBA RD

COOROW GREEN HEAD RD

WEST RD

ENEA
BB

A 
TH

REE 
SP

RIN
GS R

D

M
UN

BINEA RD

BADG
ING

ARR
A RD

NORTH W EST RD

R
O

W
E S

 R
D

CERV
AN

TE
S 

RD
COOLIMBA ENEABBA RD

KOONAH RD

WADDI RD

MOORA CARO RD

WOLBA RD

CO
ALA

RA
 R

D

DAMBADJIE RD

KAYANABA RD

WINCHES

WATHEROO RD

COOROW GREEN HEAD RD

C
O

A
ST R

D

West_midlands_watercourses.shp
West_midlands_wetlands.shp
Potentially Saline and WaterLogged Areas
Cattamarra Hydrological Degradation Zone

# Exploration Bores (GSWA)
Fault Lines
Main Roads
West Midlands Boundary

# Towns

LEGEND

N

0 10 Kilometres

Predicted Areas Susceptible to Waterlogging and Salinisation
on the Cattamarra Hydrological 
Degradation Zone



#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

BRAND HWY

T 
H

E
 M

I D
L A

 N
D

 S
 R

 D

B
 
I

 N
D

O
O

 N M
O

 O
R

A
 R

D
C

O
A

S T
 R

D

JURIEN RD

D
 
A

 N
D

 
A

 R
A

G
 AN

 R
 
D

CARNAMAH ENEABBA RD

COOROW GREEN HEAD RD

W
EST RD

ENEABBA  T
HREE S

PRIN
GS R

D

M
U

N
BIN

EA
 R

D

BA
D

G
ING

AR
R

A R
D

CARNAMAH PERENJORI R
D

M
O

R
A

W
A

 T
H

R
E

E
 S

P
R

IN
G

S 
R

D

CERVANTE
S R

D

 
COOLIMBA ENEABBA RD

D

COOROW LA

PERNEJORI THREE SPRINGS RD

ARRINO WEST RD

EW
 S

O
U

TH
 R

D

G
 E

R
AL

V

G
AT

E R
D

WATHEROO RD

D
UDAW

A R
D

COOROW GREEN HEAD RD

C
O

AS
T R

D

ROWES RD

Moora

Jurien

Coorow

Leeman

Eneabba

Carnamah

Watheroo

Cervantes

Dandaragan

Green Head

Badgingarra

Coomberdale

Port Denison

Three Springs

Figure 44

N

Predicted Areas Susceptible to Waterlogging and Salinisation 
on the Otorowiri Hydrological Degradation 
Zone

Watercourses
Wetlands
Predicted waterlogging and Salinity
Fault Lines
Otorowiri Hydrological Degradation Zone
Main Roads
West Midlands Boundary

# Exploration Bores (GSWA)
# Towns
LEGEND

0 5 10 15 20 Kilometres



#

#

#

#

#

##
####

##

###
###

###
#

###

#

#

#####

#####

#

####

# # ##
#

#
### ###

##

#### ###
##

##
#

#

#

#

#

#

###

##

#
#

#

#

#
##

#

##
#

########

#
#####

####

Moora

Watheroo

Dandaragan

Gillingarra

Coomberdale

B
IN

D
O

O
N

 M
O

O
R

WEST RD

MILING MOORA

NORTH WEST RD

BRAND HW
Y

# Towns
West Midlands Boundary
Predicted Localised Shallow Watertable
Osborne Hydrological Degradation Zone

Watercourses

Roads
Faults Lines

# Exploration Bores (GSWA)
LEGEND

Figure 45

N

0 5 10 15 20 Kilometres

Predicted Areas Susceptible to Waterlogging and Salinity 
on the Osborne Hydrological 
Degr adat ion Zone



NACC   West Midlands Hydrology Project          Page  111 

Earth Tech Engineering Pty Ltd 

 

 

 

On the assumption land management can be priority the type of management option applied depends 
upon the conceptualized model for the cause of discharge.  Summaries of some proven management 
tools that are applicable and practical have been discussed.  Information regarding management 
options available for salinity and waterlogging can be obtained from the Internet on the websites 
below: 

http://www.agric.wa.gov.au/environment/land/drainwise/options/index.htm 
http://www.agric.wa.gov.au/environment/land/drainwise/issues/salddams.htm 

9.5.1 Earthworks 
There are a number of conservation earthwork designs and structures that are commonly used to 
alleviate various types of land degradation.  The purpose of the design varies from combating water 
erosion, waterlogging/flooding to reducing effects of high watertables in saline areas.  Each of the 
designs has a specific use and location within the landscape, with one design being unable to alleviate 
all degradation types (Keen 1998). 

Drains in the lower landscape are required to remove surface water and subsurface water from 
accumulating on the surface.  The channels are generally constructed on a grade to facilitate the 
movement of water down gradient.  To reduce the occurrence of waterlogging and salinity, the 
construction of a comprehensive drainage network offers a practical solution, with the added benefit of 
reducing sediment losses from the farm.  The Department of Agriculture strongly advises that surface 
water management be a priority to prevent the accumulation of water downslope.  If surface water 
cannot be removed the areas where the water ponds will continually cause loss of production and 
contribute significantly to groundwater recharge and sediment losses. 

The objective of surface water management at a paddock scale is often difficult to achieve due to the 
presence of rectangular and square paddocks.  Furthermore, drains are often also unsuitable in areas 
across the Dandaragan zone due to the high infiltration rates.   
 
Available engineering options and the optimal physical conditions determining their success are 
summarized in Table 8. A more comprehensive description of available conservation earthworks can 
be found  in a publication by Keen (1998) . 
 

Optimal Physical Conditions  Management 
Purpose Soil Type Slope Landscape Position 

Broad Based 
Banks 

Surface Water Shallow Duplex/Loam 2-6% Upper Slope/ 
Mid Slope 

Deep Drains Groundwater  Clay/Shallow Duplex/ 
Deep Duplex/Loam 

<1% Not watercourses 

Evaporation 
Basins 

Surface Water Clay <3% Lower Slope 

Grade Banks Surface Water Shallow Duplex/Loam <10% Valley Floor 
Groundwater 
Pumping 

Groundwater Transmissive Profiles Any Valley Floor/ 
Lower Slope 

Levied 
Waterways 

Surface Water Clay/Sand/Deep 
Duplex/Shallow Duplex 

<1% Valley Floor 

Roaded 
Catchment 

Surface Water Clay/Shallow Duplex <6% Any 

Shallow Relief 
Drain 

Surface Water Clay Shallow Duplex <1% Valley Floor 

Seepage 
Interceptor 
Drain 

Groundwater Shallow Duplex/Deep 
Duplex/Sand 

<3% Lower Slope/ 
Mid Slope 

(Adapted from “Drainwise” on the internet) 

Table 8. Engineering Options 

http://www.agric.wa.gov.au/environment/land/drainwise/issues/salddams.htm
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9.5.2 Upper Landscape Earthworks 
Grade banks, interceptor banks, absorption and level banks are most suited to control surface water 
movement in the upper to middle sections of the landscape. 

9.5.2.1 Grade banks 
Grade banks are constructed on a grade at the middle to upper sections of the landscape to control run-
off causing erosion, flooding and waterlogging.  The banks serve to collect surface flows and control 
the movement before discharging at lower slope. 

9.5.2.2 Absorption and Level banks  
Absorption and level banks should be installed as a final earthwork alternative due to their large 
contribution to recharge, and likely degradation downslope.  Level banks are installed in the upper 
slopes where there is no safe disposal for the captured surface water.  The banks are also frequently 
employed on deep sandy porous soils to control sediment erosion during high intensity rainfall events. 

9.5.2.3 Interceptor Drains  
The profile of interceptor drains within the region is expected to increase in the future with a high 
proportion of degradation associated with a contrast in the permeability of soils.  Interceptor drains are 
commonly implemented to remove surface and subsurface water flows from a sloping land before 
seeping to the surface.  An interceptor drain is installed by a v-shaped channel, which overlies the 
relatively impermeable subsoils.  The drains consist of a grade to increase the drainage from the 
seepage site into a safe disposal area. 

9.5.3 Lower Slopes  
At lower slopes the main intention of earthworks is to remove surface and subsurface water from 
accumulating within the lower landscape or valley floors.  At lower slope the common implemented 
earthworks comprise: broad based banks, W drains, levee waterways, shallow relief drains and deep 
drains. 

9.5.3.1 Shallow relief drains  
Shallow relief drains are shallow channels constructed to remove water from flooded areas or regulate 
the depth of water in ponds.  The drains are constructed on a small grade within the lowest point of the 
landscape to collect and dispose of accumulated surface water. 

9.5.3.2 Levee Waterways 
Levee Waterways are confined and move surface water flow, especially where a natural watercourse 
does not exist.  The levee along the flow lines prevents flooding from overflows.  Furthermore levee 
waterways provide a safe disposal point for surface water originating upslope. 

9.5.3.3 W Drains 
W drains comprise of two parallel channels divided in the middle by a spoil bank.  The drains are 
graded to remove water from flooded areas.  W drains are used to define a flow line generally at a 
paddock scale.  The drains are effective in removing waterlogging after high intensity rainfall events 
to prevent large losses to vegetation and agricultural production. 

9.5.3.4 Deep Drains  
Deep drains are deep excavated channels constructed in the lower parts of the landscape, or open deep 
drains, to remove surface and subsurface water from waterlogged or groundwater discharge areas.  
Deep drains are intended to reduce watertable levels in soils with a high hydraulic conductivity.  A lot 
of conjecture surrounds the effectiveness of deep drains from within and between government 
agencies and the wider community. The Department of Agriculture is presently evaluating the effects 
of deep drains within the South Western Australia Agricultural Zone. 
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9.5.3.5 Revegetation of Perennial Species 
The incorporation of perennial trees provides a biological mechanism to manage the incidence of 
salinisation and waterlogging caused by localised flow systems.  In areas where regional discharge 
occurs the planting of trees is unlikely to have any real impact of the overall area effected.  It is 
acknowledged that widespread planting at known recharge areas of the aquifers is required to stabilise 
the regional watertables.  Studies by Bari and Schofield (1991) and Bailey et al (1997) have shown the 
replanting of certain trees can lower the watertable. 

The strategic planting of discharge areas arising from localised flow systems has historically proven to 
be a successful management option within the Eastern Wheatbelt (George 1990).  The same common 
principles experience can be used to effectively manage localised systems within the West Midlands.   
 
Successful management of localised discharge areas first requires some understanding of the nature of 
the problem by relating what is occurring to an appropriate discharge model.  Secondly, the zone of 
impact must be fully defined in order to calculate the volume of water being discharged and that must 
be removed.  Thirdly, the area should be planted with perennial species appropriate to the location.  
 
 The favorable species for revegetation in the region include tagasaste, pine and native perennial 
species (Table 9). Currently there is extensive research into developing commercial tree crops to offset 
the economic loss of productive land for individual landowners.  Agroforestry within agricultural 
systems of the region are continually being promoted and encouraged through the Forest Products 
Commission (FPC) and the Department of Conservation and Land Management (CALM). 
 
 
 Fresh Water Upslope Areas Mildly Salt Affected Areas 
Tree Crops (for timber, 
fruits, flowers and foliage) 

Banksias, Broombush, Oil 
Mallees, Olives, Pistachios, 
Quandongs, Maritime Pine, 
Sandalwood 

Brown Mallet 
Eucalyptus sawlogs 
River Red Gum 
Flat Topped Yate 

Fodder Shrub  Tagasaste Acacia Saligna 
(Adapted Drainwise on the Internet) 
 

Table 9: Revegetating Recharge and Discharge sites with Shrubs and Tree Crops. 
 
Agroforestry comprises a variety of systems, including the strategic location of plantations in recharge 
areas and water accumulation areas or integration of trees and pasture or crop through alley farming 
system or blocks (Jarvis 1991).  Based on the findings of Lefroy and Stirzaker (1999), Kay (1999) 
suggested that the integration of trees and crops should be avoided since they can compete for limited 
resources. Lefroy and Stirzaker (1999) proposed that trees should be planted where their root systems 
are in close contact with a groundwater system. 
 
9.5.3.6 High Water Use Annuals and Perennial Pastures   
Historically the West Midlands region has used both annual crops and pastures, with little use of high 
water use crops or perennial pastures within the rotation.  It is recommended that to alleviate land 
degradation farmers must be willing to accept the possibility of employing perennial pastures and 
crops in appropriate locations (Table 10). Water use of annual crops and pastures should likewise be 
optimized by using the best management practices available and the use of the most appropriate 
species/varieties.  Further research and development is required to find perennial pasture species that 
farmers will openly accept and to establish the optimum methods of establishment and management 
for economic returns. 

The development of new annual pasture and crop varieties should involve selection for a higher 
potential to use water throughout their growing cycle.  Optimal management of the soil through 
activities such as the ripping of subsurface compaction layers to promote  greater root length of the 
annuals will likewise increase water use.   
 



NACC   West Midlands Hydrology Project          Page  114 

Earth Tech Engineering Pty Ltd 

 

 

 

 Fresh water; 
Upslope and non-
waterlogged areas 

Fresh water; 
Waterlogged 

Salt Affected 

Annual Crops and 
Pastures 

Serradella  
Warm Season Crops, 
e.g., sorghum, millet, 
sunflowers  

 Balansa clover 
Arrow leaf 
Persian clover 

Perennial Pastures Lucerne  
Setaria spp. 
Rhodes grass 
Pannicum spp 
 

Kikuyu 
 

Tall wheat grass  
Puccinellia 
Salt Bush spp. 
Bluebush 

(Adapted from Drainwise on the Internet) 
 

Table 10: High Water Use Crops and Pastures. 
 
9.5.3.7 Remnant Native Vegetation 
Secondary salinity within Western Australia has been caused by the removal of remnant native 
vegetation.  Remnant vegetation is deep-rooted species that are capable of transpiring throughout the 
year, as opposed to annuals wthat transpire  and use water only during the winter-spring growing 
season.  Relatively large areas of remnant vegetation occur throughout the West Midlands region 
compared to the Eastern Wheatbelt; 50% of the total area is remnant vegetation compared with as little 
as 5%.  When managed correctly the remnant vegetation enhances the environment through 
maintaining nature conservation, reducing soil erosion and controlling recharge.   
 
The existence of remnant vegetation within the region is due largely to the land being considered in 
the past as relatively unproductive and not released for clearing by the Government.. The un-economic 
nature of the land for agricultural production is due to a variety of physical factors including soils of 
exceedingly low fertility, high slopes with soils unsuitable for cultivation and wetland. Modern 
technology can now, at least in part, reduce or remove the low productivity associated with traditional 
European style agriculture on some of this land. However, regognising that the impacts of clearing 
may occur well off-site and to minimize future land degradation, all existing remnant vegetation 
should be maintained, ie, the land not cleared. This applies particularly to the permeable soils that are 
known recharge zones for regional aquifers and localized groundwater systems.   
 
9.5.3.8 Productive Use of Saline Water 
The commercial value of saline water is steadily being realized as innovative farmers turn the problem 
into an opportunity. In the Eastern Wheatbelt a number of farmers have relied upon groundwater 
pumping to protect their homesteads and other important infrastructure.  After gaining approval 
through the Soil and Conservation Act (1986) this groundwater is now pumped to an evaporation 
pond.  The salts left after evaporation are harvested from the ponds and sold as industrial grade salts, 
with the return covering the maintenance and operating costs of the groundwater pumps. 

The use of saline groundwater for aquaculture is also receiving attention through the Outback Oceans 
program run by the Department of Fisheries WA (see Department of Fisheries web page). The scale of 
operations and issues such as the inability to provide a constant supply to markets, as well as a lack of 
quality control, are restriciting production at present.  Further options for the use of saline groundwater 
includes saline irrigation, desalinisation and energy production (see various websites). 

Areas that are already saline or going saline likewise have potential to be productive through the 
development of saline pastures and planting of salt tolerant species, eg, saltbush 
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10 Conclusions  
The West Midlands Agricultural Region is located on a sedimentary basin, characterized by large 
water resources contained within the various aquifers underlying the region that are partitioned by 
aquacludes (impermeable layers).  The clearing of native deep-rooted perennial vegetation occurred 
predominantly between the 1890’s and 1950’s.  The clearing of the vegetation and its replacement 
with shallow rooted annuals has been responsible for the increase groundwater recharge.  It is 
estimated that recharge increases to 30% of annual rainfall after clearing, compared to 5% pre 
clearing. 

The increase in groundwater recharge is seen to have increased the incidence and area of groundwater 
discharge within the region.  The increasing occurrence of groundwater discharge within the region 
has alerted many land managers, who currently express great enthusiasm to arrest the problem.  
Groundwater discharge leads to waterlogging and salinisation, having negative environmental and 
agricultural consequences.  Salinisation within the region is often caused by waterlogging, with areas 
affected by salinity being much smaller than those areas occupied by waterlogging.  Waterlogging and 
salinisation are commonly contained to the land management zones reflecting the subcropping and 
outcropping of the Otorowiri Member, Cadda Formation/Cattamarra Coal Measures and Osborne 
Formation.  Although waterlogging and salinisation occurs across other formations, observations to 
date suggest the frequency and extent of the discharge area is generally much less. 

A number of discharge models have been proposed to represent the cause of groundwater discharge 
above the formations.  The conceptual models represent discharge sites caused by both regional 
aquifers and localized groundwater systems.  The incidence of waterlogging and salinity is almost 
entirely related to the permeability contrast where groundwater flow is impeded by impermeable 
sediments.  The discharge models generated for the region also include groundwater discharge at a 
break of slope and valley floor for the relevant formations. 

Discharge areas from localized flow systems are able to be managed effectively at a paddock scale 
once a sound understanding of the discharge cause has been established.  Localized discharge areas 
can be quickly reclaimed due to the short time for flow from the recharge and discharge area.  The 
management of a localized discharge area may be as simple as planting the area, installing earthworks 
to remove the accumulation or water or controlling surface water flows across the slope.  Often the 
best practice approach in alleviating waterlogging caused by localized discharge is to implement an 
integrated approach using a combination of land management tools. 

Groundwater discharge produced from regional aquifers is much more complex and is likely to require 
a co-ordinated approach across the entire groundwater catchment.  Given the rising groundwater 
trends of the regional aquifers it is critical that the community is aware of the possible consequences to 
the environment, industry and water resources.  Landcare and catchment groups are an effective means 
for alerting land managers to past and present research within their area. They are likewise the best 
medium for informing farmers of the relevance and success of various management options. 

Correct diagnosis of both the cause and the nature of a discharge site determines the likely success of 
its management.  The problem that commonly delays the implementation of land management is the 
confidence of a land manager in understanding both.  The maps contained within the report should 
assist land managers in deciding whether the cause of the discharge is either a regional aquifer or 
localized groundwater system.  Development of a range of discharge models, each representing 
different causes of discharge, provides a means of describing the nature of the discharge at a given 
site. However, relating discharge models to a site is difficult and and a coordinated approach involving 
landcare coordinators and technicians, Department of Agriculture representatives, hydrogeologists, 
agricultural consultants and the farmer/land manager is required.  

In general, identifying the appropriate model is greatly assisted by a drilling program to 
clearly define the discharge area. A drilling program will also assists in defining the subsoil 
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structure, knowledge that is essential if earthworks are to be effective and useful for other 
management options, particularly if there are subsurface water flows.  

It is likely that in many situations, irrespective of the accuracy of any identified discharge 
model, no single management option alone will be optimal for controlling rising groundwater 
or discharge that is causing or will cause land degradation. In many instances the optimum 
will require the implementation of a range of options with those actually employed 
determined by the cost and likely economic and, in some instances, social returns.
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11 Recommendations 
Discharge sites within the West Midlkands region need be linked to a discharge model that best 
represents the site.  The application of a discharge model to a site then provides a simple explanantion 
of the nature of the problem and the specific land management practices best suited to its management.  

Monitoring bores allow an understanding of long-term water level changes within an aquifer. In the 
West Midlands region the majority of the data providing an understanding of the regional 
hydrogeology has been obtained from bores drilled by the Geological Survey of Western Australia. 
Additional but limited data has come from farm bores. Existing monitoring bores have a limited 
coverage and therefore restrict the understanding of the dynamics of the regional aquifers.  
Furthermore, knowledge of the extent of waterlogging and salinity from saturated profiles overlying 
the regional groundwater systems is limited (Short and McConnell 2001).  Short and McConnell 
(2001) suggested that further information is required, especially if accurate predictions about the 
occurrence of salinity are to occur.   

It is recognised that data from existing bores drilled for livestock; irrigation or mining purposes, when 
integrated with the data available currently, would allow a more comprehensive representation and 
understanding of the hydrogeology of the region.  Such data needs to be analysed to better understand 
the rates of rise of all the regional groundwater and their likely influence.  Presently, large amounts of 
hydrogeological information collected by the Water and Rivers Commission, as part of licensing 
requirements, remain as hard copies.   

It is recommended that the information collected by the Water and Rivers Commission for 
water licensing is entered into their WIN database.  Once this data is available it is further 
recommended that the bigger array of data be used to build a more accurate model of the 
hydrogeology of the West Midlands region. 

Computer software is available that allows waterlogged areas to be identified and mapped on the land 
surface.  Identification of water logging would allow better demonstration of the association between 
groundwater discharge and the underlying hydrogeology.  For example, it is expected that the 
occurrence of waterlogging will strongly correlate with the alignment of the Otorowiri, Cadda 
Formation/Cattamarra Coal Measures and the Coolyena Group.  Mapping of current waterlogging 
would also provide a benchmark for measuring the future success of land management practices. It 
would also provide information on the relationships between occurrence and the physical 
environment. 
 
It is recommended that waterlogging mapping within the region is completed and those areas 
identified and requiring management be drawn to the attention of the landowners. 
 
It is unlikely that further hydrogeological investigations of the West Midlands will be undertaken and 
completed by the Water and Rivers Commission in the immediate future.  Nevertheless, groundwater 
rises of the regional aquifers should be of concern to all with interests within the West Midlands 
Agricultural region.  If groundwater continues to rise at the current rates there will undoubtedly be 
implications for the region, especially if regional watertables are allowed to reach the surface.  A 
regional groundwater model would allow  identification of the time before recharge and use/discharge 
reach an equilibrium and the likely extent and location of groundwater discharge in the future.  Such a 
model could also be used to evaluate the benefits of various groundwater management options for the 
region. 

It is recommended that an assessment be made of whether existing data is adequate to permit 
the development of a regional groundwater model for the Leederville-Parmelia Aquifer and 
Yarragadee Aquifer.  If possible a groundwater model should be constructed that allows an 
assessment of if, when and where the regional groundwaters will reach the surface. 

In the Eastern Wheatbelt the discharge from small localized groundwater systems can be successfully 
alleviated through the implementation of earthworks and tree plantings.  Although the concepts are 
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considered applicable to the West Midlands region little research has been undertaken to confirm this. 
A significant number of producers have established or are trying to establish a range of perennial 
species in their pastures.  The assessment of the growth and persistence of a further range of perennial 
pastures has commenced. However, apart from knowing they use water over summer (because they 
grow), little hard data is available on the actual range in productivity and water use of most of these 
species in the West Midlands. Their effect on both groundwater recharge and discharge is likewise 
unknown, which together with the lack of production data prevents estimates of possible economic 
benefits.  The use of perennial pastures for addressing hydrological issues requires further research in 
the West Midlands. 

It is recommended that research be carried out on the effects of earthworks, eg, drains, 
interceptor banks, etc  and the planting of perennial vegetation on localized discharge areas in 
the West Midlands. 

It is further recommended that some assessments be made of the productivity, the water use and 
the economic benefits of the perennial pastures now being established. This research should be 
directed at providing evidence that land managers/farmers will accept particularly with regard 
to establishment costs and rate of success. 

The use of airborne geophysics, especially seismic, could add value to the understanding of the 
hydrogeological processes contributing to land degradation of the West Midlands region. Specific 
geophysical procedures would provide detailed information that would answers a number of currently 
unanswered questions. Answers to these questions may in turn suggest how particular areas should be 
effectively managed to prevent or limit degradation.  
 
It is recommended geophysics be considered as a tool to be used to further our understanding of 
the hydrogeology for the management of catchments in the West Midlands. 
 
Historically, the level of collaboration and consultation between government departments and other 
organizations carrying out research within the West Midlands has been limited and only rarely 
involved the community. This has often led to divisions in thought about the association of 
hydrogeology with land degradation in the region.  Such division has then served to confuse land 
managers seeking to determine the cause of discharge and address the problem. Furthermore, 
departments and others have failed to feed-back thee results of research to land managers. In order to 
effectively manage the groundwater systems within the region it is imperative that a coordinated and 
cooperative approach is taken. Much of the data and information contained in this report are the result 
of such coordination and cooperation. 

It is recommended that every effort be made to continue the spirit of cooperation that has 
occurred in and allowed the preparation of this report and that community awareness of all 
research activities and findings be a primary goal of all projects carried out in the West 
Midlands.  

It is also imperative that funding into this area be greatly increased to alleviate the impending 
hydrological problems of: surface and groundwater control; salinity; loss of economic 
production; and threats to biodiversity. 
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